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Abstract The synthesis of polymer nanoparticles (NPs)

with controlled characteristics has become an appealing

research topic lately. Nanomedicine, and especially drug

delivery and imaging, are fields that require particles of a

controlled size and with a tailored arrangement of func-

tional groups. Intramolecular cross-linking or collapse of

single polymer chains has emerged as an efficient alter-

native for the synthesis of well-defined polymer NPs. This

technique allows the generation of 1.5–20 nm particles

with a wide variety of chemical compositions and func-

tionalities. This review begins by gathering synthetic

strategies described in the literature and groups them into

four main synthetic methods: homo-functional collapse,

hetero-functional collapse, crosslinker-mediated collapse,

and one-block collapse of diblock or triblock copolymers.

Afterwards, the main characterization techniques and

physical properties of single-chain polymer NPs (SCPNs)

are exposed. Finally, several applications in nanomedicine

are mentioned followed by some future perspectives.
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Introduction

Currently, the synthesis of NPs is one of the key areas in

any subject of research, particularly in biomedicine, as a

result of the wide variety of applications they reveal. Over

recent years, the development of a large number of syn-

thetic techniques has permitted the use of many different

types of materials to obtain very diverse sizes of particles,

from hundreds down to just a few nanometers.

The main concern of using NPs in nanomedicine is

their potential toxicity for living systems mainly derived

from accumulation in different tissues and organs [1].

Drezek et al. reviewed the in vitro toxicity studies for

carbon-based NPs (carbon NPs, single-wall carbon nano-

tubes, and multi-wall carbon nanotubes), metal-based NPs

(gold NPs, gold nanorods, gold nanoshells, super-para-

magnetic iron oxide NPs) and semiconductor-based NPs

(cadmium selenide quantum dots, cadmium telluride

quantum dots) [2]. They concluded that all of them

showed low toxicity at concentrations below 10 lg/ml.

However, several groups were toxic at higher concentra-

tions in a dose- and time-dependent manner. For instance,

gold nanorods visibly reduced cell viability of HeLa cells

and human embryonic kidney cells. Other kinds of inor-

ganic nanoparticles, such as those of titanium dioxide,

also showed certain toxicity due to the induction of oxi-

dative stress [3].

Dobrovolskaia et al. reviewed the immunological effect

of NPs employed for biomedical applications. The study

shows that NPs can be designed to induce or suppress

immunological response, depending on their surface

chemistry. As an example, PAMAM dendrimers did not

cause human leukocytes (white blood cells) to secrete

cytokines, while cationic liposomes did [4]. Ultrafine car-

bon black NPs can even accumulate in lung tissue after
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inhalation to end up in the bloodstream [5]. Moreover,

neutral wax NPs are shown to be capable of entering

neurons and crossing the blood–brain barrier [6]. For all

these reasons, nanocarriers would need to be biocompati-

ble, biodegradable, and specifically designed to obtain an

appropriate biodistribution, so that they specifically reach a

target site.

Soft matter-based nanocarriers seem particularly inter-

esting in relation to achieving these required characteristics.

The number of applications of NPs is increasing rapidly,

especially in the biomedical field for drug-delivery purposes

[7]. If we just consider polymer NPs, there are many exam-

ples of their use in therapies for cancer [8, 9], HIV [10–12],

malaria [13] and Chagas disease [14], siRNA delivery [15],

image-guided drug delivery [16], imaging agents [17], sen-

sors and self-healing systems [18]. The applicability of those

systems is related to the nature, the morphology, and the size

of the nanocarriers and their structural control is essential. It

has been reported that soft-matter-based delivery systems of

less than 30 nm avoid accumulation in the liver and spleen,

as well as unwanted immunogenic reactions [19]. Even

though the preparation of polymer NPs above 20 nm in

diameter is usually successful, there is a trade off with

respect to tailored arrangement of functional groups and

desired size. The difficulty in synthesizing polymer NPs

smaller than 20 nm is rewarded with a more precise

composition.

The possibility of synthesizing a NP from the collapse of

a single polymer chain offers an easy procedure to obtain

minuscule particles ranging between 1.5 and 20 nm in

diameter. Besides, their dimensions can be tuned by con-

trolling the molecular weight of the precursor polymer

chain, as well as the quantity of intramolecular bonds

generated in the collapse. On the other hand, the chemical

composition and functionalities of the precursor polymer

chains confer specific properties to the SCPNs. For all

these reasons, SCPNs are envisaged as promising nano-

carriers for applications in biomedicine.

In this review, we are going to focus on intramolecularly

collapsed polymer-based NPs, their main synthetic meth-

ods, physical properties, and their actual and future use in

nanomedical applications.

Synthesis and physical properties of single-chain

polymer nanoparticles

As mentioned above, the general strategy for the synthesis

of SCPNs consists on the collapse of a single polymer

chain and the stabilization of the resulting nanoparticle by

intramolecular cross-links.

The concentration of the precursor polymer chain in the

reaction mixture is also a key variable in order to obtain

SNCPs. At very low concentrations, intramolecular inter-

actions dominate, whereas polymer networks predominantly

form at higher concentrations due to intermolecular cross-

linking. In addition, recent reports show that reaction rates

are determinate not only by concentration but also by the size

of the linear polymer precursors [20].

The controlled synthesis of the precursor polymer chains

is a key step to produce particles with a narrow size dis-

tribution. This can be achieved synthesizing the precursors

by any living free-radical polymerizations techniques.

Strategies for chain-collapse

SCPNs can be classified according to the approaches used

to generate the intramolecular chain-collapse. The main

strategies utilized so far are illustrated in Fig. 1, and will be

described in detail in the following sections. In the ho-

mofunctional chain-collapse (Fig. 1a), the copolymer chain

is functionalized with reactive self-complementary ‘‘R’’

groups (i.e., double bonds) which are then reacted intra-

molecularly. The percentage of reactive groups used varies

from 10–100%, and the type of cross-linking can be of

covalent or non-covalent nature.

The hetero-bifunctional chain collapse approach

(Fig. 1b) is very similar to the previous one, but instead of

using one functional group, it requires two complementary

functionalities (‘‘R’’ and ‘‘X’’) simultaneously on the same

polymer chain. In this case, the reaction also needs to be

performed under diluted conditions.

The cross-linker mediated chain-collapse strategy

(Fig. 1c) makes use of a cross-linker in order to synthesise

the unimacromolecular NPs. The polymer chain, which is

functionalized with a suitable ‘‘R’’ functional group, is

Fig. 1 Schematic

representation of the four

strategies utilized for the

synthesis of SCPNs:

a Homo-functional chain

collapse; b Hetero-bifunctional

chain collapse; c Cross-linker-

mediated chain collapse;

d One-block collapse of diblock

or triblock copolymers
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collapsed by reacting with the two ‘‘X’’ end-groups of the

cross-linker. Undesired intermolecular cross-linking is

avoided by slowly adding one of the components to the

other. The main benefits of this method are the easier

synthesis of the precursor polymers and the possibility of

introducing extra functionality through the cross-linking

agent.

Finally, in the one-block collapse of diblock or triblock

copolymers (Fig. 1d), the intramolecular collapse could be

performed using any of the previous three strategies, but

the outcome is different, generating the so-called molecular

‘‘tadpoles’’ or NP-coil copolymers. In this approach, the

functional reactive groups are just in one of the blocks of

the precursor copolymer chain. When the intramolecular

cross-linking is forced, this block forms a globule and the

rest stays as a coil.

Homo-functional chain collapse

It was around the 1980s when Martin and Eichinger ini-

tially proposed the synthesis of discrete NPs based on

intramolecular coupling of single polymer chains [21, 22].

Later on, Davankov et al. published the synthesis of single-

chain polystyrene (PS) NPs [23]. On this occasion, the

pendant chloromethylene groups on the linear PS

chains (Mw = 330 kDa) were self-cross-linked via SnCl4
(catalyst). Thereby they obtained hyper-cross-linked

‘‘nanosponges’’ of *17 nm in solution.

A few years later, Mecerreyes et al. carried out a very

thorough study on the production of unimolecular particles

from copolymers based on (1) aliphatic polyesters (capro-

lactone-co-e-caprolactone or L,L-lactide), (2) poly(methyl

methacrylate) (PMMA) and (3) PS [24]. Basically, all these

polymers contained suspended acrylate functionalities that

intramolecularly interact in ultra-diluted solutions in the

presence of a radical initiator such as 2,2-azo-bis-iso-

butyronitrile (AIBN).

Afterwards, Jiang and Thayumanavan developed an

analogous strategy based on AIBN-induced radical cross-

linking of styrene groups, but on this occasion, the pre-

cursor polymer was an amine-functionalized PS [25]. As

they demonstrated, these pending amino groups on the NPs

could be further functionalized for different possible

applications such as drug delivery.

All the approaches mentioned above show an important

drawback for the synthesis of unimolecular particles on a

multigram scale. The reactions need to be performed in

ultra-dilute conditions (ca. 10-5 to 10-6 M) to avoid the

statistically favored and competing intermolecular reac-

tions. For this reason, in 2002, Hawker et al. developed a

strategy to overcome this problem [26]. In such a method,

there was a continuous addition of the linear polymer to the

reaction mixture, with addition rates below cross-linking

reaction rates. Maintaining these conditions the concen-

tration of the generated NPs was constantly growing while

the concentration of the reactive open-chain species was

always ultra-low. For the initial approach, Hawker chose

the thermal-induced coupling of benzocyclobutene (BCB)

units at 250�C, and under the conditions mentioned pre-

viously, there was no substantial sign of intermolecular

cross-linking.

Later on, Harth et al. developed an alternative cross-

linking monomer to BCB, the vinylbenzosulfone, which

turned out to be easier to synthesise [27]. This precursor

was copolymerized with styrene or benzyl acrylate, and

with the latter the formation of SCPNs occurred subsequent

to the deprotection of the benzyl ester groups. In addition,

these unimolecular NPs were soluble in physiological

conditions, envisaging them as potential biomedical

nanocarriers. Furthermore, the authors confirmed this

hypothesis using these NPs for intracellular delivery of

peptide-based therapeutics (see ‘‘Applications and future

perspectives’’) [19].

More recently, SCPNs synthesized from a single con-

ducting ABA block terpolymers were studied for the

encapsulation of the B block of the terpolymer, once the

two A blocks were collapsed. In this specific example, B

block was prepared from conducting fluorene homopoly-

mer and fluorine/thiophene copolymer, while A blocks

were synthesized from vinylbenzosulfone and PS copoly-

mers. For certain molecular weight ABA ratios, the

conducting copolymer block was site isolated into a 3D

structure leading to a considerable increase in its quantum

efficiency compared to the linear precursor, and hence, in

its photoluminescence intensity [28].

There is another case where olefin cross-metathesis was

used to obtain intramolecularly cross-linked polycarbon-

ates by means of pending vinyl groups, once a ruthenium-

based catalyst was added into a dilute polymer solution

[29]. In this work, Coates et al. followed the formation of

molecular NPs by atomic force microscopy (AFM), and

they could visualize individual molecules at different

stages of the collapse.

In the examples shown so far, the fabrication of SCPNs

was accomplished using covalent bonds generated by the

reaction of suitable functional groups on the polymer chain.

If the intramolecular bonds used to collapse the polymer

molecule are non-covalent (i.e., hydrogen bonds) the out-

come is a supramolecular single-chain NP. Due to the

analogy to the folding process of biomacromolecules, these

types of nanocarriers generate increasing interest from a

biological point of view. The development of these systems

could lead to a better understanding of protein-folding

processes, even though synthetic polymers are much sim-

pler in composition than natural polymers. They could also

be a good pattern to mimic some of nature’s sophisticated
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structures and afterwards study them in a more compre-

hensible scenario.

Concerning these supramolecular SCPNs, the groups of

Hawker and Kim [30] synthesized random PMMA

copolymers having dendritic hydrogen-bonding self-com-

plementary units. The collapse of the polymer coils was led

by the formation of intramolecular H-bonds between the

dendritic units, giving stable and discrete spherical SCPNs.

In a more recent work, Meijer et al. developed a system

that could be activated by UV radiation to induce the

collapse of linear precursors by supramolecular interac-

tions [31]. For this purpose, they decorated PMMA with

2-ureidopyrimidinone (UPy) units protected with a photo-

cleavable group (Scheme 1). As soon as they were irradi-

ated with UV light, the protecting group was released and

each UPy unit could very efficiently form four H-bonds,

collapsing the polymer chain and obtaining the NP.

Hetero-bifunctional chain collapse

The fabrication of SCPNs can be carried out with two

different but complementary functional side groups pend-

ing from the same polymer backbone (Fig. 1b). Loinaz

et al. have utilized a ‘‘click’’ reaction as a strategy to

produce PMMA SCPNs [32]. Such ‘‘click’’ reaction was an

intramolecular Cu(I)-catalyzed [3 ? 2] cycloaddition that

takes place between azide and alkyne motifs present in the

same polymer backbone at room temperature. The use of

‘‘click’’ chemistry [33, 34], and specifically the Cu(I)-cat-

alyzed [3 ? 2] cycloaddition of alkynes and azides [35–

37], is widely used in different areas of chemistry due to its

huge advantages. It is a selective and very efficient reaction

with high yields, good functional group tolerance and

insignificant by-products that can be performed under

exceptionally mild conditions. The very mild conditions

required for the synthesis of SCPNs make this method ideal

for the chain-collapse of polymers that are unstable at high

temperatures.

The possibility of decorating the NP after its formation

with interesting biomolecules was demonstrated by Loinaz

et al. In order to achieve this, the polymer chain was

functionalized with an excess of azide groups, so that after

the chain collapsed, an alkyne-containing molecule (prop-

argylglycine in this case) could be attached to the surface

via a second ‘‘click’’ reaction (Scheme 2).

The complexity of the synthesis of the precursor

copolymers is one of the major drawbacks of this approach.

It is often difficult to obtain a copolymer with two com-

plementary reactive motifs randomly distributed over the

backbone. The solution comes with the use of a suitable

difunctional cross-linker, as described in the following

section.

Cross-linker-mediated chain collapse

Difunctional cross-linker-mediated collapse of polymer

chains is a very efficient and straightforward method for

obtaining SCPNs.

Hawker’s group introduced this synthetic approach

using isocyanate functionalized acrylic polymers and a

diamine cross-linker under mild, room-temperature condi-

tions to generate unimolecular NPs [38]. They obtained

different sets of NPs with controlled diameters ranging

from 8 to 20 nm by altering the molecular weight and the

percentage of isocyanate motifs in the starting linear

copolymer. The average of unreacted isocyanate groups in

the final particles was always around 25% of the initially

available ones, which could be utilized for further bio-

conjugation through primary amines.

Pomposo et al. based their NP fabrication on ‘‘click’’

chemistry using a difunctional cross-linker. A solution of

an aliphatic dialkyne was added very slowly and with a

constant rate aided with a syringe pump, to an azide con-

taining copolymer of diverse nature [39, 40].

Following the same method, Odriozola et al. prepared

water-soluble acrylic SCPNs utilizing a specific cross-lin-

ker based on a gadolinium(III) (Gd3?) chelating unit

(diethylenetriaminepentaacetic acid, DTPA) with two ter-

minal alkyne functionalities [41]. The incorporation of

Scheme 1 Supramolecular cross-linking of the UPy-urethane side

groups after protecting group removal via UV irradiation (nitrosoal-

dehyde side product omitted for clarity) to induce collapse of a single

polymer chain into a NP. Reproduced and adapted from [31] with

permission of ACS
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Gd3? in the DTPA units led to paramagnetic SCPNs, which

showed an increased relaxivity over their mono-gadolin-

ium counterparts, on a per-gadolinium basis (Scheme 3).

This system with multiple gadolinium centers represents

the first example of potential MRI contrast agents based on

SCPNs.

One-block collapse of diblock or triblock copolymers

Molecular ‘‘tadpoles’’ or NP-coil copolymers can be

obtained from a selective chain collapse of one of the

blocks in an A-B type diblock copolymer (Fig. 1d). From a

biological point of view, this kind of structure is especially

interesting because it is known that certain natural poly-

mers, such as peptides and proteins, can acquire diverse

conformations in the same macromolecule (i.e., linear,

globular) for catalysis and self-assembly purposes [42, 43].

Linear-globular architectures have successfully been used

for polymer therapeutics showing a better performance

than the respective natural globular protein. For instance,

patients with chronic hepatitis C responded better to

interferon a-2a combined with the linear synthetic polymer

poly(ethylene glycol) (PEG) than to the unmodified glob-

ular protein [44].

Tao and Liu reported the preparation and isolation of

diblock ‘‘tadpole’’ molecules in 1997 [45]. The starting

copolymer was polystyrene-block-poly(2-cinnamoylethyl

methacrylate), and the intramolecular collapse was forced

by photo-cross-linking of the cinnamoyl units. However,

the yield of the reaction happened to be very low, and

purification by size-exclusion chromatography (SEC) was

necessary to separate the ‘‘tadpoles’’ from the unwanted

nanosphere by-products.

Later on, Hawker et al. used their thermal-induced

method described in ‘‘Homo-functional chain collapse’’ to

generate NP-coil structures. The linear starting diblock

copolymer, poly(ethylene glycol)-block-poly[styrene-ran-

dom-(4-vinylbenzocyclobutene)], was added slowly to a

benzyl ether solution at 250�C for the chain-collapse [26,

46]. Based on this work, the same group prepared another

similar type of NP-coil copolymers, in which the globular

part was also PS-based, but the coil was a poly(n-butyl

acrylate) [47].

Scheme 2 SCPN formation by

intramolecular ‘‘click’’

cycloaddition and further

functionalization with a suitable

biomolecule via a second

‘‘click’’ cycloaddition

Scheme 3 Synthesis and

deprotection of SCPNs, and

loading with Gd3?. The newly

formed 1,2,3-triazole rings

during the ‘‘click’’

cycloaddition are highlighted

with dashed circles
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Using the photo-cross-linking strategy of cinnamoyl-

containing blocks mentioned before [45], Liu et al. syn-

thesized molecular ‘‘tadpoles’’ starting from diblock

copolymers of poly(tert-butyl acrylate)-block-poly(2-cin-

namoyloxyethyl methacrylate) and poly(tert-butyl

acrylate)-block-poly[(2-cinnamoyloxyethyl methacrylate)-

random-(2-hydrocinnamoyloxyethyl methacrylate)] [48].

A solution of any of these copolymers was gradually added

into a solvent under constant UV irradiation and stirring.

Unlike Hawker’s BCB-based method (see ‘‘Homo-func-

tional chain collapse’’), this process was carried out at

room temperature, which is a considerable advantage.

There have also been experiments designed to achieve a

partial collapse of one of the blocks of an A–B–C type

triblock copolymer. In a recent example, Zhu et al. syn-

thesized a coil-nanoparticle-coil system from polystyrene-

b-poly(2-vinylpyridine)-b-poly(ethylene oxide) as the

triblock copolymer precursor [49]. The aim was to study

programmable and hierarchical self-assembly of these

amphiphilic NPs in various solvents.

Physical properties and characterization of SCPNs

Most of the physical properties of SCPNs differ from those

of the linear precursor chains, and they are usually ana-

lyzed by several established techniques. The apparent

molecular weight of macromolecules can be determined by

gel permeation chromatography (GPC). If intermolecular

interactions are favored, polymer networks are generated

and an increase of the molecular weight is observed.

Although the molecular weight distribution is not altered

by intramolecular cross-linking, properties related to

polymer dimensions, such as intrinsic viscosity and

hydrodynamic volume, are affected [38]. As GPC mea-

surements are proportional to the hydrodynamic volume,

the retention times of unimolecular polymer NPs and their

linear precursors must differ to a certain extent. Conse-

quently, NPs show a lower apparent molecular weight

according to the reduction of their hydrodynamic volume,

which confirms an intramolecular collapse (Fig. 2a). The

behavior of intrinsic viscosity is comparable to that of

hydrodynamic volume. In accordance with the similarity in

nature between NPs and constant density spheres, however,

analogous NPs show equivalent viscosity values even if the

molecular weights differ by 50% (Fig. 2b) [38].

The formation of SCPNs can also be confirmed by

several other techniques, such as dynamic light scattering

(DLS), AFM, and nuclear magnetic resonance (NMR).

DLS can be utilized to measure the radius of the particles

in solution, but the average sizes of some SCPNs are at the

lower size limit of most of the commercial instruments. In

case the SCPNs are dried on a surface, AFM is the most

suitable technique to visualize and study the dimensions of

the collapsed coils. One of the most detailed studies of the

shape and size of this type of NPs was carried out by Berda

et al. They were able to deduce the possible morphology of

a single collapsed supramolecular molecule by AFM [31].

In the case of Odriozola et al., the collapse of the

precursor copolymer chain was carried out through a

bifunctional cross-linker, which is a Gd3? chelating unit

(see ‘‘Cross-linker-mediated chain collapse’’) [41]. AFM

studies clearly showed a diminution of the mean particle

size of the NPs when Gd3? was added, reducing it from

*2 nm to *1.5 nm (Fig. 3). These NPs could probably

be the smallest SCPNs so far by means of ‘‘click’’

chemistry.

NMR is a useful technique to confirm the formation of

SCPNs due to the disappearance of several signals once the

polymer chain collapses [46]. Thermal characteristics are

different once the SCPNs are formed [31, 46], and the

solubility of the collapsed coil may differ from the pre-

cursor polymer chain in certain solvents [30, 49].

Regarding nanomedical applications, size is an impor-

tant parameter to take into account. In the case of SCPNs,

size depends on the chemical nature and the molecular

weight of the starting polymer chain, on top of the number

of intramolecular interactions established to form the

collapsed coil. The majority of SCPNs reported so far are

PS-based and covalently cross-linked, and according to

Hawker et al., size is basically proportional to the molec-

ular weight and inversely proportional to the number of

cross-links. To get to that conclusion, they analyzed SCPNs

built on PS cross-linked by BCB chemistry [26]. Loinaz

et al. identified a very similar behavior in PMMA-based

copolymers [32].

Even if the collapse of a PMMA backbone precursor is

performed by non-covalent cross-linking, the size change

behavioral is analogous to the previously described [30,

31]. However, these supramolecular NPs are less dense

and, hence, have a larger diameter than the correspondent

covalent ones (around 10 nm in diameter) [50]. On the

contrary, if the polymer contains bulky pending groups, the

size does not diminish as the number of links increases.

These have been proved by Jiang and Thayumanavan (see

also ‘‘Homo-functional chain collapse’’), where they study

PS backbone NPs that display tert-butyloxycarbonyl

(BOC) protected amino moieties [25].

Applications and future perspectives

In general, the collapse of a polymer chain due to non-

covalent interactions is analogical to many folding pro-

cesses in nature, so supramolecular SCPNs are envisaged

as simpler patterns to mimic the behavior of biomacro-

molecules. For instance, these systems could allow the
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study of protein-folding processes in a much simpler

environment than the one inside the cell, which could be

useful to understand the basics of their complicated

behavior in nature.

As mentioned previously, SCPNs could have a tre-

mendous impact in the near future as drug nanocarriers due

to their specific and unique characteristics for biomedical

applications. With biocompatible or biodegradable chemi-

cal nature, these NPs contained perfectly defined and

tailored functionalities determined by their precursor linear

polymers. Some successful nanocarriers are dendrimers,

and their small size (1–10 nm) seems to be their biggest

advantage. That is why SCPNs (1.5–20 nm) could be

challenging candidates for similar purposes.

Fig. 2 a Overlay of GPC traces for the starting copolymer 1,

(Mn = 45,300), the corresponding linear control polymer 2 and NP 3

incorporating ca. 10 mol% isocyanate (NCO) cross-linking functional

groups; b Plot of reduced viscosity versus concentration for control

copolymers 2 (closed square 150 kDa; closed triangle 100 kDa) and

their analogous cross-linked NPs 3 (open square 150 kDa; open
triangle 100 kDa) in THF. Mol% NCO is 10 in this case. Reproduced

and adapted from [38] with permission of ACS

Fig. 3 Topographic AFM

images and corresponding

profiles of polyacrylic NPs

showing a mean particle size of

*2 nm (a) and the same type of

NPs loaded with Gd3? with

*1.5 nm mean particle size (b).

Reproduced from [41] with

permission of RSC
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However, their application in nanomedicine is still in its

infancy. Most of the SCPNs described in this review are

not soluble in aqueous media, which makes them incom-

patible with biomedical applications. The main issue is that

synthetic routes have traditionally been developed in

organic solvents for convenience (i.e., solvent evaporation,

purification). Nevertheless, the expansion of medicinal

chemistry has started to extrapolate the synthetic chemistry

knowledge into aqueous systems. It has been just recently

that a couple of publications of SCPNs in biomedicine have

arisen.

Hamilton and Harth conjugated unimolecular polymer

NPs with dendritic molecular transporters to use them for

intracellular delivery of peptide-based therapeutics [19].

The scaffold of the nanocarrier (Fig. 4a) contained a

polymer core based on SCPN labeled with Alexa Fluor 568

(red dye) of 5–10 nm in diameter. This core was decorated

with transporter dendritic units (drawn in turquoise in the

figure) and functionalized with therapeutic peptides by a

disulfide bond. These peptides were labeled with fluores-

cein to allow the detection of the nanocarrier and the cargo

separately. Dendritic units seem to be critical to allow the

delivery of the peptidic cargo into NIH 3T3 cells. Figure 4

shows confocal images of the uptake of these carriers into

these cells. Figure 4b shows the image for fluorescein,

while Fig. 4c shows the image for the fluorescence of

Alexa Fluor 568. Confocal microscopy allows stack visu-

alization of different cell layers as can be seen in Fig. 4d1–

d12. Analyzing these images, the conclusion was that the

cargo was released because fluorescein was accumulated in

the upper layers of the cells.

Odriozola et al. developed a new contrast agent suitable

for MRI based on a new kind of paramagnetic SCPNs

loaded with multiple Gd3? ions [41]. Image contrast in

Fig. 4 Cellular uptake experiments of NP-transporter conjugate

(a) into NIH 3T3 cells investigated via confocal microscopy imaged

for the fluorescence of the Alexa Fluor 568 dye (c) and the fluorescein

(b), with complementing z-stack (d) showing the presence of both

fluorophores from the bottom (d1) to the top of the cells (d12). The

cells were incubated for 30 min with a 37.2 lM NP solution in

Hank’s buffered saline solution (HBSS). Reproduced and adapted

from [19] with permission of ACS
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MRI relies on relaxation of water protons from body tis-

sues and fluids, and some stable paramagnetic metal ion

complexes, such as Gd3?, enhance the water proton re-

laxivity. Commercially available agents (i.e., Magnevist�

or OmniscanTM) are based on low-molecular-weight Gd3?

chelates. One of the approaches to improve the relaxivity

has been to graft Gd3? onto polymeric chains, but it has

been reported that internal flexibility or non-rigid attach-

ment of the Gd3? chelate to the macromolecule are often

the limiting factors for the relaxivity of polymers con-

taining multiple Gd3? centers [51]. This is why Odriozola

et al. chelated gadolinium ions in a DTPA-containing

cross-linker to subsequently form SCPNs (Scheme 4). The

originality of this approach relied on the rigidity of the

system, restricting the internal rotation of the Gd-DTPA

moieties and improving the relaxivity.

As we described in this review, there are high expec-

tations placed on SCPNs in biomedicine, even though they

have just started to be utilized in drug delivery and

molecular imaging. Their versatility and multifunctionality

are crucial for their future development into biomedical

applications, as well as their compatibility with aqueous

systems. Thus, new powerful SCPN nanosystems may lead

to the new theranostic era.
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