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Abstract 

Nanoheterostructures combining Prussian blue (PB) or Prussian blue analogues (PBA) 

coordination polymers with other inorganic materials onto a single nanosystem are a highly 

challenging and rapidly emerging class of discrete hybrid multifunctional nano-objects, where 

chemical and physical properties can act separately or in synergy. They present various 

morphologies and chemical compositions, including diverse combinations of nanosized PB(A)s 

with metals, metal oxides, luminescent Ln3+-based fluorides or Ln3+-doped nanoparticles, 

semiconductors, silica, carbon nanotubes, metal-organic frameworks and others. Here, we 

present an overview focusing on relevant progresses achieved in this family of nanomaterials, 

giving an emphasis on their topology, physical and chemical properties as well as applications 

highlighting the role and contribution of the nano-sized PB(A)s. 
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Introduction  
Inorganic nanoheterostructures combining two or more inorganic materials onto a single 

nanosystem, where different chemical compositions meet at the interface, constitute a 

sophisticated and highly challenging family of nanosized architectures, which has seen a great 

expansion during the last decades. This interest is motivated by the opportunity to combine 

several chemical and physical properties within the same nano-object acting separately or in 

synergy due to the mutual interaction between the constitutive components, building a powerful 

strategy towards the design of multifunctional nanomaterials. As a consequence, a large variety 

of studies addressing the challenge to get control over those phenomena were undertaken, 

offering a wide range of nanoheterostructures exhibiting different morphologies and associating 

various functionalities or improving the existent ones. The choice of the nanosized components 

to get combined into heterostructures generally depends on the targeted properties and the end 

applications. In this line of thought, we can cite probably the most investigated 

semiconductor@semiconductor[1-3] and metal@semiconductor nanosystems[4-6] with tuned 

optical properties, but also metal(oxide)@metal(oxide) nano-objects[7-10] with advanced 

catalytic, optical, magnetic and magneto-plasmonic functionalities, as well as multifunctional 

nanoscopic platforms designed by the association of metals, [11] semiconductors[12] or metal 

oxides[12] with nano-sized silica for a variety of applications in electronics, optics, catalysis 

and healthcare fields. Moreover, different morphologies ranging from the most common 

core@shell or core@satellites nano-objects of different geometries to complex multicomponent 

architectures have widely been designed and investigated.  

Among those, nanoheterostructures, in which a nano-sized coordination polymer is combined 

at least with one other inorganic material, such as metal, metal oxide, semiconductor or silica, 

belong to a fascinating and recently emerging class of nanomaterials. The coordination polymer 

nanoparticles are made by transition metal or lanthanide ions connected through inorganic or 

organic ligands to give two- or three-dimensional networks where their growth is stopped by 

usual nanoscience tools, including the employment of stabilizing agents, ligands, matrixes and 

others. During two recent decades, the research has seen considerable advancements in the 

design of these fascinating nano-objects owing to a wide range of interesting properties 

promising for various applications. The most investigated families of those belong to metal-

organic frameworks (MOFs) or Prussian blue (PB) and its analogues (PBA) nano-objects. The 

peculiarity of nanoheterostructures involving such materials as one of the components consists, 

first, in the opportunity to benefit from all the advantages of the coordination polymers, such 

as well determined and flexible molecule-based structures, adjustable composition, tunable 

physical and chemical properties, low density, porosity and relatively soft chemical ways for 

their synthesis through self-assembly reactions of molecular precursors. Secondly, their 

nanometric size gives access to unique size- and shape-dependent properties arising from the 

high surface-to-volume ratio, quantum size effects and electrodynamic interactions. Third, 

these nanoheterostructures present a complex interface, which often leads to the appearance of 

intricate interfacial phenomena, which highly influence the overall physical and chemical 

properties. In this overview, we will focus on a relatively recent but very rapidly developed 

family of nanoheterostructures involving PB(A)s as a nanosized constituent (Figure 1). 
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Figure 1. Diversity of morphology of nanoheterostructures presenting nano-sized PB(A)s as a 

component and their main applications.  

 

Even if in the bulk state, PB was synthesized over three centuries ago and numerous analogues 

were discovered and investigated through the years, their history at the nanoscale starts only 

from the pioneering works of S. P. Moulik and coll. [13] and S. Mann and coll. [14] in 1999 

and 2000, respectively. During the last two decades, impressive progress has been made to the 

advancement of these nanomaterials due to their fascinating size and morphology dependent 

magnetic, photo-magnetic, optic, host-guest, sorption, redox properties useful for a wide range 

of applications, including sensors, gas capture and storage, electrochromic devices, batteries, 

decontamination and healthcare. [15] The reason for the use of such materials as a component 

in nanoheterostructures is linked to motivating structural and morphological benefits consisting 

in: (i) an important chemical stability even at low pH; (ii) several types of porosities permitting 

to capture not only monovalent cations (such as Cs+, Tl+) in the tetrahedral sites but also small 

molecules and complexes; (iii) functionalizable surfaces thanks to the presence of non-saturated 

metal centers; (iv) a tunability of their chemical composition permitting the introduction of 

different transition metal ions or lanthanides by substitution or doping without structural 

changes. On the other hand, PB(A)s present multiple useful physical or chemical properties 

presented below, which can be combined with those of inorganic nanomaterials to achieve 

smart multifunctional nano-objects. Firstly, PB(A)s possess multiple redox properties 

presenting a great interest for many catalytic processes. Indeed, these materials have been 

proposed as a mimicking enzyme agent, a Fenton catalyst, oxygen evolution reactions (OER), 

and hydrogen evolution eeactions (HER) catalysts, and a support for metal catalysts. But also 

as a part of electrochemical, immune- or aptasensors for the detection of bacteria, species, 

molecules and biomolecules of interest. Secondly, PB(A)s exhibit an intrinsic porosity useful 

for insertion-disinsertion of monocations in Li+ or Na+ ions batteries or for decontamination of 

radioactive and/or toxic Cs+ and Tl+ ions. Further, they exhibit an important absorption in the 
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near infrared (NIR) region with a relatively high light-to-heat conversion coefficient and 

stability against irradiation, which makes these nanoparticles exceptional as a photothermal 

agent (PTA) for photothermal therapy (PTT) of cancer or bacteria killing. The nano and 

mesoporosities of PB(A)s permit the encapsulation and delivery of small drugs, which can also 

be assisted with the PTT action. Finally, PB(A)s with adjusted chemical composition can be 

employed as nanoprobes for magnetic resonance imaging (MRI), scintigraphy, photoacoustic, 

or computed tomography (CT) imaging. These multiple properties and advantages explain an 

important interest to the PB(A)s use as a component of original nanoheterostructures combined 

with other inorganic materials.  

The first work on the design of such discrete nanoheterostructures reported in 2007 was devoted 

to the association of Au nanoparticles with PB with the aim to build a biosensor. [16] Starting 

from this date, the number of articles devoted to the elaboration of such intricate nano-objects 

is in constant expansion with an important acceleration in the last few years. During these 

fourteen years, metallic, metal oxides, metal sulfides, carbon nanomaterials and more recently 

silica, MOFs and polyoxometallates (POMs) nanomaterials were extensively combined with 

PB(A)s at the nanoscale. This review summarizes recent progress in this area of research and 

discusses the design, morphology, physical and chemical properties of these 

nanoheterostructures and their promising applications. We focus here only on discrete 

architectures obtained through a bottom-up approach mainly in colloidal suspensions through 

chemical ways. The nano-objects inserted into different matrixes[17, 18] or (electro)deposited 

on various surface[19, 20] are not discussed. The scope of this review is represented in Figure 

1, and the organization includes the following sections. 

Section I “Why Prussian blue and its analogues as a component in nanoheterostructures?” 

gives a brief presentation of PB(A) nano-objects, their structures, morphologies and the main 

properties in order to demonstrate the reasons for their use as a component in heterostructures. 

In this section, we particularly focus on the design of such nano-objects since similar synthetic 

methodologies are employed for their synthesis in nanoheterostructures. The advantages of 

PB(A)s linked with their multiple properties, including red-ox and photothermal activity, 

relaxivity, porosity, magnetic properties etc., useful in various applications are also described.  

Section II is devoted to the main synthetic strategies in the design of the nanoheterostructures, 

the kaleidoscopic diversity of which is achievable thanks to the variation of the compositions, 

the morphology and the size of different components. In this section, we categorize the 

nanoheterostructures by the type of inorganic materials associated with the coordination 

polymers. Therefore, we outline successively the combination of these coordination polymers 

with gold and other metals or metal alloys, with metal oxides and sulfides, with luminescent 

Ln3+-based or Ln3+-doped nanoparticles, with other molecule-based materials, such as MOF 

and POM, and with non-metallic materials, such as silica and carbon-based materials. Each 

sub-section highlights the reason and advantages of such combination founding on the 

peculiarity and properties of each component, as well as on their compatibility. In each sub-

section, the heterostructures are classified by their morphology following their increasing 

complexity, starting from simple core-shell nano-objects and finishing by advanced 

multicomponent architectures. 

Section III describes the targeted association of the main physical and chemical properties of 

various components leading to an appearance of multifunctionality, which can be manifested 
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by the observation of properties acting separately or in synergy, and the key applications of 

these nanoheterostructures in various fields with strong societal demands, such as energy 

(conversion/storage/generation), health sensors for personal medicine, nanomedicine 

theragnosis, or sustainability (decontamination/catalysis). In the presented examples, we tried 

to emphasize the role of each component of heterostructure and the role of interfaces and related 

interfacial phenomena.  

Finally, the Summary and Outlook section concludes the overall current status, challenges and 

proposes future perspectives in this fascinating domain. 

I. Why Prussian blue and its analogues as a component in 

nanoheterostructures? 
The famous bulk cyano-bridged coordination polymer, well known under the name Prussian 

blue, has been discovered in 1706 by J. C. Dippel and J. J. von Diesbach as a deep blue pigment. 

[21] While its crystal structure and fascinating chemical and physical properties have been 

investigated during 300 years after its invention, it and its analogues still remain an exciting 

and important object of modern research. [22] Indeed, several books and numerous reviews 

have been devoted to the description of structures, physical properties of PB and PBA and their 

applications. [23-31] PB presents a chemical formula A1-xFeIII[FeII(CN)6]1-x/4x/4·nH2O where 

n is the number of water molecules, A is a monovalent cation and  is a cyanometallate vacancy 

needed to assure the electroneutrality. In its crystal structure, the Fe2+ and Fe3+ ions are linked 

through cyano-bridges to form a porous three-dimensional face centred crystal structure (fcc). 

A variety of three-dimensional PBAs have been obtained and investigated by replacing both 

iron ions by transition metal ones where adjustements of the synthetic parameters give two 

extreme lacunary and not-lacunary structures, M[M'(CN)6]2/31/3·nH2O or 

AM[M'(CN)6]·nH2O, where M and M’ are transition metal ions (Figure 2). Usually, PB and 

PBAs contain two types of water molecules: the coordinated to Mn+ ions to complete the 

octahedral coordination sphere of these latter and the crystallized ones (lattice and zeolitic), 

which occupy the porosity of the networks. On the other hand, when a lanthanide ion comes to 

replace M ion, the structure becomes an orthorhombic one (Figure 3). As for the cubic PB(A)s 

networks, there are both, coordinated to Ln3+ and crystallized water molecules.  

These coordination polymers present important mechanical robustness and excellent thermal 

and hydrothermal stabilities. As an example, the bulk PB compound has very high stability due 

to an extremely low dissociation constant (Kd = 31041) in aqueous media and a solid-state 

thermal stability up to 200 °C in air, [32] while its cobalt analogues, 

Cs0.74Co[CoIII(CN)6]0.91·5.2H2O, is stable up to 310 °C even in the presence of water vapours. 

[33] These compounds have widely been investigated for their exciting composition-dependent 

redox, optical, magnetic and host-guest properties. In this context, it is worse to underline that 

PB(A)s represent the most famous and the most investigated family of molecule-based magnets 

exhibiting a ferro- or ferrimagnetic long-range ordering greater than room temperature for some 

selected members of this family. The fcc network presents nano and mesoporosity (the last one 

comes from the presence of cyanometallate lacunas) whereas empty tetrahedral sites are able 

to host monovalent inorganic cations, such as, for instance, alkali metal or thallium ions. For 

these reasons, bulk PB(A)s have deeply been investigated and proposed for various applications 
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as pigments, materials for Na+ and Li+ ions’ batteries, molecular sieves, materials for hydrogen 

storage or as decontaminant materials for radioactive Cs+ and non-radioactive Tl+. It is 

interesting to note that the bulk PB compound has been approved by the US Food and Drug 

Administration (FDA) agency for its use as an exclusive antidote for human beings in the case 

of Cs+ and Tl+ poisoning and is widely used under its trade name Radiogardase®. [34] As an 

example, the daily dose for an adult in the case of radioactive Cs+ contamination constitutes ca. 

10 g, illustrating the low toxicity of PB and its biocompatibility.  

   
Figure 2. Crystalline structure of PBAs in their : (a) non-lacunary AM[M'(CN)6]·nH2O (1:1:1 

type), and (b) lacunary M[M'(CN)6]2/31/3·nH2O forms. Colour code: orange, M’; green, M; 

violet, A; blue, N; grey, C. The oxygen of H2O coordinated to Mn+ are represented by red 

spheres.  

 

Figure 3. Crystalline structure of Gd(H2O)4[Fe(CN)6]4H2O. Color code: orange, Fe; blue cyan, 

Gd; blue, N; grey, C. The oxygen of H2O coordinated to Gd3+ are represented by red spheres. 

 

Considering that the inorganic nanoparticles have been known and investigated for decades, it 

is somewhat surprising that the development of nanosized PB(A)s started relatively recently. 

Two pioneering works on the PB(A)s nano-objects have been reported by S. P. Moulik and coll. 

in 1999 [13] and S. Mann and coll. in 2000[14], both devoted to the use of reverse micellar 
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systems for the synthesis and stabilization of cubic nanoparticles of CuFe-PBA and PB itself, 

respectively. Such protocol was extended to the synthesis of CoFe-, CrCr-PBAs,[35] and NiCr-

,[36] FeCr-[37] or CoCo-PBAs [38] demonstrating that [H2O]/[AOT] ratio (with AOT = bis-

(2-ethylhexyl)sulfosuccinate) tensioactive agent), the nature and the concentration of 

precursors permit controlling the size and shape of the obtained nanoparticles. Starting with 

these seminal works, the synthesis and investigation of nano-sized PB(A) systems have 

attracted a great deal of attention from numerous research teams worldwide. Various synthetic 

approaches consisting in a classical co-precipitation of two precursors or single-source method, 

hydrothermal reaction, sono-, electro-, photochemical ways, and others have been explored. 

They give an acess to the multitude of PB(A)s nano-objects with different chemical 

compositions, available in a wide range of sizes, from a few to several tens of nanometers, 

having different morphologies and controlled surface state. The synthesis parameters, which 

make possible to control the elaboration of these nanoarchitectures have been the subject of 

very comprehensive reviews and book chapters to which readers can refer. [39-47] 

However, as many of the used synthetic protocols for the synthesis of nano-sized PB(A)s have 

been adapted to the elaboration of nanoheterostructures involving PB(A)s as one of the 

components, we give a brief outline of the frequently used synthetic methodologies. Three main 

approaches have been employed for this purpose: (i) the self-assembly reaction between 

appropriated precursors in organic solvents or in water leading to the synthesis of small 

nanoparticles with the size lower than 20 nm, (ii) the controlled kinetic growth of the cyano-

bridged network in water in very diluted aqeous solutions without stabilizers followed (or not) 

by the post-synthetic anchoring of the latter on the nanoparticles surface, and (iii) hydrothermal 

synthesis. 

First, the self assembly reaction between appropriated hexacyanoferrates/ferrites and metal salts 

precursors in water without any stabilizing agents has been employed to synthesize PB(A)s 

nanoparticles with the size lower than 20 nm. [48] In this way, nanoparticles of PB (13 nm), 

NiIIFeIII (14 nm) and CoIIFeIII (18 nm) were obtained, the size of which depends on the type of 

the metal ion used. These nanoparticles can then be redispersed in toluene with the addition of 

oleylamine as a stabilizing agent to obtain stable colloidal solutions. Note however that in the 

most of cases, the synthesis of small well disperced PB(A) nanoparticles has been performed 

by introducing different stabilizers (small molecules with donor atoms assuring their 

coordination to the nanoparticles surface, molecules, biomolecules and polymers assuring the 

electrostatic or steric stabilization) during the self-assembly reaction. In this way, the stabilizing 

agents not only help to assure the good colloidal stability of the nanoparticles, but can also 

control the size through the ratio precursors/stabilizer. The self-assembly approach in the 

presence of various stabilizing agents could be performed either in organic solvents including 

ionic liquids or water, usually providing tiny nanoparticles with sizes less than 10 nm, while 

they are somewhat larger in water. Only one example in literature dealt with the synthesis of 

PB(A)s nanoparticles in a conventional organic solvent. It concerns the synthesis occurring in 

THF in the presence of oleic acid and trioctylamine as stabilizing agents to afford ultra-small 

nanoparticles of different composition NiIIFeIII-, MnIICrIII-, NiIICrIII- and LnIIICrIII- PBAs (with 

Ln = Eu, Tb or Sm). [47] Several examples concerned the use of ionic liquids, such as 1-R-3-

methylimidazolium tetrafluoroborate [RMIM][BF4], which act as both, a stabilizing agent and 

a solvent. By varying the length of the N-alkyl chain on the imidazolium cation [RMIM]+ (R=1-
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butyl (BMIM), 1-decyl (DMIM)), the growing process can be controlled to produce NiIIFeIII-, 

CuIIFeIII- and CoIIFeIII-PBAs nanoparticles of 2-3 nm.[49] A specific study of the 

Cu3[Fe(CN)6]2/[Cn-MIM][An] (where n = 2, 4 and An = Cl, BF4) system was performed to 

evaluate the influence of added small amounts of water, counter anion influence and microwave 

or temperature effects on the size, shape and aggregation of the as-obtained nanoparticles. [50] 

Moreover, using a room temperature ionic liquid crystal, [C12-MIM][BF4], allows obtaining a 

long-range organization of Mn3[Cr(CN)6]2 at the nanoscale level within the liquid crystal phase. 

[51] An additional stabilizing agent, such as N,N-dimethyl formamide was also added to the 

synthesis of nano-sized CoIIFeIII-PBA using the room temperature ionic liquid, 

tetramethylammonium tetrafluoroborate, as the reaction media for further uses in the catalytic 

epoxidation of styrene. [52]  

However, the most employed media to perform the synthesis of PB(A)s nanoparticles is water, 

and many studies were devoted to this purpose. The first example to cite concerns the synthesis 

of PB in the aqueous solution in the presence of polyvinylpyrrolidone (PVP) from FeCl24H2O 

and K3[Fe(CN)6] precursors giving the PB nanoparticles with sizes ranging from 16 to 27 nm, 

which can be controlled by the ratio PVP/Fe2+. [53] It is noteworthy that the obtained 

nanoparticles with the ratio PVP/Fe2+ = 100 could be completely redispersed in other solvents, 

such as methanol, ethanol, acetonitrile, DMF, DMSO, or dichloromethane. This strategy was 

also generalized for several PBAs, such as Rb1.8Co4[Fe(CN)6]3.2
.nH2O, [54] CsNi[Cr(CN)6], 

[55] Mn3[Fe(CN)6]
.12H2O, [56] Ag3[Fe(CN)6], [57] and CuNi[Mo(CN)8]. [58] Further, other 

polymer-based stabilizing agents, such as poly-(diallyldimethylammonium chloride)[59] or 

polyethylene glycol (PEG) with different molecular weights and functionalities,[60] were also 

considered for the synthesis of nano-sized PB(A)s and lanthanide-based (including Gd3+) 

analogues. An alternative strategy to obtain PEG-stabilized K0.94Gd0.02Fe[Fe(CN)6] consisted 

first in the synthesis of these nanoparticles in the presence of PVP followed by its further 

replacement by PEG (MW = 12000-14000) during a dialysis procedure. [61] Note that the PEG-

stabilization of PB(A)s nanoparticles is a strategy of interest when considering various 

biomedical applications. Moreover, other biocompatible stabilizing agents, such as N-acetyl-

D-glucosamine[60] or bovine serum albumin (BSA), were also used. [62] Finally, the 

employment of citrate as a biocompatible stabilizing agent also permitting further post-

functionalization have widely been employed. Indeed, the synthesis of PB and NiFe-, NiCr, 

NiCo- and CoFe-PBAs with sizes ranging from 13 to 110 nm in the presence of citrate or citric 

acid were reported. [63] [64], [65], [66], [67], [68] 

The second synthetic approach largely used to obtain PB(A)s nanoparticles consists in the 

controlled self-assembly reaction of appropriate precursors in diluted aqueous solutions without 

stabilizing agents. The colloidal stability is provided here by repulsive electrostatic interactions 

of the negatively charged nanoparticles’ surfaces. This methodology allows thus to obtain 

surfactant-free nanoparticles of different PB(A)s with a wide size range (30 – 200 nm), which 

can easily be post-functionalized in the second step. The size control in these systems may be 

achieved by modulation of the addition rate, precursors’ concentration ad the presence of 

monovalent ionic salts. NiFe-[69] and CuFe-PBAs[70] nanoparticles with sizes ranging from 

12 to 80 nm were elaborated following such procedure. An interesting study was performed by 

using this protocol for a series of PB(A)s with rubidium as a counter cation in the PBA 

structures, such as CoCr-, CoFe-, CoCo-, NiCr-, NiCo-, NiCo-PBAs and PB itself with different 
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sizes (100-500 nm). The study found that the growing mechanisms differ among this closely 

related family of compounds. On the one hand, ex situ transmission electron microscopy (TEM) 

and in situ ionic conductivity and Dynamic Light Scattering (DLS) analyses indicated that the 

Cu2+ and Ni2+ analogues grew by a traditional heterogeneous precipitation process, whereby 

nucleated particles formed by the addition of ions from solution. On the other hand, the Co2+ 

analogues and the parent rubidium PB grew by the aggregation of precursor particles followed 

by annealing into crystalline mesoscale particles. [71] 

The third hydrothermal approach, affords nanoparticles having the size ranging from tens of 

nanometers to several micrometres. Most of the time, it uses PVP as a stabilizing agent under 

acidic pH and a single [Fe(CN)6]
3 precursor for the synthesis of PB[72], [73] or two precursors, 

Zn2+ salt and [Fe(CN)6]
3 for ZnIIFeIII-PBA.[74] Moreover, glucose [75] or PEG-400 [76] have 

been used as an alternative to PVP. Such hydrothermal synthesis has also been employed to 

obtain hollow PB nanoparticles by a two-step process: first, the synthesis of PB nanoparticles 

has been performed by using PVP under hydrothermal conditions and then a second 

hydrothermal treatment using PVP under harsher acidic conditions inducing the etching of the 

PB nanoparticles leading to hollow shapes. [77] 

The amazing prospects offered by PB(A)s nano-objects in comparison to other inorganic nano-

sized systems consists in the fact that they present a variety of useful properties depending not 

only on the diversity of compositions and structures, but also on the size, morphology and 

surface state. Indeed, they exhibit unique magnetic, optic, host-guest, redox and sorption 

properties, making them very interesting for potential technological applications, including 

biology and medicine, gas capture, gas storage, batteries, catalysis, sensors, electrochromic 

devices, decontamination (Figure 4). Among those, we briefly present in this section only the 

properties and related applications of PB(A)s, which have been promoted for designing 

nanoheterostructures. 

 
Figure 4. Advantages of PB(A)s as a component in designing nanoheterostructures. 
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The exceptional stability, low toxicity, optical, magnetic and redox properties of the PB 

nanoparticles, as well as their tunability permitting the properties’ adjustment through the 

modulation of the nanoparticles’ composition explain the growing interest for their design and 

investigation in relation to biomedical applications. Several reviews have been devoted to the 

PB type nano-objects as new promising nanoprobes or therapeutic agents for nanomedicine. 

[78], [79], [80], [81] Probably the first place in the number of published articles on this subject 

is devoted to investigating and promoting of the optical properties of the nano-sized PB, and 

more precisely, their photothermal activity, which makes them very promising as PTA. PTT is 

a newly developed hyperthermia strategy for the therapeutic treatment of tumour cells, which 

employs NIR photoabsorbers or PTA to generate heat upon NIR laser irradiation. Its principle 

consists in malignant cells “burning” by laser irradiation at low energy wavelengths in the 

presence of NIR PTA. Among others, this treatment offers attractive advantages over 

conventional therapeutic methods, such as high specificity, precise spatial-temporal selectivity, 

and minimal invasiveness. [82], [83], [84] Up to date, various Au nano-objects, including gold 

nanorods, nano-shells, nanostars, as well as carbon nanotubes, graphene oxide nanoparticles or 

upconversion nanocrystals have been found very promising for this purpose. [85] PB 

nanoparticles appear as a new promising alternative because they exhibit strong absorption in 

the NIR (I window) with a high molar extinction coefficient due to the Fe2+-to-Fe3+ intervalence 

charge transfer band situated between 650 and 850 nm and high light-to-heat conversion 

efficiency. [86], [87], [88] It has been demonstrated that PB nano-objects in aqueous solutions 

present higher photothermal conversion efficiency than Au nanorods and better photothermal 

stability than Au nano-objects and organic dyes used as conventional PTA. Indeed, numerous 

PB nanoparticles with different sizes and morphologies have been investigated as PTA in vitro 

and in vivo. [40], [86], [89], [90], [91], [92], [93] Moreover, the PTT action may be combined 

with drug or gene delivery to enhance the therapeutic efficiency through complementary or 

synergic effects between the PTT and chemotherapy. In this line, several works report on the 

design of PB nanoparticles loaded by conventional anticancer drugs, such as doxorubicin 

(DOX), [88], [94], [95], [96] or 10-hydroxycamptothecin, [97] or nano-objects conjugated with 

pDNA, [98] or with antigen specific cytotoxic lymphocytes. [95] 

The high absorption efficiency in the NIR window and the high photothermal stability have 

also been promoted by making these nanoparticles as a new kind of contrast agents (CAs) for 

NIR light-mediated photoacoustic tomography. Photoacoustic (PA) imaging is a widely used 

non-invasive imaging modality with a reasonable penetration depth, which presents a good soft-

tissue contrast and an excellent high sensitivity. It can be used to image deeper tissues than 

other optical imaging modalities (e.g. confocal microscopy and optical coherence tomography) 

with high resolution. In comparison with various nanoscaled NIR absorbers, such as gold 

nanostructures, carbon nanotubes, copper sulfide nanoparticles, PB nanoparticles have been 

found biodegradable, less toxic, less expensive and more performant for deep tissue imaging. 

[99] 

Concerning the magnetic properties of PB(A)s, Gd3+ and Mn2+-doped PB nano-objects 

presenting high longitudinal relaxivity have been developed as CAs for MRI. MRI is a powerful 

non-invasive imaging technique widely used in clinical practices to visualize internal body 

structures. MRI CAs are currently used in order to improve the image quality by locally 

increasing the nuclear relaxation rates. [100] Their efficiency is evaluated on the basis of their 
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ability to influence the longitudinal, r1, and transverse, r2, relaxivities. The positive CAs, also 

called T1-relaxing, provide a brilliant spot on the MR image in the organ or tissues where they 

are delivered. Paramagnetic Gd3+ (S = 7/2) -based compounds containing chelating or 

macrocycle ligands are the currently used commercial positive CAs. For instance, commercial 

positive CA based on gadolinium chelate complexes known under its trade name ProHance 

presents r1 value of about 3.5 mM1s1 at 1.5 T and at 298 K. [101], [102] In this line of thought, 

PB nano-objects present only modest longitudinal relaxivity values (for instance 0.079 mM1s1 

at 11.7 T [64] and 0.2 mM1s1 at 1.5 T [65]), but when high spin paramagnetic Mn2+ (S = 5/2) 

or Gd3+ (S = 7/2) ions are introduced in the PB network, the longitudinal relaxivity increases 

making them, therefore, promising as CAs for MRI and competitive with the actually existing 

ones. These paramagnetic ions may be either introduced in the tetrahedral sites or may 

substitute iron ions of the PB framework. In the latter case, the total Fe3+ ions substitution 

conducts to the formation of orthorhombic coordination networks (see Figure 3 for the 

Gd(H2O)4[Fe(CN)6]4H2O structure). Indeed, several Mn2+ and Gd3+-doped PB nano-objects of 

different structure, composition, size, shape (nanoparticles, nanocubes, hollow cubes) and 

coating with highly improved longitudinal relaxivity in comparison with the values observed 

for commercial CAs and with high contrast in T1-weighted in-vivo MRI images have been 

reported. [103], [104], [105], [106] Such performance have been explained by the presence of: 

(i) coordinated to Gd3+ or Mn2+ water molecules, (ii) a relatively important number of these 

paramagnetic ions per nanoparticle, (iii) efficient exchange between coordinated, crystallized 

and solvent water molecules, (v) an optimal size and surface state of these nanoparticles 

permitting high water accessibility and an optimal slow molecular rotation. 

In the case of radioactive Cs+ contamination or Tl+ poisoning, recent developments in 

pharmacokinetics and nanomedicine have demonstrated that the use of nano-scaled PB(A)s 

improves the kinetic and efficacy of the decontamination with respect to the corresponding bulk 

materials. In this connection, several types of nanocomposites involving PB nanoparticles 

included in silica or carbon sponge matrixes have been proposed as an efficient absorbent for 

the decontamination of Cs+ and Tl+ ions in the gastrointestinal tract of rats. [78], [107], [108], 

[109] Another system based on the ultra-small PB nanoparticles stabilised by the Aonys oil 

acts as an in vivo Cs+ uptake agent and presents an higher efficiency with a significant dose-

effect and different elimination ways than commercially available PB (Radiogardase). [110]  

Besides optical, host-guest and relaxivity properties exploited for biomedical applications, 

nano-sized PB(A)s have also been investigated for their size-dependent magnetic properties. It 

should be noted that some of these coordination polymers in their bulk state presented 

exceptional magnetic behaviour showing the presence of a long-range magnetic ordering at 

particularly high critical temperatures for molecular materials. As an example, some bulk 

VIICrIII PBAs exhibited ferrimagnetic behaviour with critical temperatures up to 400 K. [111], 

[112], [113] The exchange interactions between the spin carriers conducting to the appearance 

of ferro- or ferrimagnetic behaviours have been explained by using the model of J. Goodenough 

adapted for molecular materials by O. Kahn involving the magnetic orbitals overlap. [114], 

[115] The sign of magnetic interactions and the value of the critical temperatures depend on the 

spins and anisotropy of the metal ions. As for other magnetic nanoparticles, the decrease in the 

dimensionality of PB(A)s to nano-sized level prevents the propagation of the magnetic 

correlation to infinite, and as a consequence, the appearance of important size effects is 
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expected, the most important being the appearance of a superparamagnetic behaviour instead 

of ferro- or ferrimagnetic ones. On the other hand, numerous factors can impact the magnetic 

regime of these nanoparticles, including the presence of dipolar (magnetostatic) interactions 

between the nanoparticles combined or not with a surface or volume spin disorder. The 

magnetic properties of nanosized PB(A)s of different chemical compositions, sizes, state 

surfaces in colloidal suspensions or embedded into inorganic or organic matrixes have been 

investigated. Four relaxation regimes have been identified in the nano-sized PB(A)s according 

to the above-mentioned parameters: [47], [46] (i) ferro- or ferrimagnetic behaviours of 

multidomain nanoparticles presenting size larger than the critical radius, (ii) the 

superparamagnetic regime of isolated monodomain nanoparticles, (iii) the spin-glass like 

regime arising from strong dipolar interparticle interactions, and (iv) the spin-glass like regime 

arising from dominant intraparticle surface spin disorder.  

Finally, the exclusive redox properties of PB(A)s have found an important development in 

several applications. PB(A)s, in many cases, do act as three-dimensional electrocatalysts, 

chemically stable and electroactive. [116] The reduction and oxidation reactions for the non-

lacunary form (also called “soluble” form) of PB are expressed in Scheme 1. 

 

 
Scheme 1. Redox processes for the non-lacunary form of PB. 

 

Similar redox reactions have also been proposed for the lacunary form of PB (also called 

“insoluble” form) (Scheme 2) 

 
Scheme 2. Redox processes for the lacunary form of PB. 

 

The PB reduction leading to Prussian white (PW) implies the incorporation of cations (Cat+), 

whatever the PB forms involved (Equations (1) & (3)), while the oxidation implies the loss of 

cations for the non-lacunary form (Equation 2) or the incorporation of electrolyte anions (An-) 

for the lacunary form (4) leading to Prussian yellow (PY). [24, 117] Thus, oxidation and 

reduction reactions of the iron ions proceed through a flux of cations/anions to pass through the 

channels and holes of the network, providing the necessary charge compensation. The 

electrochemical processes in which PB is involved result in substantial changes of optical 

properties with four-colour electrochromocity. As previously mentioned, the deep blue colour 
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of PB itself is explained by an intense intervalence charge-transfer absorption band in the NIR 

window with a transition from the ground to the excited state on which an electron is transferred 

from FeIIIFeII to FeIIFeIII. The fully oxidized form of PB, PY is visually yellow-brown, and the 

fully reduced PW form is colourless, while the fourth colour relates to Berlin green (BG), 

which, in reality, is an intermediate form between PB and PY. This behaviour may also be 

generalised for other PBAs, where both transition metal ions may be involved in the redox 

process, as shown in Scheme 3. The dependence between the hydration of the cations (usually 

alkali ions) and their insertion capacity within the PB(A) networks and then the impact on the 

electrochemical properties has been demonstrated by F. Scholtz and A. Doménech-Carbo. [118] 

The electrochemical properties of the PB(A) deposited on the different electrodes as particules 

or films with different cations has been investigated by cyclic voltammetry. It has been 

demonstrated that PB(A) can reversibly intercalate Li+, Na+, K+ or NH4
+ at high rates. [119] For 

instance, cyclic voltammograms of the electrodeposition of PB on an electrode shows two sets 

of sharp peaks corresponding to three forms of varied valence state (PW, PB and BG). [120] 

Note that the redox transformation process of PB(A) is usually accompanied by a color change 

(electrochromicity), which is currently used in electrochromic devices since a rich palette of 

colours depending on the transition metal ions and the respective redox form involved. 

 
Scheme 3. Red-ox processes for PB(A)s. 

 

Such amazing redox properties opened the door to a wide range of applications in energy, 

mainly in batteries and supercapacitors, but also in electrocatalysis, in the fields of sensors, 

biosensors and detection. The reader can refer to various reviews providing an in-depth 

overview of the state of the art in these attractive areas. [116], [119], [121], [122], [123] As an 

example, PB(A)s have been found promising as electrode materials, especially for Na+, but also 

for other ions (Li+, K+, Mg2+, Ca2+ and other multivalent ions) batteries because of their open 

channel network, compositional and electrochemical tunability and low cost. [124], [125], 

[126], [127] In particular, a large number of PB(A) materials have been developed with 

considerable success as an appealing cathode material for sodium ion batteries. Remarkably, 

the structural robustness of the cyano-bridged frameworks upon intercalation/deintercalation 

constitutes an asset. Thus, an important effort has been done in the understanding of 

structure/synthesis/performance relationship for these materials in the search of high reversible 

capacities and long cycle life. In this line of thought, several works demonstrated that the fine 

control of the synthesis in order to suppress the lattice defects and interstitial water molecules 

is a key parameter to achieve a high Na+ insertion performance and important cycling stability. 

Considering several parameters, including material cost, environmental friendliness and 

electrochemical performance, it appeared that the most promising candidates for practically 

viable sodium ion batteries for large-scale stationary applications are Mn- and Fe-based PBAs, 

such as MnMn-, FeFe-, and MnFe-PBA. Moreover, PB(A)s can also be interesting for aqueous 

Na+ ion batteries applications, but for the moment, an important improvement of the 
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electrochemical Na+ insertion performance and capacities is highly needed to be competitive 

with the commercially viable batteries. 

Considering another facet of the redox properties, PB(A)s are well known for their capacity to 

electrocatalyst oxidation (7) and reduction (8) of H2O2 following reactions depicted on Scheme 

4.  

 
Scheme 4. Oxidation and reduction of H2O2. 

 

Complex chemistry stays behind the transformation of hydrogen peroxide by PB(A)s and the 

involved mechanisms are not yet clearly identified. These properties are particularly relevant 

because a large number of enzymes produce H2O2 as a by-product, which can be detected by 

PB(A)s. In particularly, PB can mimic three antioxidant enzymes: peroxidase, catalase, and 

superoxide dismutase (see Figure 5). [128] An important number of sensors and biosensors 

based on this PB(A)s activity has been reported, including the detection of glucose, [129] 

glutathione, [130] dopamine, [131] hydrazine, [132] nitrites, [133] and sulfites. [134]  

Finally, the redox properties of PB(A)s were also used for electrocatalysis aiming to detect 

pollutant compounds dangerous for the environment and human health, such as hydrazine, 

[135], [136] explosives, [137], [138] nitrites and sulfites, [133], [139], [140] as well as 

numerous drugs. [141], [142], [143], [144] 

 

Figure 5. Schematic mechanism of the multienzyme-like activity of PB nanoparticles based on 

standard redox potentials of different compounds in the reaction systems. Depending on the 

oxidation states of iron ions, different redox transformations of PB have been identified: 

reduced form FeIIFeII called Prussian white (PW), oxidized form FeIIIFeIII known as Prussian 

yellow (PY) and a partially oxidized form identified as Berlin green (BG). 

 

PB(A)s can be further beneficial and interesting in connection to their redox properties at the 

nanoscale for all above-mentioned applications and a huge amount of work has been performed 
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in this area. The reader may refer to appropriate reviews covering this field of research. [145-

148] Thus, for all the above-mentionned reasons, PB(A)s have widely been considered as a 

component in association with another material at the nanoscale to afford nanoheterostructures 

presenting multifunctional properties of interest in various application fields that constitute the 

aim of this review. 

II. Design and typology of nanoheterostructures involving nanosized 

PB(A)s as a component 
Nanoheterostructures involving PB(A)s as a component have been designed in various 

morphologies. However, the majority of them are directly related to the core@shell shape, 

which includes nano-objects of several types: simple core@shell, onion-like core@multishells, 

core@satellites and multicore@shell geometries. In core@shell or multishell systems, an inner 

core is surrounded by a shell composed of one or more layers of other materials, which interact 

with the external environment. The components of such systems share large bonding interfaces, 

where strong electronic communication may be established. This conducts to distinct physico-

chemical properties or even synergic effects in comparison to those of the individual 

components. Note that in classical inorganic core@shell nanoparticles, the shell is usually 

epitaxially grown on the surface of the core materials, which requires a closeness of their crystal 

structures with an important matching of their lattice parameters (usually within 1-3%). This 

permits the minimization of misfit strain and avoids the generation of defects until the shell 

thickness is kept small enough.[149] In this line of thought, an important effort has been 

achieved in the design of PB(A)s@PB(A)s core@shell nanoparticles and numerous examples 

of nano-objects of this type with different sizes and compositions of the core and the shell have 

been reported. [149], [150], [151], [152], [153], [154], [155], [156], [157], [158], [159], [160], 

[161], [162], [163] However, in certain conditions, the requirements of the lattice compatibility 

between the core and the shell can be less strict. For example, pathways for plastic strain 

relaxation may be available when the secondary material deposition proceeds non-epitaxially, 

developing a polycrystalline or even partially amorphous shell. Misfit strain constraints could 

be bypassed under particular conditions leading to fast incorporation of a large density of crystal 

defects at some reaction stages. [164] In such cases, small-extension coherent heterojunctions 

can appear on the core/shell interface at which dissimilar crystallographic relationships locally 

hold between the relevant lattices. This situation may be considered as the most relevant in 

nanoheterostructures, where core and shell materials present different crystalline parameters or 

important mismatch lattices differences, such as for instance in well definite gold core@PB(A)s 

nanoheterostructures. [164], [165], [166], [167], [168], [169] A core@satellites topology can 

be considered as an extreme situation, which corresponds to a partial coverage of the surface 

core resulting from an important difference between the crystallographic parameters of different 

components or arising from the employment of specific synthetic conditions. Such morphology 

is mainly represented by PB(A)s core @metal (oxide) satellites nano-objects. Among those, 

several examples of core@satellite, core@“hairy” shell or core@nanoflowers shell or even 

Janus morphology were also obtained with PB(A)s as one of the components of the 

nanoheterostructure. Obviously, the type of the shell (continuous shell or satellite 
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configuration), as well as the type of a connecting interface, may have a profound impact on 

the ultimate chemical-physical properties of the heterostructures.  

Apart from the classical core@shell or core@satellites morphology, a multicore@shell-like 

system, which can be viewed as several nano-cores embedded in another material, is also 

represented in these nanoheterostructures. The typical example represents metal oxide 

core@PB(A)s nanoheterostructures. Moreover, other discrete nanoheterostructures combining 

PB(A)s with other inorganic nanomaterials were obtained, such as a necklace or yolk-shell 

shape or event more complex structures, where several inorganic components are associated 

with PB(A)s. Figure 1 schematically summarizes various discrete nanoheterostructures 

combining PB(A)s with one or more inorganic nanomaterials. In the following sections, we 

describe the design and morphologies of different containing nanoheterostructures, 

categorizing them by the type of inorganic materials combined with PB(A)s. 

 

II.1. Gold and other metals@PB(A)s nanoheterostructures 
The association of nano-sized PB or PBAs with noble metals (such as Au, Ag, Pt and Pd) in 

nanoheterostructures is one of the largest investigated families among other nanosized 

architectures built with cyano-bridged coordination polymers. The gold@PB system is the most 

frequently described in literature, and the morphologies, properties and applications are the 

most diversified. This is certainly due to the exceptional physico-chemical properties of nano-

sized gold, which are complementary with those of PB(A)s. In this context, numerous examples 

of Au@PB(A)s nanoheterostructures were designed, particularly as a theragnostic 

nanoplatform for biomedical applications, where different types of imaging approaches were 

associated with multimodal therapy. These nanoheterostructures were also proposed as 

biosensors for the detection of different peptides, aptamers, biomolecules and tissues. On the 

other hand, several examples of the association of PB with nanosized Au, Ag, Pt and Pd 

exhibiting enhanced catalytic activity were also reported.  

Gold at the nano-scale has a rich and long history, which began from ancient Roman times with 

the famous example of the Roman glass Lycurgus cup designed in the 4th century. [170] The 

investigations on nanosized Au began over 150 years ago with M. Faraday’s work, [171] and 

modern research during several decades has seen the appearance of numerous publications, 

including various reviews on its synthesis, surface functionalization, investigation of chemical 

and physical properties for applications in different fields. [172], [173], [174], [175] Nanosized 

noble metals, and especially gold nano-objects, are well known for their strong localized surface 

plasmon resonance (SPR) in the visible part of the electromagnetic spectrum, which can be 

tuned by varying several parameters including their size, shape, concentration and surface state 

offering them an appearance of unique optical properties. Additionally, they present interesting 

conductivity, redox properties, fluorescence, high electronic density, efficient conversion of 

light-to-heat providing motivating photothermal properties, stability and biocompatibility. 

Moreover, other undoubtable advantage consists in the very developed surface chemistry. 

Indeed, different functional groups, such as thiols, phosphines, and more rarely amines and 

carboxylates, can be covalently anchored to the surface of the gold, exhibiting affinities towards 

it. For these reasons, gold nano-objects have been proposed for a widespread range of 

applications in biology and health, including their use as efficient therapeutic agents for specific 

photothermal ablation of diseases (mainly cancer) or infected by bacteria tissues, as 
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radiotherapy agents, as computed tomography (CT) agents, in photoacoustic and surface-

enhanced raman scattering imaging (SERS). Moreover, they are employed as a component in 

sensors for detection of a wide range of analytes, as efficient catalysts and photocatalysts and 

others. [176]. Noble metals and especially nano-sized gold were also used as a part of different 

nanoheterostructures in combination with magnetic materials, silica, carbon nanostructures or 

quantum dots (QDs).[177] The synthesis of these systems was motivated not only by many 

multitasking applications in biology and health, in sensing and catalysis, but also for answering 

fundamental questions on how to improve or weaken different properties. The association of 

gold or other noble metals with PB(A)s is a relatively recent field of research, which started 

around fourteen years ago, but its rapid development provides a series of unique and fascinating 

multifunctional objects with different morphology, size and composition possessing 

complementary chemical or physical properties offering access to various applications.  

This subsection describes the synthesis and features of metal@PB(A)s heterostructures 

classifying them by their morphologies: (i) metal@PB(A) core@shell nano-objects, (ii) 

PB@metal core@satellite nano-objects, (iii) complex nanoheterostructures (Figure 6). Note 

that given that this overview tackles only discrete nano-objects, numerous articles reporting the 

deposition of PB(A) nanoparticles on the Au surface with the aim to design modified electrodes 

will not be discussed here. [147], [178] 

 

 
Figure 6. Main morphologies for metal@PB(A)s nanoheterostructures. 

 

II.1.1. Metal@PB(A) core@shell or core@satellites nano-objects 

The first and the most often reported type of nanoheterostructures is metal@PB(A) core@shell 

nano-objects, where several typologies may be evidenced. The first one concerns the well-

defined nano-objects where the metal core is completely coated by a continuous shell of PB(A) 

with a controlled core size and shell thickness. Simple core@shell systems or an onion type 

core@multishell ones belong to this typology, as well as yolk@shell nano-objects. The second 

core@satellite morphology can be considered as an extreme case of the core@shell shape, 

where the shell only partially covers the core surface. It is represented by two examples, where 

Ag nanowires or PdCo nanoflowers with PB satellites were deposited or grown on the metal 
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surface. In this case, the satellites may be obtained in the form of spheres, cubes or more 

sophisticated shapes of flowers.  

Concerning the first type of core@shell nanoheterostructures, several unsuccessful attempts 

with no clearly distinguishable Au@PB(A)s core@shell morphology, and sometimes 

aggregation of nano-objects were reported first.[16], [179], [180, 181] In this context, the 

pioneering work to the synthesis of discrete Au@PB nano-objects of 30 – 60 nm was reported 

in 2007. These objects were deposited as thin films on the indium tin oxide (ITO) surface by a 

layer-by-layer technique to design an electroactive sensor of hydrogen peroxide.[16] We can 

also cite the synthesis of some aggregated Au@PB nano-objects of around 18 nm prepared for 

biomedical applications[179] or for electrochemical detection of hydrogen peroxide[180], as 

well as the preparation of Pt@PB nano-objects, where several small Pt nanoparticles (around 2 

nm) have been enwrapped by PB leading to relatively aggregated objects of 20 nm in size.[182], 

[183] Generally, these nanoparticles were prepared by the addition of hexacyanoferrate and iron 

salts precursors on previously prepared spherical Au or Pt nanoparticles stabilized by citrate or 

by a mixture of citric/tannic acid. In all these attempts, the control of size and morphology was 

difficult to achieve. Noteworthy, transmission electronic microscopy (TEM) images show not 

clearly distinguished metallic core and coordination polymer shell and the often-occurred 

aggregation. Moreover, recently reported Au@PB system based on this synthetic approach 

indicates that a true core@shell morphology can be obtained only in the case of very small Au 

nanoparticles of 3 nm, and a gold core aggregation happened when the size of the gold 

nanoparticles increased. [169] 

The first work demonstrating the formation of true core@shell nanoparticles with a clearly 

distinguished Au core and PB(A) shell and an interface was published by Y. Guari and 

coll.[165], [166], [168] The employed original two-step strategy consists in: (i) the synthesis of 

cyanide-stabilized gold nanoparticles in water by reduction of the dicyanoaurate precursor 

[Au(CN)2] by potassium borohydride,[167] and (ii) the subsequent time-controlled growth of 

the cyano-bridged coordination polymer shell on the surface of these gold nanoparticles (Figure 

7a). Using this methodology, Au@KNiII[FeII(CN)6] core@shell nano-objects of ca. 52 nm were 

designed and characterized (Figure 7b). [165] Note that the size of the Au core remains the 

same during the shell growth. The decisive role of the cyanides surrounding the Au core 

nanoparticles to direct the growth of the PBA shell was demonstrated. Moreover, it was shown 

that the formation of the PBA shell occurs via the coordination of the Ni2+ and/or ferrocyanide 

moieties on the gold surface at the beginning of the growth process rather than during a post-

synthetic redistribution of the negatively charged PBA nanoparticles on the gold surface. The 

Au@PBA interface in this system with different PBA shell thicknesses were investigated 

by the X-ray photoelectron spectroscopy (XPS) technique, and the presence of AuI/CN and/or 

AuIII/CN species located on the surface of the gold nanoparticles was clearly demonstrated. 

[168] These species stabilize the gold nanoparticles in solution and represent anchoring points 

to growth PBA shells through coordination of divalent metal ions. Figure 7b shows TEM image 

of these nanoparticles, where the gold core of ca. 20 nm and the PBA shell of around 15 nm 

can be clearly visible. The morphology of the latter may be described as several nested cubes 

grown around the icosahedral gold core (Figure 7c). The possibility to control and modulate 

not only the size of the gold core, but also the KNi[FeII(CN)6] shell thickness has also been 

proved.  
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This strategy was extended to the synthesis of core@shell nano-objects with other shell 

compositions, such as PB, [167] KCo[FeII(CN)6] or KNi[Cr(CN)6]. [168], [166] Moreover, it 

was possible to design multi-shell systems by the epitaxial growth of a second PBA’s shell on 

the surface of the first one by fine tuning of the reaction conditions. In these onion-type systems, 

the shell composition and the shell thickness may also be modulated. Figure 7d shows the TEM 

images of such Au@KNi[FeII(CN)6]@KNi[CrIII(CN)6] core@shell@shell heterostructures 

with clearly distinguishable core, shells and interfaces. Note that there is no atomic 

redistribution in these shells, as attested by the STEM-HAADF image showing the localization 

of the Fe atoms close to the Au core and the Cr ones on the periphery (Figure 7e). 
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Figure 7. a) Schematic representation of Au@PBA core@shell and Au@PBA@PBA’ 

core@shell@shell nanoparticles design; b) TEM images of Au@KNiII[FeII(CN)6] 

nanoparticles. Insert: Magnification of the TEM image showing one nanoparticle; c) One of the 

perspectives of the 3D reconstruction image for sample Au@KNiII[FeII(CN)6] obtained using 

tomography technique; d) TEM images of Au@KNi[FeII(CN)6]@KNi[CrIII(CN)6] 

core@shell@shell nanoparticles. Insert: Magnification of the TEM image showing one 

nanoparticle; e) STEM-HAADF image of Au@KNi[FeII(CN)6]@KNi[CrIII(CN)6] 

core@shell@shell with the EDS mapping showing the gold (red), the nickel (light blue), and 

the iron (dark blue) and the chromium (green) atoms. Adapted from Ref. [165, 166] with 

permission from John Wiley and Sons. 

 

Therefore, this approach provides a series of core@shell nanoheterostructures with the related 

optical properties of the gold core (SPR band) and the magnetic properties of the PBA shells. 

It was demonstrated that: i) the optical properties of these systems (the position of the SPR band 

and its intensity) vary as a function of the shell thickness and its composition, and ii) the 

magnetic properties of the heterostructures may be tuned by modulating the magnetic shell 

thickness and also the overall morphology. A specific role of the interface in the magnetic 

properties linked with the spin frustration on the surface and on the interface was demonstrated. 

As a variation of this strategy, nice Au@PBA heterostructures demonstrating well-formed 

isolated Au core covered by a well-rounded PB shell were more recently designed through the 

etching of the Au core by cyanide of ferricyanide moieties providing an anchoring of the 

cyanide ligands on the surface of the gold and further formation of the PB shell. [164], [184], 

[185], [186], [187] They have been proposed as new nanoprobes for SERS enhanced imaging 

[164], [185], [187] as nanomedicines for SERS-guided PTT/PD therapy, [184] or as MRI/SERS 

bimodal nanoprobes for cell tracking. [186] In these systems, the initially prepared Au 

nanoparticles stabilized with citrates were treated by CN or [Fe(CN)6]
3 moieties in order to 

exchange the citrates situated on the gold surface by the cyanide ligands. As an example, 

core@shell nano-objects of ca. 70 nm were obtained by growing the PB shell by classical self-

assembling reactions between hexacyanoferrate and iron salt (Figure 8a). The authors 

demonstrated the presence of a spherical gold core of around 30 nm and a spheric-like PB shell 

by TEM and HAADF-STEM images (Figures 8b, c). [164] Obviously, the presence of cyanides 

on the surface of the Au core is crucial for the further growth of the well-formed cyano-bridged 

shell. The optical properties of the obtained nano-objects resemble the previously described 

ones with a decrease of the SPR signal intensity and the appearance of the Fe3+-to-Fe2+ charge 

transfer band between 600 – 900 nm due to the presence of the PB shell (Figure 8d). 
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Figure 8. a) Schematic illustration of the Au@PB core@shell nanoparticle synthesis; b) TEM 

image of the Au@PB core@shell nanoparticles; c) HAADF-STEM images of Au@PB 

nanoparticles and EDX elemental mapping of Au core (blue), PB shell (yellow), and the merged 

image; d) UV−vis spectra of Au NPs (black), Au@CN NPs (red), PB NPs (blue), and Au@PB 

NPs (purple) showing the change in the SPR band with PB coating; e) The Raman spectra of 

Au@PB nanoparticles and HepG2 cells. Reprinted with permission from Y. Yin, Q. Li, S. Ma, 

H. Liu, B. Dong, J. Yang, D. Liu, Analytical Chemistry, 89 (2017) 1551-1557. Copyright 2021 

American Chemical Society. [164] 

 

Yolk@shell is a particular type of core@shell morphology, which consists in an exterior hollow 

shell with interstitial void space and an interior core. [188] These nanostructures present many 

advantages over the simple core@shell shape thanks to the presence of free interior void space, 

porous hollow shell and free core surface. An elegant strategy to design well defined Au@PB 

yolk@shell nano-objects was recently reported by Q. Zhang and coll. It consists first in 

preparation of the template Au@Ag nanocubes of around 150 nm by the seed-mediated growth 

process and then their mixing with K3[Fe(CN)6] and Fe(NO3)3 precursors in diluted conditions 

(Figure 9). [189] This reaction leads first to the formation of the Ag4Fe(CN)6 intermediate on 
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the surface of the Au, which in its turn reacts with the iron nitrate and dissolves by forming the 

PB shell of ca. 55 nm. Consequently, nice Au@PB yolk@shell nano-objects of around 200 nm 

possessing a large surface area and a narrow pore size (1-2 nm), which may be visible on TEM 

and HAADF-STEM images, were formed (Figure 9). They were used for the loading of the 

antitumoral drug doxorubicin to combine chemodynamic therapy of cancer cells based on 

Fenton catalysts associated with the CT imaging.  

 

 
Figure 9. TEM images of Au NSs (A); Au@Ag NCs (B); Au@PB NCs (C); inset of (B): 

HAADF-STEM image of Au@Ag NCs; inset of (C): high-magnification TEM image of 

Au@PB NCs. (D−H) Mapping image of Au@PB NCs. Adapted with permission from L. Hang, 

H. Li, T. Zhang, D. Men, C. Zhang, P. Gao, Q. Zhang, ACS Applied Materials & Interfaces, 11 

(2019) 39493-39502. Copyright 2021 American Chemical Society. [189] 

 

The core@satellite typology is presented through two examples (Figure 6). The first one 

consists in the growth of PB nanocubes on the surface of Ag nanowires performed by the 

classical time-controlled reaction between K4[Fe(CN)6] and FeCl3 precursors in the presence of 

already formed Ag nanowires with the aim to obtain water-based ink for direct screen-printed 

flexible biosensor chips. [190] The second example are hybrid nanoflowers that were obtained 

by an original approach consisting, first, in the formation of the K2PdCl4/K3[Co(CN)6] gel in 

polyethylene glycol (PEG), which after thermal treatment at 150 °C, gave PdCo@PdCo(CN)6 

nanoflowers through a nucleation – aggregation – dissolution - recrystallization mechanism. 

Note that these intricate nanostructures exhibit a remarkable catalytic activity and durability 

towards the reduction of rhodamine B by NaBH4 and may hold a great promise in the water 

remediation field. [191] 

 

II.1.2. PB core@Metal satellite nano-objects  

The second relatively often occurred in the literature morphology of nanoheterostructures 

belongs to PB(A)@metal satellites typology, where the classic cubic core of the coordination 

polymer is surrounded by metal nanoparticles of different shapes, such as spherical one, 

nanorods of nanostars. The satellites may be located in the porosity of the PB(A) core or situated 

on the surface. In this latter case, both, the direct anchoring of the metallic satellite on the 

PB(A)’s surface or the attachment through organic ligand (covalent or electrostatic) have been 

reported. Finally, we cite in this subsection the unique example of Janus PB@Au nanoparticles.  
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Several unfruitful attempts consisted in the chemical reduction of K2PtCl6 precursor by 

K4[Fe(CN)6] in the presence of freshly prepared PB nanoparticles in colloidal suspensions. 

[192], [193] In these cases, no clearly formed core, shells or satellites nanoparticles were 

demonstrated.  

Firstly, interesting results were recently obtained by the adsorption of molecular precursors on 

the PB(A) surface, followed by a chemical reduction. Thus, Co3[Co(CN)6] cubic nanoparticles 

with clearly definite tiny Pd nanoparticles on the surface were obtained by the simple adsorption 

of palladium chloride followed by reduction with ethanol. [194] Similarly, Co3[Fe(CN)6] and 

Ni3[Fe(CN)6] nanocubes with small Pt satellites were obtained after H2PtCl6 adsorption on their 

surface followed by the H2 reduction under heating[195], [196] and proposed as new catalysts 

or electrocatalysts with improved efficiency, stability, easy separation and excellent reusability 

in comparison with the related metallic nanoparticles. Figure 10a-d shows TEM and HRTEM 

images of Co3[Fe(CN)6]@Pd core@satellites showing the cubic PBA core and Pd nanosatellites 

most likely situated in the surface porosity of the PBA, as well as the atomic distribution 

demonstrating that Pd nanoparticles are homogeneously distributed on the whole surface of the 

cubes. A slightly different procedure has been employed to the design of PB@FePt 

nanoparticles (Figure 10e, f), where a mixture of Pt(II) pentadione and Fe(III) pentadione 

precursors were adsorbed on the surface or more likely captured in the porosity of PB 

nanocubes of 80 nm stabilized by citric acid. These precursors were then reduced by ethylene 

glycol, providing the formation of small FePt nanosatellites. Figure 10 shows TEM images of 

the pristine PB nanoparticles and the final PB@FePt nanoheterostructures with clearly visible 

spherical FePt nanoparticles covering the whole cube surface. These nanoheterostructures 

exhibit peroxidase-mimicking activity for calorimetric determination of hydrogen peroxide in 

living cells. Similarly obtained PB@FePt core@satellites nano-systems of 130 nm 

functionalized with hyaluronic acid and PEG have been promoted as theragnostic agents 

presenting dual chemodynamic/PT therapies and triple-modal MRI, CT and PA imaging. [197] 

A similar strategy consisting in the reduction of a bimetallic [AuI
2AgI

2(C6F5)4(OEt2)2]n 

molecular complex in the porosity of nano-sized PB(A) has been employed to design of 

PBA@Au/Ag core@satellites nanoheterostructures, where small Au/Ag alloy satellites of 3 nm 

have been inserted/deposited on the surface of cubic K+/Ni2+/[Cr(CN)6]
3− nanoparticles of 62 

nm. An interesting light irradiation-assisted catalytic activity for the 4-nitrophenol reduction 

and modified magnetic properties have been observed due to the presence of the Au/Ag alloy 

on the PBA surface. [198] This work constitutes one of the rare exemple of core@Au-Ag 

satellites architectures in which an interplay between the two entities gold and PBA leads to a 

drastic change of the magnetic properties. 

Another method to obtain PB(A) core@metal satellite nanoheterostructures was used through 

the assembly of separately synthesized core and satellite nano-objects through different ligands 

attached to the PB(A) surface. A nice example has recently been obtained for 

K0.07Ni[Cr(CN)6]0.69@Au core@satellites with different shapes of the gold nano-satellites, such 

as spherical nanoparticles, nanorods and nano-stars. These Au nano-objects were covalently 

attached to the PBA surface through the thiol-polyethyleneglycol-amine (HS-PEG-NH2) ligand 

(Figure 11). [199] The nanoheterostructures exhibited both, magnetic properties of PBA and 

the SPR phenomenon, which depends on the shape of the corresponding Au nano-satellites. 

Two other works have been devoted to the coverage of PB(A) nanoparticles with spherical Au 
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nanoparticles with the help of electrostatic interactions. Indeed, the electrostatic adsorption of 

citrate stabilized Au nanoparticles of 13 nm on the surface of PEI modified PB cubes (87 nm) 

was reported. After PEGylation, the average diameter of the final nanoheterostructures was 

around 139 nm. These nanoparticles were proposed as multifunctional theragnostic agents for 

MRI/CT imaging and synergic PTT and radiosensitive therapy of cancer. [200] Another work 

presented small Au nanoparticles attached to BSA coated PB or Ni(II)-based PBA giving rather 

aggregated nano-objects of about 200-300 nm, but Au nanoparticles are clearly visible on the 

surface by TEM imaging. Note, however, that in these latter cases, there is no direct interface 

between two inorganic components because PB(A)s nanoparticles are enwrapped by an 

important amount of stabilizing agent. [201], [202], [199] 

 

 
Figure 10. TEM images of Co3[Fe(CN)6]@Pd nanoheterostructures showing: a) the cubic PBA 

core and Pd satellites most likely situated in the surface porosity of the PBA, the atomic 

distribution for b) Pd, c) Co, and d) N; and e), f) TEM images PB@FePt nanoheterostructure 

showing the PB cubic core and the FePt satellite nanoparticles. Reproduced from Ref. [194] 

[203] with permission from the Royal Society of Chemistry. 

a) b)

c) d)

e)

f)
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Figure 11. TEM images of NiIICrIII-PBA@Au core@satellites nanoheterostructures with 

spherical (a), nano-rods (c) and nanostars (e) Au satellites and their corresponding electronic 

spectra showing the plasmon band. Reproduced from Ref. [199] with permission from the Royal 

Society of Chemistry. 

 

Finally, we would like to mention in this subsection the first example of a particular Janus type 

PB/Au morphology with a very well-defined shape, which has been recently reported by D. Li 

et al. [204] The synthetic strategy consists in the addition of polyacrylic acid (PAA) by adjusting 

the pH with aqueous NH3 to the appropriate alkalinity in a water/isopropyl alcohol (1/6) 

mixture. Under such conditions, PAA was selectively coated on one of the planes of the PB 

nanoparticles and further growth of Au was performed within the PAA matrix (Figure 12).  
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Figure 12. SEM images of: A) PB nanoparticles, inset: the corresponding TEM image of a 

single PB nanoparticle; B) PB@PAA Janus nanoparticles, inset: the corresponding TEM image 

of a single PB@PAA Janus nanoparticles; C) PB@PAA/Au Janus nanoparticles. D) TEM 

image of a single PB@PAA/Au Janus nanoparticles. E) Magnified HR-TEM image of the 

dashed boxmarked area of PAA/Au. F) Magnified HR-TEM image of the dashed box-marked 

area of small Au nanoparticles. Adapted from Ref. [204] with permission from John Wiley and 

Sons.  

 

II.1.3. Complex nanoheterostructures  

Multicomponent complex nano-objects including more than two components beyond the nano-

sized metals and PBA(s) were observed through three examples. First, two nanostructures with 

onion-like mesoporous graphene or C60 decorated by nanosized Au and PB(A) were elaborated 

for designing electrochemical sensors with good specificity and high sensitivity for the 

detection of specific aptamers or antigens. [201], [202] The strategy depicted in Figure 13 [202] 

consists in the functionalization of the nano-C60 surface with thiol groups, and then the 

anchoring of a prepared assembly of PB/Au nanoparticles, where Au nanoparticles were 

attached to BSA modified PBA cubes. This approach gave relatively aggregated objects with 

no clearly distinguishable core, but the metallic Au nanoparticles situated in the organic BSA 

shell are clearly visible.  
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Figure 13. Schematic representation of two-step design of C60@PBA/Au nanoheterostructures 

and their post-synthetic functionalization with alkaline phosphatase (AP) for further detection 

of aptamers (APT II). Adapted from Ref. [202] with permission from Elsevier. 

 
Another interesting example of complex heterostructures was developed aiming to design a 

smart plasmon-induced resonance energy transfer-mediated nanoplatform for multimodal 

imaging-guided phototherapy. The Au@PB@Cu2O@QDs nanoheterostructures contain four 

different inorganic components with their own physical and chemical properties and present a 

highly multifunctional character. They are based on Au nanorods as a core coated by a PB shell 

of around 10 nm with a second Cu2O shell gowned on. The fourth component, phosphorus 

spherical quantum dots were coupled with the Cu2O layer via electrostatic interactions. Finally, 

the structure was covered by poly(allylamine), serving as a modified layer to increase water 

stability and biocompatibility. [205] Their fascinating properties and applications are discussed 

in Section III.3.  

 

II.2. Metal oxide or sulfide@PB(A)s nanoheterostructures 
The combination of PB(A)s with metal oxides at the nanoscale to afford discrete 

nanoheterostructures has been thoroughly investigated in the last decade. Among metal oxides, 

magnetic ferrites (magnetite and mainly cobalt ferrite) and maghemite have been the most 

considered because they bring additional magnetic properties (superparamagnetic or 

ferrimagnetic behaviour) useful for magnetic guidance, magnetic removal of adsorbents or 

MRI, as well as peroxidase-like activity. These properties combined with the ones of the PB(A)s 

are of interest for the design of immunosensors or theragnostic agents for biomedical 

applications, which represent two main applicative areas of such discrete nanoheterostructures. 

Also, they allow to exploit the possibility of magnetic separation for the selective removal of 

mobile radioactive elements, such as caesium. Among non-magnetic metal oxides, in particular, 

cerium and manganese oxides have been combined with PB(A)s.  

Otherwise, the combination of metal sulfides with PB(A)s was relatively scarcely studied, with 

only three reports published to date. Such combinations were developed to afford materials for 

applications as modified electrodes for sensing, photoelectrocatalysis or microwave adsorption. 
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II.2.1. Metal oxide/PB(A)s nanoheterostructures 

The nanoheterostructures combining metal oxides with PB(A)s have been designed according 

to two different morphologies: (i) metal oxide core@PB shell/satellites nano-objects, (ii) 

PB(A)s core@metal oxide satellites nano-objects. Note that the nano-objects of the former 

typology are by far the most numerous, but in most cases, the core nanoparticles are relatively 

aggregated, and it is relatively difficult to clearly distinguish the core, the shell or the satellites. 

However, in several works described below, the authors achieved to design discrete 

milticore@shell nanoheterostructures clearly visible by TEM. In some cases, these 

nanoheterostructures were further combined with other inorganic components to achieve 

complex multicomponent nanostructures, or they were functionalized with organic 

biomolecules or polymers for specific applications.  

Among these nanoheterostructures, mainly magnetic oxide ferrites, such as magnetite (Fe3O4), 

maghemite (-Fe2O3) and cobalt ferrite (Co3O4), were used as components in combination with 

PB(A)s. In this respect, the Massart method, [206] which consists of the co-addition of two (FeII 

and FeIII) iron salts under basic conditions in water, is by far the most used approach to elaborate 

nanosized Fe3O4. [207], [208], [209], [210], [211], [212], [213], [214] A further controlled 

additional oxidation step was used to produced -Fe2O3. [215] The latter was also elaborated 

from FeCl36H2O by using the reduction with NaBH4. [216] Moreover, in few cases, PB(A)s 

were combined with Co3O4 obtained from CoCl26H2O by employing urea assisted synthesis 

[217] or with Fe3O4 obtained by the polyol method, i.e. ethylene glycol assisted procedure. 

[218], [219] Non-magnetic oxides or hydroxides, such as CeO2, [220] MnO2 [221], [222] or -

Co(OH)2 [223] were also considered as cores or satellites in association with PB [220], [221] 

[222] or PBAs [223] for design nanoheterostructures with potential applications as 

supercapacitors [222], [67, 70], immunosensors[220] or in nanomedicine. [221], [224] In the 

following sections, we will describe the design of the metal oxide/PB(A)s nanoheterostructures, 

giving a special emphasis on their morphology, as well as on their properties.  

II.2.1.1. Metal oxide core@PB shell or satellites nano-objects. 

Attempts to grow the PB shell in the single metal oxide core@PB shell structure were always 

elaborated in acidic conditions because reversible adsorption of iron ions occurs on the surface 

of the Fe3O4 or -Fe2O3 cores. [225] Such reactive surfaces with an appropriate surface charge 

were therefore exploited towards the formation of a PB shell in one step by adding a single 

cyanoferrate precursor: the iron oxide nanoparticles act both, as a reservoir of electrons and as 

iron ions source. Otherwise, a classical addition of two precursors, the hexacyanoferrate and 

iron ions, was also performed.  

(i) One-step “single cyanoferrate precursor” strategy 

This strategy based on a single cyanoferrate precursor addition for the growth of a PB shell on 

the surface of iron oxide nanoparticles was used first in 2010 by Y. Zhang and coll., starting 

from -Fe2O3 nanoparticles of 9.5 nm as a core and by adding various amounts of K4[Fe(CN)6] 

at pH = 2 to growth the thin PB shells. A relatively small -Fe2O3@PB nanoheterostructures 

with the size of ca. 10 nm were obtained. [215] Note that the surface charge of -Fe2O3 

nanoparticles was positive in diluted acidic solution (measured zeta potential is about 30 mV), 

assuring the electrostatic attraction of negatively charged [Fe(CN)6]
4. This latter may also 
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coordinate Fe3+ ions situated on the surface of the iron oxide nanoparticles, which might result 

in its chemisorption. Both hypotheses, therefore, explain the efficient adsorption of [Fe(CN)6]
4 

on the surface of the iron oxide core. The authors postulated that further coordination of Fe3+ 

released from -Fe2O3 nanoparticles generated the PB coating on the surface of the iron oxide 

nanoparticles. TEM images, however, did not present the nano-objects with clearly definite 

shells and cores. Further functionalization of the obtained nano-objects was then considered to 

perform an enzyme immunoassay for IgG (see section III.3). A very similar protocol was used 

by P. Sreearunothai and coll. in 2013 with the addition of [Fe(CN)6]
4 at pH = 2 on 

superparamagnetic Fe3O4 core prepared using the Massart’s method. [226] The as-obtained 

core@shell Fe3O4@PB nanoheterostructures were used for the Cs+ removal in radioactive waste 

decontamination (see section III.4.2) [226]. This protocol was further adapted by Z. Dai and 

coll. in 2014 [209] (Figure 14a) and by Y. Zhang and coll. in 2015 [210] to afford Fe3O4@PB 

nanoheterostructures having a magnetic core of 10-20 nm and the PB shell thicknesses of 3-6 

nm. The as-obtained nanoheterostructures were used as theragnostic agents for MRI and PTT 

with magnetic targeting [209] or for MRI, PTT and drug delivery with magnetic targeting after 

further coating with gelatin containing doxorubicin. [210] However, as it can be seen from a 

representative example of TEM images shown in Figure 14, all these nanoheterostructures are 

not homogeneous regarding their size and morphology, and it is difficult to conclude about the 

presence of a distinct PB shell covering the iron oxide core. Most likely, the PB shell  surrounds 

several aggregated iron oxide nanoparticles. 

 

 
Figure 14. (a) TEM image of the Fe3O4@PB nanoheterostructures; b) Fe3O4@PB 

nanoparticles. Adapted with permission from G. Fu, W. Liu, Y. Li, Y. Jin, L. Jiang, X. Liang, 

S. Feng, Z. Dai, Bioconjugate Chemistry, 25 (2014) 1655-1663. Copyright 2021 American 

Chemical Society. [209] Reproduced from Ref.[214] with permission from the Royal Society 

of Chemistry. 

In the same line of thought, F. Vianello and coll. in 2014 used the addition of [Fe(CN)6]
4 under 

acidic pH to form a PB shell on -Fe2O3 core. [216] These latter were prepared following a 

previously published procedure by the same authors, which consists in a NaBH4 solution in 

ammonia assisted synthesis from FeCl36H2O in water for 2 h at 100 °C and followed by thermal 

treatment at 400 °C of the as-obtained powder for 2h. [227] Such synthesized -Fe2O3 

nanoparticles of ca. 11 nm gave very stable colloidal suspensions, explained by the presence of 

OH and undercoordinated Fe3+ ions on their surface. [228] The formation of a PB shell was 

studied at different pH, and the electrocatalytic activity of such nanoheterostructures was then 
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tested on hydrogen peroxide, the most common electroactive substance for the PB modified 

electrodes (see section III.2.2).  

 

(ii) Cyanoferrate and metal salt precursors subsequent addition strategy 

An alternative strategy for the PB shell growth on the iron oxide nano-core consists in the use 

of two precursors, the hexacyanometallate and iron salt. It has been first exploited in 2009 by 

R. Yuan and coll. to design complex multicomponent heterostructures. [207] The Fe3O4 

nanoparticles of around 10 nm elaborated using the Massart’s method were coated with PB by 

adding the solutions of K3[Fe(CN)6] with HCl and FeCl3 with H2O2, subsequently leading to 

nano-objects of ca. 20 nm. They were then coated with BSA, and additional Au nanoparticles 

of ca. 1-3 nm were anchored on the surface to afford multicomponent Fe3O4@PB@Au nano-

objects with a final size of ca. 80 nm. TEM images demonstrated, however, highly aggregated 

nano-objects. They were further functionalized by the immobilization of horseradish peroxidase 

(HRP), glucose oxidase (GOD), and antibody molecules to be used for the elaboration of an 

electrochemical immunosensor (see section III.2.1). X. Yue and coll. used the subsequential 

addition of aqueous solutions of the K4[Fe(CN)6] and FeCl3 precursors in a colloidal solution 

of Fe3O4 nanoparticles prepared by the Massart’s method. The hydrodynamic diameter of Fe3O4 

nanoparticles and Fe3O4@PB nanoparticles was evaluated as 40.1±5.1 nm and 54.2±2.9 nm, 

respectively.[212] Such nanoheterostructures were further functionalized with 

polyethyleneimine (PEI) followed by the immobilization of quantum dots and grafting of 

hyaluronic acid (HA) to afford theragnostic agents for MRI, PTT, fluorescence imaging and 

magnetic targeting (see Section III.3.2.1). In 2018, P. Xue and coll. [213] and Y. Wang and 

coll. [214] uses the same strategy to obtain Fe3O4@PB nanoparticles presented smaller size in 

comparison with the previously described work: the iron oxide core size was estimated to be 5-

8 nm and the PB shell of 3-5 nm (Figure 14b). The surface of these Fe3O4@PB nanoparticles 

was further modified by pegylation followed by their doxorubicin loading [213] or by their 

capping with polydopamine (PDA) followed by bovine serum albumin (BSA) and aluminium 

phtalocyanin (AlPc) loading to afford theragnostic agents (see section III.3.1.2). [214] It should 

be noted that again, in all these nano-objects, the PB shell surrounds aggregated iron oxide 

cores, and it is difficult to clearly distinguish the iron oxide core and the PB shell in comparison 

to what has been demonstrated for the previously described well-definite Au core@PB shell 

nano-objects.  

This strategy was extended by R. Fernandez and coll. to nanoheterostructures with the Fe3O4 

core and Gd3+-containing PB as the shell. [211] The introduction of Gd3+ ions into the PB 

structure was performed to render these nanoparticles visible by MRI as a positive contrast 

agent (CA). For that purpose, the subsequent addition of K4[Fe(CN)6] and the mixture of FeCl3 

and Gd(NO3)3 in acidic aqueous solutions (pH = 3) was performed onto a colloidal suspension 

of Fe3O4 nanoparticles prepared by the Massart’s method. The estimated sizes were 8.0 nm and 

28.2 nm for Fe3O4 and Fe3O4@Gd-PB nanoparticles, respectively. A comparison of these 

Fe3O4@Gd-PB nanoheterostructures was made with previously synthesized Fe3O4 and Gd-PB 

nanoparticles obtained by the same authors. [229], [230] The synthesis yielded Fe3O4@Gd-PB 

nanoparticles with a mean hydrodynamic diameter of 164.2 nm, which was greater than the 

mean hydrodynamic diameters of the constituent Fe3O4 (68 nm) and Gd-PB (91 nm) 

nanoparticles. Zeta potential measurements revealed that the Fe3O4@Gd-PB nanoparticles 
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exhibited charges (16.5 mV) intermediate to those of the constituent Fe3O4 (13.3 mV) and 

Gd-PB (24.8 mV) nanoparticles. These nanoheterostructures have been proposed as 

multifunctional theragnostic agents for MRI diagnosis (positive CA), PTT therapy and 

magnetic targeting (Table 1). 

 

Table 1. Single iron oxide core@PB shell nanoheterostructures and their properties. HRP = 

horseradish peroxidase ; GOD : glucose oxidase; DOX = doxorubicin ; CEA = 

carcinoembryonic antigen ; AFP = -fetoprotein; PEI = polyethyleneimine; BSA = bovine 

serum albumin; HA = hyaluronic acid; DSPE-PEG 2000 = 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polyethylene glycol)-2000]; PDA = polydopamine; AlPc = 

aluminium phthalocyanine; PA = photoacoustic; PDT = photodynamic therapy; NIRFI = near 

infrared fluorescence imaging; PTT = photothermal therapy; MRI = magnetic resonance 

imaging; Ab2 = rabbit anti-human CD36 polyclonal antibody H-300; CD36 = recombinant 

human scavenger receptor class B CD36 protein. * Hydrodynamic diameter.  

Ref. Core 
composition 

Shell/ 
satellites 
composition 

Size of 
core@shell/satellites 
nano-objects (nm) 

Additional 
component  

Properties/Applications 

[215] -Fe2O3 PB 9.8-10.5 - - Peroxidase-like activity 
Horseradish 
- Peroxidase (HRP) mimic 
enzyme 
- Enzyme immunoassay 
model 

[226] Fe3O4 PB 12-15 - - Nano-sorbent for Cs+ 
remediation 

[209] Fe3O4 PB 18-25 - - T2-weighted MRI CA 
- PTT agent 
- Magnetic targeting 

[210] Fe3O4 PB 20-25 DOX loaded 
gelatin 

- PTT agent 
- Drug release 

[216] -Fe2O3 PB n.c. - H2O2 detection 

[207] Fe3O4 PB 20 Au satellites + 
HRP/GOD/CEA 
Antibody 

- Immunoassay 
- Detection of CEA and 
AFP in vitro 

[212] Fe3O4 PB 54 CuInS2-ZnS + 
PEI/BSA/HA 

- T2-weighted MRI CA 
- PTT agent 
- Magnetic targeting 

[213] Fe3O4 PB 12 DOX loaded 
DSPE-PEG 
2000 

- PTT agent 
- Magnetic targeting 
- Drug release 

[214] Fe3O4 PB 15-20 PDA/AlPc/BSA - T2-weighted MRI CA 
- PA CA  
- NIRFI agent 
- Magnetic targeting 
- PTT agent 
- PDT agent 

[211] Fe3O4 Gd-PB 28  - T1-weighted MRI CA 
- PTT agent 

[220] CeO2 PB 30-60 BSA/GOx/Ab2 - Electrochemical 
detection of CD36 

[219] Fe3O4 PB 294-430* - - Nano-sorbent for Cs+ 
remediation 
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[218] Fe3O4 PB 318 - - Pencil drawn electrode 

on paper 

 

Two examples of magnetite core@PB shell or satellites nanoheterostructures should be 

particularly emphasized because, in contrast with the previously cited works, their TEM images 

demonstrated rather well definite discrete nano-objects of multicore@shell/satellites 

morphology. Interestingly, the PB deposition on the Fe3O4 surface has been performed by using 

both, a single precursor and two precursors’ strategies, allowing their comparison. 

H.-M. Yang and coll. published in 2017, the synthesis of such nanoheterostructures from Fe3O4 

synthesized by the polyol method using the ethylene glycol assisted hydrothermal synthesis 

from FeCl3 and sodium acetate. [219] B. Ning and coll. described the following year [218] the 

same kind of nanoheterostructure. [231] Such synthetic protocol leads to magnetic Fe3O4 

multicores of ca. 270 nm. While H.-M. Yang and coll. used a single source cyanoferrate 

precursor strategy with K4[Fe(CN)6] addition at pH = 2, B. Ning and coll. employed a 

subsequent addition of K4[Fe(CN)6] and FeCl36H2O at pH = 2. By varying the initial 

concentration of K4[Fe(CN)6], H.-M. Yang and coll. were able to increase the Fe3O4@PB size 

from 293.8 nm, to 331.7 nm, and 429.5 nm i.e. a PB coverage thicknesses of ca. 24, 62 and 160 

nm, while B. Ning and coll. observed the formation of Fe3O4@PB with a size of 317.7 nm, i.e. 

a PB shell thickness of ca. 48 nm. Both strategies lead to similar discrete nanoheterostructures 

made of magnetic multicores of Fe3O4 on which an homogeneous coverage of nanosized PB 

was formed, leading to a flower-like morphology. These nanoheterostructures were further used 

for the removal of radioactive caesium from water [219] or for the elaboration of a pencil drawn 

electrode on paper (see section III). [218] Note that in several cases of these 

nanoheterostructures, well-defined nano-objects with metal oxide multicore in the most cases 

covered by PB can be visible by TEM. However, it is not possible to clearly identify the 

typology of the PB coverage between the continuous shell and the satellites.  

 

 
Figure 15. TEM images of multicore Fe3O4@PB shell/satellites nanoheterostructures prepared 

by the polyol method following the single source cyanoferrate precursor strategy from 

K4[Fe(CN)6] with TEM images for sizes of a) 293.8 ± 7.7 nm, b) 331.7 ± 3.9 nm, and c) 

429.5 ± 17.1 nmm. Reprinted from Ref.[219] with permission from Elsevier. 

 

Among the nonmagnetic metal oxide core@PB shell or satellites nano-objects, only one 

example was described in 2015 by X.-F. Wu and coll. with rectangular CeO2 nanoparticles of 

20-50 nm surrounded by PB shell/satellites of ca. 10 nm. [220] These latter have been obtained 
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by a subsequential growth from FeCl24H2O and K3[Fe(CN)6] precursors on the surface of 

poly(dimethyldiallylammonium chloride) coated CeO2 nanoparticles, and PDDA has been 

proposed as a positive anchorage to the PB satellites. These nanoheterostructures were further 

functionalized with the rabbit anti-human CD36 polyclonal antibody H-300 (Ab2) and GOD to 

be used in an electrochemical immunosensor device (see section III.2.1). 

 

II.2.1.2. PB(A) core@metal oxide shell or satellites nano-objects. 

(i) One-step single cyanoferrate precursor strategy 

Several reports deal with the preparation of PB(A) core@metal oxide shell or satellites nano-

objects, starting from the first PB core@Co3O4 satellites nanoparticles published in 2015 by B. 

Zhang and coll. Their synthesis contains first the preparation of the PB nanocubes of ca. 200 

nm from K3[Fe(CN)6] as the sole precursor under acidic conditions in the presence of PVP, 

followed by the growth of Co3O4 satellites using the reduction of CoCl26H2O by urea. [217] 

The catalytic oxidation of peroxidase substrates, such as o-phenylenediamine (OPD) and 

3,3’,5,5’-tetramethylbenzidine in the presence of H2O2, i.e. the enzyme mimicking the activity 

of these discrete nanoheterostructures, was then evaluated (see Section III.2.2). Similar protocol 

based on the unique K4[Fe(CN)6] precursor for the synthesis of PB as the core followed by the 

growth of manganese oxide shell was used by B. Khatua and coll. in 2017 to afford PB@MnO2 

nanoheterostructures. [222] The PVP/K4[Fe(CN)6] ratio was decreased by ca. 6, leading to the 

formation of the PB microcubes. Then, a deposition of MnO2 on their surface was done by 

reduction of KMnO4. TEM and SEM images show micrometric objects where the typology of 

the MnO2 is not clear. The nanostructures were then deposited on stainless steel to be used as a 

positive electrode in an asymmetric capacitor device (see Section III.1.1). The same year, Z. 

Qian and coll. reported a similar synthesis of discrete nanoheterostructures combining MnO2 

satellites and PB. [221] The protocol for the synthesis of the PB is the same as the previously 

described one, [217] followed by reduction of KMnO4 in the acidic conditions leading to the 

MnO2 formation on the PB surface. As the amount of KMnO4 increased, the particle size of the 

obtained nano-objects decreased from ∼240 to ∼50 nm. For the latter, PB@MnO2 discrete 

nanoheterostructures were confirmed with a size estimated to be 44.7±3.2 nm by TEM with a 

PB core of 39±4.2 nm and a MnO2 shell thickness of 5.0±1.3 nm (Figure 16d). 
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Figure 16. TEM images of nanoheterostructures: a) PB@Co3O4, (b) PB@MnO2; SEM images 

of c) PB@Co3O4, d) PB@MnO2. Reproduced from Ref. [217] [222] with permission from the 

Royal Society of Chemistry. 

 

(ii) Two precursors strategy  

While the one-step single cyanoferrate precursor strategy is limited towards the synthesis of 

PB, the co-addition strategy of hexacyanometallates and metal salts allows to elaborate different 

PBAs cores. This approach was used in 2018 by O. N. Oliveira Jr., W. Cantanhêde and coll. to 

elaborate Co3[Co(CN)6]2@Fe3O4 nanoheterostructures. [208] The protocol consists in the use 

of K3[Co(CN)6] and Co(CH3COO)24H2O in the presence of Fe3O4 nanoparticles that were 

earlier prepared using the Massart’s method. [232], [233] The Co3[Co(CN)6]2 nanocubes 

demonstrate an average edge length of 21-140 nm, exhibiting some contacts between them with 

non-uniformly distributed polydisperse aggregates of Fe3O4 with size less than 10 nm 

nanoparticles on their surface. Finally, R. Liu and coll. published in 2020 the synthesis of 

Zn3[Co(CN)6]2@α-M(OH)2 (M = Co2+, Ni2+) “hairy” discrete nanoheterostructures based on 

the synthesis of the PBA nanospheres with a size of ca. 100 nm from K3[Co(CN)6] and ZnSO4 

in the presence of PVP followed by the formation of the α-M(OH)2 lamellar double hydroxide 

(LDH) using the urea assisted reduction method from CoCl2·6H2O and NiCl2·6H2O. [223] This 

nanomaterial was then used as the working electrode in a three-electrode system and as the 

positive electrode in a two-electrode system to assemble an aqueous hybrid supercapacitor (see 

section III.1.1). Table 2 summarize some characteristics of PB(A) core@metal oxide 

shell/satellites nanoheterostructures and their properties/applications.  

 

Table 2. PB(A) core@metal oxide shell/satellites nanoheterostructures and their properties. 

MRI = magnetic resonance imaging; Hb = Hemoglobin; PTT = photothermal therapy; PA = 

photoacoustic; PVP = polyvinylpyrrolidone. 

Ref. Core 
composition 

Shell/satellite 
composition 

Core@shell/satellite 
size (nm) 

Additional 
component  

Properties/Applications 

[217] PB (200 nm) Co3O4 n.d. - - Oxidase- and 
peroxidase-like activities 
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[222] PB MnO2 Several m - - Positive electrode for 
asymmetric capacitor 

[221] PB MnO2 45 - - T1-weighted MRI CA 
- Oxygenated Hb T2-
weighted MRI CA 
- PTT agent 
- PA agent 

[208] Co3[Co(CN)6]2 Fe3O4 n.d. - n.d. 

[223] Zn3[Co(CN)6]2 α-M(OH)2 (M 

= Co, Ni) 
100 (M = Co) PVP - Hybrid button type 

capacitor 

 

II.2.2. Metal sulfide-PB(A)s nanoheterostructures 

The combination of metal sulfides with PB(A)s was relatively scarcely investigated with only 

three reports published to date giving three different morphologies (Table 3): (i) CuS 

multicore@PB shell,[234] (ii) PB core@MoS2 shell,[235] and (iii) CoS2 core@PBAs 

(Co3[Fe(CN)6]2 or Co[Fe(CN)6]) shells (Figure 17).[236] In this connection, CuS 

multicore@PB shell nanostructures of ca. 60 nm [237] were synthesized using first a reaction 

of CuCl2 with Na2S under hydrothermal conditions providing CuS nanoparticles of ca. 11 nm 

followed by the growth of the PB shell by adding FeCl3, citric acid and then K4[Fe(CN)6]. Such 

a combination was pursued in order to confer both the high surface area, low energy gap and 

good ionic conductivity of PB and the suitable bandgap and high specific surface area of the 

CuS semiconductor in order to use these nano-objects on a modified electrode for ascorbic acid 

detection. [234] Secondly, PB core@Mo2S “hairy” shell heterostructures were elaborated by 

synthesizing micrometric PB microcubes stabilized by PVP under acidic conditions from 

K4[Fe(CN)6] followed by hydrothermal synthesis using Na2MoO4·2H2O, thiocarbamide and the 

symmetric triblock copolymer Pluronic P123; the PB microcubes serving as a template and 

framework for MoS2. [235] PB@MoS2 nanostructures were then evaluated for their microwave 

adsorption properties (see section III.4.3). Thirdly, the elaboration of the CoS2 core@PBAs 

shell nanoheterostructures was also succeeded in a two-step procedure considering ZIF-

67@PBA as an intermediate nanoparticles. [236] As a first step, the zeolitic imidazolate 

framework-67 (ZIF-67) nanocubes were synthesized from Co(NO3)36H2O, methylimidazole 

and cetyltrimethylammonium bromide (CTAB) [238] followed by the growth of Co3[Fe(CN)6]2 

or Co[Fe(CN)6] shells. In this synthesis, the ZIF-67 core releases Co2+ ions, which react with 

the hexacyanoferrates affording ZIF-67@PBAs core@shell discrete nanoheterostructures. The 

second step consists of the sulfidation of the ZIF-67 core using thioacetamide leading to 

CoS2@PBAs core@shell nanoheterostructures, the sulfurization time being varied to afford 

different Co/Fe/S ratio. Those nanoheterostructures were then evaluated as a 

photoelectrocatalyst for oxygen evolution reaction (OER) (see section III.1.2). 
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Figure 17. TEM images of (a), (b) PB@MoS2 and (c), (d) CoS2@PB. The insets are the HR-

TEM images. Adapted with permission from L. Li, P. Zhang, Z. Li, D. Li, B. Han, L. Tu, B. Li, 

Y. Wang, L. Ren, P. Yang, S. Ke, S. Ye, W. Shi, Nanotechnology, 30 (2019) 325501. [235] 

Copyright 2021 American Chemical Society. Reproduced from Ref. [236] with permission 

from the Royal Society of Chemistry. 

 

Table 3. Metal sulfide-PB(A)s nanoheterostructures and their properties. 

Ref. Core 
composition 

Shell 
composition 

Core@Shell size Properties/Applications 

[234] CuS PB 60 nm - Ascorbic acid sensor 

[235] PB Mo2S ~ 1 m - Microwave absorption 

[236] CoFe-PBA CoS2 Several 
hundreds of nm 

- Photoelectrocatalyst for Oxygen 
Evolution Reaction (OER) 

 

II.3. Ln3+-doped nanoparticles@PB nanoheterostructures 
This section is devoted to the association of Ln3+-doped nanoparticles with PB in core@shell 

architectures, which were developed relatively recently as the first article was published only 

six years ago. All these examples concern the design of smart nanoparticles for biomedical 

applications and particularly theragnostic agents for imaging-guided PTT therapy of cancer 

with in vitro and in vivo studies.  

There are two nice examples of Ln3+ doped up-conversion nanoparticles coated with PB to 

enhance the PTT effect by synergetic action. The first one consists of the growth of a thin PB 

shell around NaNdF4 nanoparticles to obtain new cross-relaxation pathways with shorter energy 

A B 

C D 
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relaxation distance and higher non-irradiation energy losses, which lead to an important 

enhancement of the PTT activity. [239] Secondly, the formation of 

NaErF4@NaYF4@NaNdF4@PB nanoparticles was reported to design NIR (Er3+-based) 

imaging-guided PTT agents. The synthetic methodology was the same in both cases. It consists 

of the synthesis of Ln3+-doped nanoparticles stabilized by oleic acid using the flash thermolysis 

method followed by their treatments first with nitrosyl fluoroborate aiming to replace the oleic 

acid situated on the surface of the nanoparticles by BF4
 and then further exchange of the latter 

with citric acid providing stabilization of the nanoparticles in water. [239] The last step is the 

growth of the PB shell on the surface of these citrate-stabilized nanoparticles by the addition of 

two precursors, hexacyanoferrate and iron salt. In both cases, a thin PB shell of 2 – 3 nm was 

formed on the nanoparticles’ surface. Figure 18 shows the TEM images of the pristine NaNdF4 

nanoparticles of 17.7 nm and the NaNdF4@PB core@shell nanostructures, as well as their 

HRTEM image. The authors also noted the aggregation tendency of the final nanoparticles with 

a nacked surface, which needed the presence of an additional PEGylation procedure to avoid 

such aggregation. [240] These nanoheterostructures represent a nice example of enhanced 

synergic PTT properties of both components, which are further discussed in Section III.3.1.1. 

 

 
Figure 18. TEM images of a) the NaNdF4 nanoparticles, b) NaNdF4@PB core@shell 

nanostructures and c) HRTEM image of NaNdF4@PB core@shell nanostructures. Adapted 

from Ref. [239] with permission from John Wiley and Sons. 

 

Another example concerns the synthesis of NaDyF4:x%Lu nanoparticles coated with a PB shell 

to design MRI and CT imaging-guided PTT nanomedicine. Indeed, the pristine NaDyF4 

nanoparticles may be used as a T2-weighted MRI contrast agent due to the presence of Dy3+ 

ions, and its doping with Lu3+ provides their good visibility by CT technique. The formation of 

the PB shell endowed them with the PTT activity, making them efficient as theragnostic agents. 

The design strategy employed in this case is very similar to what was described above and 

consists in the replacement of oleic acid situated on the surface of the pristine nanoparticles by 

successive treatments with NOBF4 and citric acid followed by the formation of the thin PB 

shell. [241] The last example of this subsection consists of a relatively complex nano-

architecture containing four different components with the aim to design a multimodal 

nanoprobe for different types of optical imaging associated with a PTT therapy. [242] In this 

work, the luminescent CaMoO4:Eu@SiO2 core@shell nanoparticles of 206 nm were 

functionalized with free thiol groups and decorated by gold nanorods and PB nanoparticles. 
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These complex architectures were also conjugated with a monoclonal antibody (mAb), anti-

HER2, to selectively recognize HER2/neu glycoproteins that are usually overexpressed on the 

cell membrane of breast cancer cells. The final nano-objects present Eu3+-based luminescence, 

SERS signal and PTT activity under irradiation at 808 nm coming from the presence of Au 

nanorods and PB nanoparticles able to provide an increase of temperature up to 43 °C. [242] 

Since TEM images have not been provided, it is difficult to discuss morphology, shape and the 

aggregation state of these nanoheterostructures. 

 

II.4. MOF or POM@PB(A)s nanoheterostructures 
The association of PB(A)s with two other families of nanosized molecule-based materials, well 

known as metal-organic frameworks (MOF) or polyoxometallates (POM), surprisingly 

conducts to a very small number of nanoheterostructures despite promising properties of these 

latter. Note that core@shell nanoparticles of PB(A)s, where one PB(A) is epitaxially grown on 

the surface of another one, will not be described in this overview. The reader may find this 

information in previously published reviews. [46]  

MOFs nanoparticles and POMs, made by transition metal or lanthanide ions connected by 

organic ligands, belong to two huge families of nanosized molecule-based materials with a 

kaleidoscopic variety of structures and functionalities. They present modulable, well-defined 

crystal structures, tunable physical and chemical properties, which permit them to find 

applications in various fields, including sensors, biology, health, separation, catalysis and 

others. [243], [244] [245], [246], [247], [248] The combination of these nanosystems with 

PB(A)s is motivated by the complementarity of their related properties. Surprisingly, only three 

well-investigated PB(A)@MOF or POM nanoheterostructures comprising the classical 

core@shell morphology and hollow cubes were reported up to now.  

We can cite, first, two examples of very nice PB@MOF core@shell nano-objects designed for 

biomedical applications.[249], [250] In both of them, MOFs shell contains a porphyrin 

derivative, TCPP = tetrakis (4-carboxy-phenyl) porphyrin, either incorporated in the MOF 

network defects or acting as a ligand to build the MOF shell, which acts as a photosensitizer for 

photodynamic therapy (PDT). In the first case, the porphyrin-doped shell of Zr-based UIO66-

TCPP MOF of around 20 nm was grown directly on the surface of PB cubes of 260 nm giving 

cubic nano-objects of around 300 nm following a synthetic strategy shown in Figure 19a. [249] 

The PB core and the MOF shell are clearly visible on the TEM picture (Figure 19b) and the 

atomic distribution performed by EDS mapping evidences the homogeneous distribution of the 

Zr atoms on the surface of the PB cubes. Similarly, a Zr-TCPP MOF shell was grown on the 

surface of the PB cubes of 110 nm. Depending on the synthetic conditions, the shell thickness 

was controlled to give objects with the whole size up to 140 nm. In this case, TEM and EDS 

coupled TEM analyses permit to conclude about the presence of the MOF shell on the PB cube 

surface. [250] In both cases, the association of PB with porphyrin containing MOF shell has 

permitted not only to enhance the PDT effect, but also to combine it with the PB’s PTT action, 

giving rise to a synergistic PDT/PTT phenomenon highly useful for an antibacterial treatment 

against Staphylococcus aureus or Escherichia coli bacteria in wound infection treatment[249] 

or in multimodal image-guided therapy of cancer. [250] 
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Figure 19. Schematic illustration of the PB@UIO66-TCPP MOF core@shell nano-objects (a); 

TEM pictures of the pristine PB nanoparticles (b) and PB@UIO66-TCPP MOF core@shell 

nano-objects (c), scale bar = 50 nm; TEM-EDX of PB@UIO66-TCPP MOF core@shell nano-

objects (d); EDX elemental mapping images of PB@UIO66-TCPP MOF core@shell nano-

objects (e). Reprinted with permission from Y. Luo, J. Li, X. Liu, L. Tan, Z. Cui, X. Feng, X. 

Yang, Y. Liang, Z. Li, S. Zhu, Y. Zheng, K.W.K. Yeung, C. Yang, X. Wang, S. Wu, ACS 

Central Science, 5 (2019) 1591-1601. Copyright 2021 American Chemical Society. [249] 

 

The third example concerns Mn-PBA@POM hollow cubes obtained by an original approach 

consisting first in the synthesis of cubic Mn3[Fe(CN)6]2 nanoparticles followed by their 

hydrothermal reaction with a strong Bronsted acid H3PMo12O40 under heating at 100 °C, 

providing the etching of the PBA cubes with simultaneous formation of open heterostructures 

with a hollow interior (Figure 20). [251] Even if the SEM and TEM images show relatively 

homogeneous cubic cage-like structures with holes in the centres and the EDS mapping 

indicates a homogeneous distribution of the constituted Mn, Fe, P and Mo atoms in the cubes, 

it is, however, difficult to determine the mutual position and the relative shapes of the PBA and 

POM components. This unusual hollow morphology opens promising perspectives in the field 

of electrocatalysis for the oxygen evolution reaction (OER). Indeed, these heterostructures 

present more activities, stronger charge transfer, stronger catalytic stability and excellent 

catalytic performance in comparison with the single related materials.  

A

B C D

E
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Finally, we can also mention ZIF67@Co-PBA structures used as an intermediate in the 

synthesis of Co-PBA@CoS2 nanoboxes (See section III.1.2). [236]  

 

 
 

Figure 20. SEM images of pristine Mn3[Fe(CN)6]2 PBA (a) and related Mn3[Fe(CN)6]2@POM 

hollow cubes (b); (c) TEM image and (d) elemental mappings of Mn3[Fe(CN)6]2@POM 

prooving the homogeneous distribution of the different elements in the nanoparticles. 

Reproduced from Ref. [236] with permission from the Royal Society of Chemistry.  

 

II.5. Silica@PB or PB@Silica(A)s nanoheterostructures  
The attractiveness of silica nanoparticles as a component of inorganic nanoheterostructures is 

linked first with their tailorable porous structure, high specific surface area and large pore 

volume. For this reason, they present unique advantages to encapsulate a variety of functional 

molecules, nanoparticles, complexes, and deliver them to the desired location. Secondly, the 

chemistry of porous nanosized silica is very well developed, and its fabrication is simple, 

scalable, and well manageable. Thus, the size and shape of porous nanoparticles, the thickness 

of porous shells, the size and volume of the pore may be precisely controlled through the 

modification of the sol-gel methodology. Moreover, the well-known surface chemistry of 

porous silica provides a variety of methods allowing the anchoring of different coating agents, 

ligands, molecules, antibodies, and others to the silica surface. Thirdly, nano-sized silica 

presents a relatively low toxicity and biocompatibility. For these reasons, porous silica nano-

objects were widely developed as efficient nano-carriers for drug delivery with a promising 

expectation to overcome some of the problems of current nanoformulations. On the other hand, 

they have largely been investigated in association with other inorganic nanoparticles with the 

aim to design multifunctional nanomedicine for theragnostic. Hence, besides the drug delivery 
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feature, they can encapsulate and/or anchor inside the pores and on the surface different 

molecules, complexes or nanoparticles acting as imaging probes or therapeutic agents. Several 

reviews report on nano-heterostructures of quantum dots,[12] gold and silver 

nanoparticles,[252] magnetic nanoparticles[253] combined with silica in nano-objects of 

different topologies. 

A relatively small number of articles were devoted to the combination of silica with PB(A)s. 

The reported nanoheterostructures examples in the literature, may be classified following two 

main morphologies: PB(A) core@silica shell and silica core@PB(A) satellites nano-objects 

(Figure 21). On one hand, these structures benefit from physical properties of PB-type nano-

objects, such as longitudinal relaxivity, magnetic properties, photothermal activity, 

photoacoustic signal. On the other hand, the presence of porous silica endows them a 

controllable porosity necessary for efficient drug loading and drug delivery, easy 

functionalizable surface and biocompatibility. Therefore, the effect of the properties’ 

combination leads to an appearance of multifunctionality required for designing multimodal 

therapeutic agents guided by different types of imaging or improved properties through synergic 

effects. Indeed, in several nanoheterostructures an improved longitudinal relaxivity, stability, 

biocompatibility or possibility to control/trigger the drug delivery by PTT were reported. 

 

 
Figure 21. Main morphologies of PB(A)s@Silica nanoheterostructures and their advantages. 

 

The design of PB(A)s core@silica shell nano-objects are usually made by using a two-step 

procedure consisting first in the synthesis of pristine coordination polymer nanoparticles by the 

usual self-assembly of cyanometallate and metal salts precursors’ reaction and then by using a 

classical sol-gel process to form a homogenous porous silica shell on the surface. To this 

purpose, five examples of PB(A) core@silica shell nanoparticles with different core 

composition, including Mn3[Co(CN)6]2, [254] PB, [255], [256], [257] [258] and Gd 

[Fe(CN)6].4H2O [259] with different core geometries were reported. The employed sol-gel 

methods and conditions are summarized in Figure 22. First, a sol-gel procedure including the 

addition to a suspension of PB(A) nanoparticles of cetyltrimethylammonium bromide (CTAB) 
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as the surfactant, then tetraethyl orthosilicate (TEOS) in ammoniacal media to form MCM41-

type mesoporous silica shells. In the case of PB@SiO2, the nanocubes of 82 nm have been 

coated by the 34 nm mesoporous silica shell with a narrow pore size of 3 - 4 nm. [255] Similarly, 

a dendrimer-like silica shell with functional NH2 groups around the PB nanocubes has been 

formed by the addition of TEOS and APTES in an ammoniacal media in the presence of CTAB. 

[258] A modification of this procedure consisting in the addition of a supplementary precursor, 

bis(triethoxysily)propane tetrasulfide (TESPTS), leads to the formation of a periodic 

mesoporous organosilica (PMO) shell of 17 nm having uniform mesopores of about 3.2 nm, 

surrounding the PB core of 125 nm (Figure 23). Note that the covalent anchoring of a 

fluorescent dye Cy5.5-maleimide was possible thanks to the thioethers groups situated in the 

pores.[256] These examples reported the formation of the silica or PMO shells under 

ammoniacal media (pH>7), which is not ideal for the PB(A)s stability and sometimes the 

surface of the PB(A)s nanoparticles may be etched. In this respect, a very simple method to 

form the silica shell around the PB nanoparticles in acidic conditions and encapsulate inside the 

fluorescent species has been reported by B. Zhao and coll. [257] In this case, a silica shell of 

around 18 nm comprising EuW10 has been formed around the cubic PB nanoparticles of 152 

nm by the simple addition of TEOS in the presence of isopropanol, water and EuW10. On the 

other hand, in the case of Gd[Fe(CN)6]4H2O@SiO2 nanoparticles, due to the very high 

sensibility of the latter to basic pH, inducing the formation of Gd(OH)3, the nanoparticles were 

coated with a thin silica layer at neutral pH by adding (3-cyanopropyl)trimethoxysilane 

(CPTMS), tetramethyl orthosilicate (TMOS) and in the presence of a functional mimics of the 

protein silicatein , triethylamine (TEA) as the catalyst. [259] In that case, the formation of an 

amorphous, non-porous shell of around 10 – 12 nm was noted. In all cases, a well-formed silica 

shell was formed on the surface of PB(A) nanoparticles, as attested by the TEM images shown 

in Figure 23.  

 
Figure 22. Four synthetic approaches used for the synthesis of PB(A)s core@silica shell nano-

objects.  

 

Two works were devoted to the design of silica nanoparticles decorated with PB(A) satellites 

by first, the synthesis of the functionalized mesoporous silica nanoparticles and then their 

decoration with small PB(A) nanoparticles. [260], [261] In the first work, ovoid-type 

mesoporous silica nano-objects of 50x100 nm functionalized with free NH2 groups on the 
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surface with a pore size of 1.7 nm and having bi-photonic fluorescent dye molecules in the 

silica walls were decorated by Ni2+/[Fe(CN)6]
3 nanoparticles of a few nanometers by a step-

by-step coordination strategy of the precursors to the silica surface. [260] The TEM and 

HRTEM images of these nano-objects may be found in Figure 23d. This leads to the 

nanoparticles presenting transverse relaxivity linked to the presence of PBA and biphotonic 

fluorescence due to the organic dye. The second example reports on the design of kidney-like 

shaped silica nano-objects of 150 - 200 nm with a pore size of 2 – 3 nm containing the anticancer 

drug doxorubicin decorated with PB flakes of 10 – 15 nm situated on the outer surface of the 

silica. [261] This strategy permitted to achieve nanomedicine for the photoacoustic imaging-

guided chemo-photothermal therapy of cancer cells.  

 

 
Figure 23. TEM images for: PB core@PMO silica shell nanocubes (A); 

Gd[Fe(CN)6].4H2O@SiO2 shell nanorods (B); PB core@SiO2/EuW10 shell (C) PB core@SiO2 

shell (D); SiO2 core@Ni3[Fe(CN)6]2 satellite nano-rices (E), porous PB core@ dendritic SiO2 

shell (F). Reproduced from Ref. [258] [259] [260] [261] with permission from the Royal 

Society of Chemistry. Reprinted with permission from W. Li, Z. Liu, B. Zhao, J. Liu, Langmuir, 

36 (2020) 4194-4200. Copyright 2021 American Chemical Society. [257] 

 

II.6 Carbon nanomaterials@PB(A)s nanoheterostructures 
Carbon nanomaterials (CNM) were combined with PB(A)s mainly by using electrodeposition 

techniques, which are not the subject of this overview. [262] Nevertheless, a chemical way 

towards the design of discrete nanoheterostructures combining PB(A)s with multi-walled 

carbon nanotubes (MWCNTs), [263], [264], [265], [266], [267], [268] carbon spheres (Csp), 

[269] carbon quantum dots (CQD) [265] or graphene quantum dots (GQD) [270] has also been 

explored. It leads to the synthesis of nanoheterostructures with three types of morphologies: (i) 

CNM core@PB(A) core or PB(A)satellites, [263], [264], [269], [265], [267], [268], [270] (ii) 

PB core@CNM satellites, [271] and (iii) CNM@PB necklace. [266] The interest for such 

materials is linked not only with promising physical properties of carbon materials, such as the 

electronic conductivity of MWCNTs [263], [264], [265], [267], [268], [266] and GCDs, [270] 

or the photoluminescence properties of CQDs, [271] but also with their high surface-to-volume 

ratio, strong adsorptive ability and chemical properties. Thus the combination of carbon 
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materials with PB(A)s allows to consider various applications, such as positive electrodes for 

supercapacitors, [265], [268] batteries, [266] sensors, [263], [264], [270] electrochemically-

assisted adsorbents [267] or biomedical area (see section III.3.2). [271], [269]  

In the design of CNM@PB(A)s nanoheterostructures, in order to improve the stability of 

colloidal suspensions, commercial MWCNTs purified by HNO3 treatment,[263], [264] or 

functionalized with polyvinylpyrrolidone (PVP), [267], [268], [266] were used. Csp, [269] 

CQD[271] and GQD[270] were obtained by carbonization from different sources, such as 

sucrose, [272] -D-glucose or citric acid. In one specific case of CNM@PB necklace 

nanoheterostructures design, the single precursor approach employing Na4[Fe(CN)6] under 

acidic pH for the elaboration of PB cubes of several hundreds of nanometers in the presence of 

MWCNTs was employed. [266] In all other cases, whatever the discrete nanoheterostructure 

morphology obtained, the two precursors approach was used to synthesize PB from FeCl3 and 

K4[Fe(CN)6], [271] or K3[Fe(CN)6][ [263], [264], [269], [270] or design PBAs by assembling 

NiCl2[269] or CuCl2 [267], [268] with K3[Fe(CN)6] [267], [268] or K3[Cr(CN)6] [269] and 

RuCl3 with K4[Ru(CN)6]. [265] 

 

II.6.1. Carbon nanomaterials core@PB(A) shell or satellites nano-objects. 

Most of the nanoheterostructures presenting CNM@PB(A) core@shell or satellites 

morphologies were elaborated using MWCNTs as a core. Three works report on the formation 

of a dense and almost uniform PB(A) coverage grown on the MWCNTs core leading to bicycle 

chain-like appearance. [263], [264], [267] The synthesis consists in the use of stable colloidal 

solutions of commercial MWCNTs obtained after purification with HNO3[263], [264] or 

functionalization with PVP, [267] reacted with conventional precursors, FeCl3[263], [264] or 

CuCl2 [267] and K3[Fe(CN)6] to afford PB or Cu-PBA shell or satellites. [264] Note that in 

these cases, MWCNTs are also considered as a reducing agent to generate Fe2+ ions from FeCl3. 

[263] 

Depending on the conditions and PBA nature, the PBA coverage on MWCT may be less 

uniform. This is the case of MWCNT@RuRu-PBA core@satellites, where the satellites were 

elaborated from RuCl3 and K4[Ru(CN)6] at pH = 2. [265] It should be remembered that the mild 

oxidation of ruthenium(III) to ruthenium-oxo species [273], [274] leads to the formation of Ru-

O/Ru-CN ones. It is likely that rather inert graphitic structures of MWCNTs do not favour 

excessive precipitation of Ru-O/Ru-CN species on their surfaces, which could explain the 

relatively poor surface coverage. On the contrary, the growth of the Cu-PBA from CuCl2 and 

K3[Fe(CN)6] precursors (at pH = 4 with acetate buffer in an autoclave at 180 °C for 8 h) in the 

presence of pre-treated with PVP, MWCNTs leads to a very well-defined MWCNT core@PB 

shell morphology.[268] Further, the Cu-PBA shell thickness can be varied depending on the 

loading mass of Cu-PBA on MWCNTs to 10, 20 and 30 nm with a mass fraction of 25, 46 and 

58 % Cu-PBA respectively. 

Other carbon nanomaterials than MWCNTs, such as GQDs[270] and Csp [269] were also used 

as cores. Indeed, Csp core@PB or NiCr-PBA satellites were obtained in two-step approach 

consisting first in the preparation of Csp from the carbonization of -D-glucose followed by 

addition of FeCl3 and K3[Fe(CN)6] or NiCl2 and K3[Cr(CN)6] precursors. These discrete 
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nanoheterostructures present a relatively poor core coverage with the PB(A) satellites. Note that 

these structures were further functionalized with benzene tricarboxylic acid allowing further 

lanthanide tagging using Tb(NO3)3 or Sm(NO3)3 to be used as multimodal imaging agents (see 

section III.3.2.2). 

II.6.2. PB core@Carbon nanomaterials satellite shell nanoparticles. 

Only one report deals with the formation of such discrete nanoheterostructures exhibiting a PB 

core@CQD satellites morphology. PB nanocubes of ca. 50 nm were classically obtained from 

mixing FeCl3 and K4[Fe(CN)6] in the presence of citric acid. [271] Then, the direct microwave-

assisted carbonization of the capped citric acid on PB nanoparticles provides the formation of 

such nanoheterostructure. The CQDs were shown to possess a crystalline core and an 

amorphous carbonaceous surface making the nanoheterostructures photoluminescent in order 

to use them as theragnostic agents (see section III.3.2.1). 

II.6.3. Carbon nanomaterials@PB necklace. 

The last example to cite concerns an original necklace morphology of MWCNT@PB. [266] For 

this, commercial MWCNTs treated with HNO3 and PVP were used for the growth of the PB in 

an autoclave from Na4[Fe(CN)6] at pH = 1. The morphology may be described as the PB 

nanocubes linked through carbon nanotube chains conducting to a complex interpenetrate 

network (Figure 24). This latter exhibited 3D conductivity that was exploited to test such 

nanomaterial for subzero-temperature cathode for a sodium-ion battery (see section III.1.3). 
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Figure 24. a–c) SEM, d–e) TEM images of the MWCNT@PB nanoheterostructures. f) 

Schematic illustration showing the mixed conducting necklace like network. Reprinted from 

Ref. [266] with permission from John Wiley and Sons. 

 

III. Main properties & applications 
The design of nanoheterostructures containing different inorganic materials at the nanoscale is 

mainly driven by the idea to combine their physico-chemical properties affording 

multifunctional materials. The properties of components may act separately or present 

synergistic effects. This last aspect is particularly important when considering the as-obtained 

nanoheterostructures for given applications. This section describes the main physical and 

chemical properties and related applications of the multifunctional PB(A)s based 

nanoheterostructures, making a particular emphasis on complementarity of properties or 

synergistic effect in different applicative domains, such as electrochemical devices for 

energy/generation/storage, electrochemical biosensors, and therapy and/or diagnostic agents to 



49 
 

which such nanomaterials are particularly relevant. Other applications related to catalysis, 

sorption, or microwave absorption are also mentioned at the end of this section. 

 

III.1. Electrochemical devices for energy conversion/generation/storage 
The exhaustion of fossil fuels and climate are two major problems facing our contemporary 

society to which renewable energy conversion and storage technologies can provide a clean and 

sustainable alternative. The design and development of advanced and affordable materials 

working on the principle of electrochemical energy conversion is the key to facilitate diverse 

energy conversion/generation/storage processes, such as electrocatalysis, water splitting, 

supercapacitor and battery. Different reports summarized in this subsection concerns the uses 

of hybrid nanoheterostructures with PB(A)s for their employment as nanomaterials for 

modified electrodes to build supercapacitor, electrocatalytic water splitting and battery devices. 

 

III.1.1. Supercapacitors 

Supercapacitors should present high specific capacitance (Cs), long life cycle, high power 

density (Pd), being almost maintenance-free, experiencing no memory effect, being safe and 

function as a bridge for a power-energy difference that exists between capacitor (high Pd) and 

fuel cells/batteries (large energy storage). Discrete nanoheterostructures combining PB[222] or 

ZnCo-PBA [223] and lamellar materials, such as MnO2[222] or -Co(OH)2[223] affording 

“hairy” core@shell morphologies with PB(A)s as the core, or combining RuRu-PBA [265] or 

CuFe-PBA [268] with MWCNTs affording core@satellite [265] or core@shell morphologies 

[268] with MWCNTs as the core, were used as nanomaterials to build supercapacitor devices. 

Their capacitive behavior was characterized using cyclic voltammetry (CV) [268], [223], [222], 

[265] galvanostatic charge/discharge (GCD) tests [268], [223], [222], [265] and 

electrochemical impedance spectroscopy (EIS). [268], [222], [265] Further, two electrodes 

asymmetric [268], [223], [222] or symmetric capacitors [268] configuration were assembled to 

determine the energy density and power density. The supercapacitor performances and energy 

storage performances for those hybrid nanomaterials are given in Tables 4 and 5, respectively. 

 

Table 4. Comparison of supercapacitor’s performance for different nanoheterostructures 

involving PB(A)s. 

 

Ref. Nanoheterostructure  Electrolyte 

solution 

Current 

density/A g-1 

Specific 

capacitance/F g-1 

[265] MWCNT@RuRu-PBA H2SO4 0.1 86 

[268] MWCNT@CuFe-PBA KCl 1 989 

[222] PB@MnO2 KNO3 1 608 

[223] ZnCo-PBA@-

Co(OH)2 

KOH 1 424 

 

Table 5. Comparison of the energy storage performance for the different nanoheterostructures 

involving PB(A)s. 
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Ref. Nanoheterostructure  Electrolyte 

solution 

Energy 

density/Wh kg-1 

Power 

density/kW kg-1 

[265] MWCNT@RuRu-PBA H2SO4 2.9 1.14 

[268] MWCNT@CuFe-PBA KCl 60.4 0.5 

[222] PB@MnO2 KNO3 13.6 2.72 

[223] ZnCo-PBA@-

Co(OH)2 

KOH 49.1 1.734 

 

The capacitance retention of 74 % after 5000 cycles at 5 A g-1, [223] 93 % after 4000 cycles at 

5 A g-1, [222] 93 % after 1000 cycles [265] and 90 % after 10000 cycles at 1 A g-1 [268] 

illustrates the good stability of the used nanomaterials (Tables 4 and 5). In most of these studies, 

the performances of the discrete hybrid nanoheterostructures were compared with the individual 

components of the latter, emphasizing the synergistic outcome of the combination leading to a 

great improvement of the capacitance performance of the hybrid nanoheterostructures. [222], 

[223] For example, compared to the calculated specific capacitance that should be expected 

resulting from the association of ZnCo-PBA and -Co(OH)2, the obtained experimental 

specific capacitance is 25% higher. [223] Such a synergistic effect can arise from different 

factors depending on the material coupled to PB(A)s. Supercapacitors can be divided into 

electrical double-layer capacitors (EDLCs) and pseudo-capacitors on the basis of the energy 

storage mechanism. Pseudo-capacitors can provide a huge specific capacitance, which far 

exceeds that of EDLC. Bare MWCNTs exhibit only pure double-layer capacitive behaviour, as 

expected for porous carbon materials, but when they are coupled with PBAs, the capacitance is 

mainly contributed by the faradic current of PBA layers. Thus, the PBA can supply huge 

specific capacitance as a pseudo-capacitor. However, PBAs exhibit very weak conductivity. 

This can be compensated by MWCNTs favouring the electron transfer at the metallic centers 

of PBAs. The observed synergistic effect is therefore the result of the combination of the 

electronic transfer from MWCNTs to PBAs and the contribution by the faradic current of PBAs. 

When lamellar metal oxide or hydroxide structures are combined with PBAs, the specific 

capacitance of the composite electrode is much larger than the sum of each part, and a synergy 

effect of the dual-layer structure named “interlayer concentration enhancement effect” was 

proposed to account for this excellent electrochemical performance. This effect can be 

explained as an additional ion concentration “reservoir” between the metal oxide or hydroxide 

and the PBA, as it was shown for the combination of NiFe-PBA and MnO2. [275] 

 

III.1.2. Oxygen evolution and hydrogen evolution reactions 

Water splitting consists in breaking water chemical bonds to generate O2 or H2 (Figure 25), the 

latter being an energy carrier providing high energy densities relative to other storage 

technologies, such as Li+-ion batteries. Splitting water electrochemically involves two half-cell 

reactions: water reduction to evolve hydrogen at the negative electrode and water oxidation to 

evolve oxygen at the positive electrode. The standard potential of the hydrogen electrode is 0 

V vs reversible hydrogen electrode (RHE), and that of oxygen electrocatalysis is 1.23 V vs RHE 

at standard conditions (25 °C, 1 bar H2 or O2 pressure) and, e.g., 1.168 V vs RHE at 80 °C, 

where devices are often operated. Above these equilibrium potentials, half-cell oxidation, 
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oxygen evolution reaction (OER) is favoured thermodynamically, and below which, half-cell 

reduction, hydrogen evolution reaction (HER) is preferred thermodynamically. [276] 

 

 
Figure 25. a) Schematic of a two-electrode fuel cell or water electrolyser. b) Schematic 

representation of a three-electrode electrochemical cell with working electrode, reference 

electrode, counter electrode, and gas inlet. 

 

Catalysts are needed to increase the kinetics of these reactions to meet practical demand for 

higher system efficiency and lower energy loss in the whole cycle.The attention on PBAs for 

such purpose was concentrated on their open-framework structure, as well as their varied 

composition. [277] More specifically, their critical advantage over conventional OER catalyst 

such as for instance IrO2 or RuO2 is the tunable sizes of the interstitial sites to accommodate 

charges of different sizes. And more importantly, some of them present excellent OER inertness 

and high upper potential limits. [278] It can also be mentionned that they can be converted into 

many other interesting compounds relevant for such application. [279] However, despite much 

progress has been made, there are very few PBAs and their derived materials that combine the 

advantages of all performance indicators such as facile preparation, low-cost, excellent 

electrochemical performance including tow overpotential, hich catalytic current density, and 

high stability. [280] In connection with the search for alternative solutions to these limitations, 

several discrete nanoheterostructures combining PBAs, such as MnFe-PBA, [251] CoFe-PBA, 
[195], [236], [281] or NiFe-PBA [195], [196], [281] with other inorganic materials for instance 

gold, [281] platinum, [195], [196] CoS2 [236] or POM [251] were developed to afford such 

active electrocatalysts for OER [236] [195] [251] or HER. [196] Table 6 summarizes the OER 

activities reported for those hybrid nanoheterostructures as electrocatalysts. 

 

Table 6. Comparison of OER activities for the reported hybrid nanoheterostructures involving 

PB(A)s.* under visible light 

 

Ref. Nanoheterostructure  Electrolyte  Overpotential@10 

mA.cm-2/mV 

Tafel slope/mV 

dec-1 

[195] CoFe-PBA@Pt 1.0 M 

KOH 

300 68 

[196] NiFe-PBA@Pt 1.0 M 

KOH 

320 37 

[251] MnFe-PBA@POM 1.0 M 

KOH 

440 23.45 
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[236] CoFe-PBA/CoS2 1.0 M 

KOH 

301 79.6 

[236] CoFe-PBA/CoS2 1.0 M 

KOH 

265* 59.2* 

[281] Au@NiFe-PBA 1.0 M 

KOH 

327 89 

[281] Au@CoFe-PBA 1.0 M 

KOH 

306 63 

 

In all these publications, the OER activities were systematically found improved compared to 

the ones of the individual components. In particular, in CoFe-PBA@Pt nanoheterostructures, 

Co(II) ions serves as active sites for catalytic reactions, indicating that the Co(III)/Co(II) couple 

in CoFe-PBA is crucial for the OER performance. The reasons for the boosting effects of Pt in 

these nanoheterostructures have been summarized as: (i) tunning of the active centres of Co to 

a higher oxidation state, which is favourable for OER activity, (ii) ensuring the constant 

oxidation reaction of Co(II)-to-Co(III) maintaining the catalytic stability, (iii) introducing more 

active sites for improved OER performance, and (iv) accelerating charge transfer to enhance 

reaction kinetics. [195] Endowed with the combined benefits, the designed CoFe-PBA@Pt 

catalyst exhibits significantly improved OER activity and stability than the pristine CoFe-PBA. 

The OER performances of NiFe-PBA@Pt were also carried out and a similar effect of loaded 

Pt on the OER activity was observed. [195]  

Studies performed on MnFe-PBA@POM also demonstrate advantages of such combination in 

the OER in comparison with the OER activity of only MnFe-PBA, which include more active 

sites, stronger charge transfer and stronger catalytic stability. [251] CoFe-PBA/CoS2 on its own 

combine the intrinsic electrocatalytic activity of the transition metal dichalcogenide CoS2 for 

the OER and the sunlight response of the transition metal dichalcogenide CoS2 and the CoFe-

PBA. Consequently, the porous framework, engineered surface defects and abundant oxygen 

vacancies endow them with enhanced electrocatalytic performance toward OER due to the 

enlarged electrolyte-accessible surface, high structural integrity and abundant electron and mass 

transfer routes. Moreover, they could also enable photo-assisted oxidation reactions with a 

significantly high current density and a low overpotential. Mechanistic investigations reveal 

that the OER improvement can mainly be ascribed to the combination of photo-driven and 

electricity-driven water oxidation reaction, where the photogenerated electron transfer from 

CoFe-PBA to CoS2 results in photogenerated holes in CoFe-PBA that are more beneficial for 

the oxidation of H2O, as well as affording decreased activation energy of CoS2 for the 

OER.[236] 

It was found that the introduction of small amounts of Au (5–10% in weight) in the Au@PBA 

structure gives rise to a reduction of the overpotentials at 10 mA cm−2 up to 100 mV and an 

increase up to 420% of the current density recorded at an overpotential of 350 mV. [281] These 

voltage decreases are higher than the ones using reduced graphene oxide. Additionally, the 

Tafel slope remains unaffected, indicating that Au reduces the limiting potential of the catalyst 

with no variation in the kinetics of the reaction. An important increase in the electroactive mass 

capable of being reduced or oxidized was detected by means of coulovoltammetry, thus 

providing a higher concentration of electroactive sites to participate in the OER. This feature in 
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combination with the enhanced intrinsic activity of PBA and the higher conductivity of the 

hybrid was proposed to be responsible for the improvements in both the electrocatalytic activity 

and the electrochemical stability. 

NiFe-PBA@Pt discrete nanoheterostructures were also used as electrocatalysts for the HER. 

[196] In that case too, the enhanced HER activity of Pt due to the NiFe-PBA and Pt interface 

was demonstrated (Figure 26). The Ni species of Ni3[Fe(CN)6]2 were shown to play key roles 

in contributing to the water dissociation and improving the HER kinetics, as well as helping to 

maintain the catalytic activity of Pt during a long-term durability test in both, acidic and alkaline 

media. As a result, the new NiFe-PBA@Pt hybrid catalyst exhibits a superior catalytic property 

for HERs in both sulfuric acid (H2SO4) and potassium hydroxide with a Pt loading of 4.0 %. A 

low overpotential of 59 mV was achieved at a current density of 10 mA cm−2 in H2SO4 and a 

high mass current density of 3.75 mA μg Pt−1 was obtained at an overpotential of 70 mV, which 

outperforms reported Pt-based catalysts in acid electrolytes. 

 
Figure 26. Schematic diagram of HER at the active interface of ultrafine Pt and a Ni3[Fe(CN)6]2 

nanocube, including the Volmer step of water dissociation on the Ni2+ species and the formation 

of Pt–Had intermediates at the boundary between the Ni and Pt domains, the Heyrovsky reaction 

of Pt–Had with another water molecule, as well as the Tafel recombination reaction of two Had 

atoms. 

 

III.1.3. Batteries 

Sodium‐ion batteries are considered as a low‐cost complement or competitor to Li+‐ion batteries 

for large‐scale electric energy storage applications; however, their development has been less 

successful due to the lack of suitable host materials to enable reversible Na+ insertion reactions. 

PB(A)s appear as attractive candidates for Na+‐ion batteries cathodes because of their open 

channel structure, compositional and electrochemical tunability (see Section I). Even though 

numerous examples of PB(A)s were considered for this purpose, [124], [282], [283] only one 

example was reported regarding the use of a discrete nanoheterostructure combining PB and 

MWCNTs in a necklace configuration (see section II.6.3). [266] Due to the fast ionic/electronic 

transport kinetics even at an extremely low temperature of −25 °C, the MWCNTs/PB 

nanohybrids show outstanding low-temperature performance in terms of specific energy 
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density, high-rate capability, and long cycle life. After 1000 cycles at 2.4 °C, the retention 

capacity at 0 and −25 °C could reach as high as 81 % and 86 % of the initial values, respectively, 

which represent the best performance reported at such low temperatures. Indeed, the MWCNT 

network facilitates the low-temperature electrochemical reaction by providing anchored PB 

nanoparticles access to the liquid electrolyte and excellent electric contact with the current 

collector. A density functional theory (DFT) modelisation of the Na+ diffusion within the PB 

particles suggests that cooperative Na+ conduction lowers the activation energy for Na+ 

transport within the PB particles emphasizing the interest of the as-prepared 

nanoheterostructure. Another interesting example related to sodium ion batteries was reported 

with discrete PB nanoparticles coated with PDA displaying a cubic morphology with a coarse 

surface and a particle size ranging from 60 to 80 nm. [284] The as-obtained cathode electrode 

made of PB@PDA delivers a reversible capacity of 93.8 mA h g-1 after 500 cycles at 0.2 A.g-1, 

and a discharge capacity of 72.6 mA h g-1 at 5.0 A g-1. Both experiments and computational 

simulations demonstrated that the FeII sites in PB prefer to couple with the robuts PDA layer to 

stabilize the PB structure. Moreover, the Na migration in the PB structure is enhanced after 

PDA coating, thus improving the sodium storage capacity.  

 

III.2 Electrochemical Biosensors 
As a working principle, an electrochemical biosensor should effectively sense and convert the 

chemical signal into an electrochemical one. According to the IUPAC, it can be defined as “a 

self-contained integrated device, which is capable of providing specific quantitative or 

semiquantitative analytic information” using a biological recognition element coupled to a 

signal transduction section. [285] The goal of a biosensor is to provide real-time responses with 

high sensitivity and selectivity with only minimal perturbation of its surrounding matrix. [286] 

Briefly, in general, and whatever their chemical composition, biosensors can be classified as: 

(i) immunosensors based on antibodies having high affinity to antigens, (ii) enzyme-sensors 

used to achieve low limits of detection due to the high catalytic activity and specific binding 

capabilities of enzymes, (iii) gene- or DNA-biosensors based on hybridization of nucleic acids 

(DNA or RNA), (iv) aptasensors employing aptamers (single-stranded DNA or RNA 

molecules) able to bind target molecules with high affinity and specificity as recognition 

element, and (v) microbial sensors using microorganism (e.g., fungi and bacteria) immobilized 

onto the transducers, the operational principle of the latter being analogous to that of enzyme 

biosensors. 

One of the most difficult issues in an electrochemical biosensor, which usually limits the overall 

performance of bioelectrodes, is the efficient wiring between the active centre of the bioreceptor 

and the electrode surface. One way to overcome this difficulty is to incorporate electron-transfer 

mediators on the surface of the bioelectrodes. Electron-transfer mediators are usually redox 

compounds of natural or artificial origin able to interact with the biological recognition 

component with a rapid electron communication between the biomolecule and the surface of 

the electrode. In this field, PB(A)s are undisputedly regarded as one of the most representative 

electron-transfer mediators for enzymatic biosensors due to their excellent properties as a 

transducer platform for H2O2 quantification. Additionally, the research community has also 

focused on exploring the nanostructures derived from PB(A)s because of significant changes in 
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their physicochemical properties and improved electrochemical performance. [119] In the 

following subsections, we will consider various biosensors based on hybrid nanostructures 

involving PB in immuno- and aptasensors and as artificial enzymes for low limits detection 

molecules, including H2O2. 

 

III.2.1. Immuno- and aptasensors 

Several electrochemical immunosensors or aptasensors based on discrete nanomaterials 

including PB as one of the components combined with gold, [201], [202], [287], [288], [289] 

platinum, [193] cerium [220] or iron oxides [207] were developed since 2008. These 

nanoheterostructures have been designed, either as a part of modified gold [207], [193] or glassy 

carbon [201], [202], [289], [220] working electrodes in classical three-electrode devices, or as 

a part of a graphite working electrode in a screen-printed carbon electrode, [287] or as a 

modified electrode for conductometric measurements. [288] Several of these studies use a 

sandwich immunoassay method employing two antibodies [201], [287], [207] binding to 

different sites on antigens or ligands. The working principle consists in: (i) an anchoring of a 

highly specific for the antigen “capture antibody” to a solid surface; (ii) an addition of an 

antigen followed by the addition of a second “detection antibody”, which will bind the antigen 

at a different epitope than the capture antibody. As a result, the antigen is ‘sandwiched’ between 

the two antibodies.  

A similar approach using aptamers instead of antibodies has been settled in the case of 

aptasensors. [202] PB-containing discrete nanoheterostructure-based immuno- or aptasensors 

were then developed for the detection of -fetoprotein (AFP), [193], [207] tissue polypeptide 

antigen (TPA), [287], [288] prostate-specific antigen (PSA) and free prostate-specific antigen 

(fPSA), [201] carcinoembryonic antigen (CEA), [207] human scavenger receptor B type CD36 

or T4 polynucleotide kinase (PNK) [289] and platelet-derived growth factor B-chain (PDGF-

BB), [202] respectively. 

Among these, we would like to emphasise a novel signal-amplification strategy for the 

development of an advanced electrochemical immunoassay by using the redox-activity of 

PB@Au hybrid nanostructures as the labels and horse radish peroxidase (HRP) -mediated 

formation of tyramine-HRP repeats for signal amplification, which represents a nice example 

for detection of tissue polypeptide antigen (TPA) (Figure 27). [287] The as-synthesized 

PB@Au were used to label HRP and pAb2 antibody detection through a covalent conjugation 

between the doped gold nanoparticles and thiols or alkylamines functionalities of the proteins. 

The electrochemical immunosensor was fabricated on a screen-printed carbon electrode 

(SPCE), which included a 2 mm graphite working electrode, an Ag/AgCl reference electrode 

and a graphite auxiliary electrode. Initially, bovin serum albumin (BSA) aqueous solution was 

thrown on a cleaned graphite working electrode. Afterwards, the mixture of EDC/NHS was 

dropped on the BSA-modified surface and incubated. Then, mAb1 antibody capture was 

deposited on the surface and incubated (Figure 27, up). Compared with the previously published 

works with the sandwich-type immunoassay format, [290], [291] highlights of this study lie in: 

(i) decreasing the background signal and enhancing the current response of the electrochemical 

immunoassay, and (ii) combining the advantages of nano and enzyme labels with electroactive 

indicator together, thus avoiding the participation of additional electron mediators. 



56 
 

Interestingly, the same PB@Au hybrid nanostructures were used for the same purpose but based 

on conductometric measurements. [288] 

 

Figure 27. Schematic illustration of enzyme-triggered tyramine-HRP repeats on PB@Au 

nanostructures for highly sensitive electrochemical immunoassay of tissue polypeptide antigen 

(TPA) on mAb1-functionalized screen-printed carbon electrode with a sandwich-type detection 

mode. Reproduced from Ref.[287] with permission from Elsevier. 

 

Another example to illustrate this application concerns PB@Au and NiFe-PBA@Au 

nanoheterostructures for the simultaneous electrochemical immunoassay of fPSA and PSA. 

[201] This test includes gold nanoparticles(AuNPs)/polyethyleneimine(PEI)-3,4,9,10-

perylenetetetracarboxylicdianhydride (PTCA) as a sensing interface for noise reduction and 

PB@Au and NiFe-PBA@Au on onion-like mesoporous graphene sheet (O-GS) nanohybrids as 

signal tags to label the different detection antibodies (Ab2) for signal amplification. The 

prepared PB@Au/O-GS and NiFe-PBA@Au /O-GS possessed favorable catalysis activity and 

bioactivity to accelerate the electron transfer rate and enhanced the immobilization amount of 

detection antibodies (Ab2) and biotinylated alkaline phosphatase (bio-AP), thus amplifying the 

detection responses. Experimental results showed that the proposed immunosensor enabled 

simultaneous monitoring of fPSA and PSA in a single run thanks to the different 

electrochemical responses of PB and NiFe-PBA. The convenient operation and sensitivity of 

this method provide a promising potential in clinical diagnosis and represent a nice example of 

how to play with PB(A)s discrete nanoheterostructures when the accurate quantitative analysis 

of multiple tumour markers is desired.  

Similar procedure for sandwich-type immunoreactions was performed for the detection of 

carcinoembryonic antigen (CEA) and -fetoprotein (AFP) as model systems with Fe3O4@PB 

nanoheterostructures decorated with gold nano-satellites as labelled tags. [207] The authors 

demonstrate an amplification strategy based on the feasibility of bioenzyme, HRP and glucose 

oxidase (GOD), functionalized Fe3O4@PB/Au nanoparticles, which exhibit attractive redox 

electrochemical and enzyme catalysis activities, when the modified electrode was detected in 

the working buffer containing proper amounts of glucose for an ultrasensitive and reproducible 

electrochemical immunosensing fabrication (Figure 28). In that case, the magnetic iron oxide 
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component allows separation of the immunocomplex using an external magnetic field, 

permitting the immunosensor regeneration. 

 

Figure 28. Schematic drawing of the immunosensor fabrication process. (a) Dropping of 

chitosan–nanoAu hydrogel membrane; (b) immobilizing of anti-CEA; (c) the immunoreaction 

of CEA and anti-CEA; (d) incubation of the solution containing multi-labelled Fe3O4@PB@Au 

composite magnetic conjugate resulting in an amplified signal-generating detection; (e) 

separation of the immunocomplex using an external magnetic field permits the regeneration of 

the immunosensor. Reproduced from Ref. [207] with permission from Elsevier. 

 

III.2.2. H2O2 and small molecules detection  

As previously mentioned in Section I, PB(A)s are well known for their capacity to 

electrocatalyze both, oxidation and reduction of H2O2.This is relevant because a large number 

of enzymes produce hydrogen peroxide as a by-product, which may be detected at the electrode 

using PB(A)s.[119] We will endevour to summarize in this section various published to date 

contributions related to the detection of H2O2 with nanoheterostructures combining PB and 

another inorganic component as sensitive species for the electrodes. These contributions could 

be divided in two categories: (i) electrochemical and (ii) colourimetric biosensing of H2O2. 

The electrochemical biosensing has been developed starting from 2007 based on a conventional 

three-electrode electrochemical cell comprising a modified working electrode. The latter was 

constituted by a working electrode made of inorganic materials specific for each case modified 

with nanoheterostructures comprising PB combined with gold, [16], [180] silver, [190] 

platinum, [183] iron oxides, [216], [218] or MWCNTs. [263], [264] The choice of these specific 

combinations comes from the fact that PB, as already mentioned, has an excellent 

electrocatalytic activity but low conductivity. Therefore, its close association at the nanometric 

scale with a conductive material led to both, a highly electroactive and conductive nanomaterial 

on the surface of the working electrode. In some cases, these nanoheterostructures are 

assembled via layer-by-layer (LbL) assembly techniques with graphene oxide, [180] 

poly(allylamine hydrochloride) (PAH), [16] poly(diallyldimethylammonium chloride) 



58 
 

(PDDA), [263] mixed with MWCNTs and PDDA, [183] or gold nanochains and chitosan [264] 

prior to deposition on the electrode surface. The performances of such devices for the H2O2 

detection in terms of linearity range, detection limit, sensitivity (S), and response time (RT) in 

given pH and working potential conditions are summarized in Table 7.  

 

Table 7. Performances of three-electrode electrochemical cells based on working electrodes 

based on nanoheterostructures involving PB in terms of linearity range, detection limit, 

sensitivity and response time. 

Ref. Nanoheterostructure  Linearity 

Range/M 

Detection 

Limit/M 

Sensitivity/ 

AM-1cm-2 

Response 

time/s 

Working 

potential 

pH 

[16] Au@PB 10-40 0.57 0.15 - 0.0 6.8 

[180] Au@PB 1-30 0.1 5.0 10< -0.1 - 

[190] Ag@PB 10-130 5 0.48 3< -0.05 6.5 

[183] Pt@PB 0.25-1500 0.15 0.85 2< 0.1 2.0 

[216] -Fe2O3@PB 100-1200 0.67 0.2x10-3 100 0.0 2.0 

[218] Fe3O4@PB 1-430 1 - 3-4 -0.1 7.4 

[263] MWCNTs@PB 10-400 0.57 0.15 - 0 6.8 

[264] MWCNTs@PB 1.75-1140 0.5 300 30 0 6.0 

 

Secondly, discrete nanoheterostructures were also considered for the elaboration of 

colourimetric sensing devices for the H2O2 detection because PB can be used as an alternative 

artificial enzyme to catalyze H2O2 decomposition following the Fenton reaction leading to 

hydroxyradicals (Equation (7)), which, in turn, can oxidize the chromogenic substrate 3,3’,5,5’-

tetramethylbenzidine (TMB) (Equation (8)) (Scheme 5).  

  
Scheme 5. Peroxidase-like activity of PB leading to H2O2 catalyzed decomposition to generate 

hydroxyradicals species that in turn oxidize TMB to oxTMB (strong blue colour for the latter). 

 

Discrete nanoheterostructures combining PB with either FePt, [203] -Fe2O3, [215], Au [292] 

or Co3O4 [217] were used as an oxidase-mimic to detect intracellular H2O2 in human breast 

adenocarcinoma (MCF-7) cells, [203] for the detection of glutathione, which acts as an inhibitor 

of TMB oxidation, [217] for the detection of L-lactic acid [292] and for the detection of 

immobilized immunoglobulin G (IgG). [215] For that latter purpose, the -Fe2O3@PB 

nanoheterostructures were functionalized with staphylococcal protein A (SPA) and BSA to 

develop an artificial enzyme immunoassay for IgG (Figure 29). 
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Figure 29. Schematic illustration of the preparation of -Fe2O3@PB and immunoassays based 

on -Fe2O3@PB conjugated with SPA. Reproduced from Ref.[215] with permission from the 

Royal Society of Chemistry. 

 

Finally, apart from building immunosensors, aptasensors and H2O2 detection devices either by 

electrochemical or colourimetric means, discrete nanoheterostructures involving PB with 

graphene quantum dots (GQD), [270] or CuS [234] were also used to modify glassy carbon 

[234] or free-standing graphene fibre [270] working electrodes in a conventional three-

electrode electrochemical cell to perform direct oxidation of small molecules such as L-

cysteine[270] or ascorbic acid. [234]  

 

III.3. Biomedical applications: design of new multifunctional therapeutic agents and 

multimodal imaging nanoprobes  
Various inorganic nanoheterostructures have attracted immense interest in biomedical 

applications for several decades because they present a stimulating opportunity permitting to 

combine several types of imaging and/or therapy in the same multifunctional nano-object. They 

have been developed as efficient dual and even multi-imaging nanoprobes for improved disease 

diagnosis, as new multi-therapeutic agents with improved therapeutic action or as new 

theragnostic agents integrating therapeutics with diagnostic tools to develop new personalized 

treatments with enhanced efficacy and safety. Numerous combinations of inorganic 

nanoparticles, such as magnetic iron oxides and ferrites, gold and silver nanoparticles, up 

converting nanocrystals, quantum dots, and others, have widely been developed for this 

purpose. There are a number of review papers devoted to this topic. [293], [294], [295] 

Nanosized PB(A)s have relatively recently been developed as a component of 

nanoheterostructures devoted to their use for biomedical applications, but they rapidly gained 

ground as alternatives to conventional inorganic components mainly thanks to their optical and 

magnetic properties making them highly interesting as PTA for PTT and antimicrobial 

treatment, as nanoprobes for photoacoustic and MR imaging, but also due to their excellent 

thermal, photothermal stability and biocompatibility (see Figure 4). PB(A)s type nanoparticles 

possess also nanoporosity permitting the capture of small drugs and biomolecules, ensuring 

then the possibility of their deliver under triggered and controlled PTT action. The combination 

of these versatile PB(A)s nanoparticles with other inorganic components in 

nanoheterostructures opens a new way towards original associations bringing complementary 

properties or even providing synergic effects. In this section, we describe first different types 



60 
 

of synergic actions, such as an enhancement of PTT effect brought by a combination of PB with 

lanthanide-doped nanoparticles, an improved cancer cell killing ability of PTT assisted drug 

delivery, as well as synergetic therapeutic effects of PTT/PDT and PTT/radiotherapy revealed 

in several nanoheterostructures including the combination of iron oxides, gold, silica and PMO, 

MOFs and POM components with PB or doped PB. Secondly, we address the interest in 

designing multifunctional nanoheterostructures presenting complementary functionalities 

carried by several components. We describe highly promising theragnostic nano-objects 

obtained through a combination of PTT with different imaging techniques, such as MRI, optical 

imaging, SPECT etc., and then multimodal imaging nanoprobes. The theragnostic nano-objects 

represent the most developed part among the nanoheterostructures designed for biomedical 

applications with numerous inorganic components associated with nano-sized PB.  

III.3.1. Synergic effects 

The term synergy comes from the Greek “synergos” meaning “working together” and signifies 

that the interaction of two or more components of nanoheterostructures results in an overall 

effect that is greater than the sum of individual effects of any of them. Synergic actions in 

inorganic nanoparticles have often been associated with the design of multicomponent 

nanoheterostructures, while the clear demonstration of them is not obvious. [296] In this 

section, we will emphasize the synergic effects that were clearly evidenced in multifunctional 

nanoheterostructures containing PB as a component describing different studies regarding PTT 

cross-relaxation enhancement, associated PTT with drug delivery, PTT/PDT multitherapy, 

PTT/radiotherapy or PTT/chemodynamic therapy. 

 

III.3.1.1. PTT enhancement through a synergic effect 

It has been shown in Section I that one of the most extensive development of the nanosized PB 

for therapeutic features is linked with their exceptional potential for laser-assisted photothermal 

ablation, making them efficient and stable PTT agents for cancer therapy. Their excellent 

photothermal stability, which competes with some gold nano-objects or organic dyes, has been 

outlined in several works. However, PB nano-heater does not work at its maximum efficiency 

as the usual NIR irradiation happens with a laser at 808 nm whereas the maximum absorption 

of PB is located at 690–740 nm. [86], [297] One of the original and efficient ways to circumvent 

this problem consists in the design of nanoheterostructures, where a PB shell possessing a 

continuous energy band with a strong and broad absorption is combined with Nd3+ doped 

nanoparticles having ladder-like energy levels with great PTT conversion capability. Indeed, 

both NaNdF4 and PB nanoparticles separately are relatively efficient PTA, but their 

combination in core@shell nanoheterostructures permits increasing sharply the 

photothermal efficiency due to a cross-relaxation mechanism. This strategy has 

successively been employed in two nanoheterostructures, the NaNdF4@PB core@shell 

[239] and in more complex NaErF4@NaYF4@NaNdF4@PB core@shell@shell@shell [240] 

nano-objects, where a clear synergic PTT effect has been demonstrated. Its explanation 

involves an appearance of new cross-relaxation pathways (cross-relaxation (CR2) in Figure 30) 

operating in the presence of the PB shell. Indeed, in simple NaNdF4 nanoparticles exposed to 

irradiation at 808 nm, photons can be excited to the Nd3+ 4F5/2 state and then non-radiatively 

drop to the 4F3/2 level, at which photons can decay to lower energy states through radiative 

processes to generate the usual Nd3+ emissions at 900, 1058 and 1332 nm (transitions from 4F3/2 
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to 4I9/2, 
4I11/2, and 4I13/2, respectively). Cross relaxation (CR1) between the 4F3/2 to 4I15/2 and 4I9/2 

to 4I15/2 states of different Nd3+ ions, as well as between other nonradiative transitions to the 

ground state, generates the photothermal effect in NaNdF4 (Figure 30). The presence of the PB 

shell brought the continuous energy band of PB in close contact with the ladder-like energy 

levels of the NaNdF4 core. When photons in NaNdF4 drop from the 4F5/2 level to the 4F3/2 one, 

photons in the PB layer may jump from lower to higher energy states with the same energy 

difference as between 4F5/2 and 4F3/2, thereby forming new cross relaxation (CR2) pathways 

with shorter energy relaxation distances and higher non-irradiative energy losses. This will 

generate more heat in the NaNdF4 and bring the absorbed photons closer to the maximum 

absorption of the PB at the same time. 

 
 

Figure 30. Simplified diagrams of: a) the radiative and nonradiative processes in a single Nd3+ 

ion; b) the cross-relaxation between Nd3+ ions in the NaNdF4 core; c) the generation of new 

cross-relaxation pathways (CR2) between Nd3+ ions in the NaNdF4 core and the PB shell.  

 

The onion-like NaErF4@NaYF4@NaNdF4@PB core@shell@shell@shell nano-objects 

encapsulated in phospholipid PEG micelles were used for the demonstration of an efficient PTT 

treatment in vivo using intratumour (i.t.) injection on U14 tumour-bearing nude mice. The size 

of the tumour in control groups (pure saline injection and NaErF4@NaYF4@NaNdF4@PB 

injection without 808 nm laser irradiation) increased about 6-fold, while the size of the tumour 

decreased to half its size after the PTT treatment with nano-objects (see Figure 31). These 

nanoheterostructures constitute a nice example demonstrating a synergy of the PTT properties 

providing an important enhancement of treatment efficiency. Moreover, the 

nanoheterostructures not only demonstrated the enhanced PTT action but also can be followed 

by optical imaging (NIR emission thanks to the presence of the NaErF4 core). This therefore 

consitutes a nice example of theragnostic nano-objects (see after).  
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Figure 31. (a) Monitoring the tumour treatment outcome through NIR (window II) imaging, 

which was recorded at 0, 7, and 14 days post photothermal treatment. (b and d) The average 

tumour volume and weight in three groups of BALB/c mice, including two control groups 

(intratumorally injected with saline or a NaErF4@NaYF4@NaNdF4@PB encapsulated in a 

phospholipid PEG micelle (PEG-CSS) and the PTT-treated group (both with the 

NaErF4@NaYF4@NaNdF4@PB nano-objects and 808 nm laser irradiation). All of the PTT 

treatment groups utilized an 808 nm light dose of 1 Wcm−2 for 10 min. Reproduced from 

Ref.[240] with permission from the Royal Society of Chemistry.  

 

III.3.1.2. PTT assisted drug delivery: towards a synergy 

Many preclinical researches have demonstrated that complete eradication of tumour cells 

with only the PTT treatment is rather difficult due notably to the suboptimal laser energy 

in deep tissues related to the light scattering and absorption effects, limited light 

penetration and the insufficient tumour target specificity of PTT agents. [298] One of the 

promising strategies to increase their killing ability and improve the tumour growth inhibition 

(TGI) efficiency consists in the combination of PTT with another therapeutic tool, such as, for 

instance, a drug delivery. In that way, the latter is usually assisted and controlled by the PTT 

action improving indeed the malignant cells killing. Several examples of nanoheterostructures 

combining PB with Fe3O4, [210], [213] Au[189], [204] porous silica or PMO[255], [256], [261] 

or CaP [299] loaded with classical anticancer drug doxorubicin (DOX) have been developed 

and the combined efficiency of the PTT/drug delivery has been evaluated. In these nano-
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objects, the PB component responsible for the PTT may appear as a core or as a shell and DOX 

was inserted either in the pores of the PB network (porous or hollow) or into the porosity of the 

silica, PMO or into organic shells surrounded the nano-objects. Some of these works noted that 

the killing ability of the combined PTT/drug release is higher in comparison with the sum of 

two separate actions and demonstrated indeed the synergy. In others, the PTT improves and 

controls the release of DOX, but the clear demonstration of the synergy has not been proven. 

Table 8 summarizes the main characteristics of these multifunctional nanoheterostructures. 

 

Table 8. in vitro CT, PTT and DOX release performances reported. a808 nm. SiO2-EDA = 

mesoporous SiO2 with N-[3-(trimethoxysilyl)propyl]ethylenediamine within the walls, DSPE-

mPEG(2000) = 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 

glycol)-2000], PAA = polyacrylic acid ; IBU = ibuprofen. 

Ref. Nanoheterostructure  Type of the 

DOX loading 

DOX loading/g 

per g-1 of 

nanomaterials 

Action 

[189] Au@PB yolk@shell DOX in the 

PB pores 

and/or in 

empty space 

between the 

core and the 

shell 

0.11 - Combination of chemodynamic 

therapy with drug release  

- DOX release: 75 % after 6 h at pH = 

6.0 in the presence of H2O2, while only 

17.3 % without H2O2 

- Cell mortality in vitro: 81.59 % at 2.5 

μg.mL−1 of DOX/irradiation, 17.49 % 

only DOX 

- Synergic effect demonstrated in vivo 

on TGI 

- Additional: CT imaging due to the 

presence of the Au core 

[204] PB@PAA-Au Janus DOX loading 

through 

interactions 

with PAA 

0.24 - PTT assisted DOX release at pH = 

5.3  

- Cell mortality in vitro: 92 % for 

PTT/DOX, while only 57.2 % without 

PTT 

- Synergic effect demonstrated in vivo 

on TGI  

- Additional: CT imaging due to the 

presence of the Au core 

[210] Fe3O4@PB DOX in the 

gelatin shell 

n.d. - PTT and gelatinase assisted DOX 

release: 72.2 % of DOX was released 

during 48 h with enzyme triggered 

hydrolysation of gelatin-DOX, only 

21.2 % of cumulative DOX was 

released without gelatinase 

- Cell mortality in vitro:  

84 % PTT/DOX (31 % only DOX) 

(concentration 80 g.mL-1) 

- Additional: magnetic targeting 

improved PTT action (cell mortality in 

vitro: 18 % with the PTT without 

magnetic targeting and 29 % combined 

PTT and magnetic targeting) 
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[213] Fe3O4@PB  DOX into the 

DSPE-mPEG 

2000 shell 

n.d. - PTT assisted and pH dependent DOX 

release  

Dox release : 86.9 % within 72 h at pH 

= 5.0 (24.7 % at pH = 7.4). 

- Cell mortality in vitro : 74.4 % 

PTT/DOX, 56.5 % for PTT only and 

53 % for DOX only (concentration 10 

g.mL-1). 

- Synergetic effect demonstrated for 

PTT-drug delivery 

- Additional: magnetic targeting 

improved PTT-drug delivery action 

(cell mortality in vitro: 91.5 % with 

magnetic targeting) 

[255] PB@SiO2 DOX into the 

silica pores, 

PEG on the 

surface  

1.31 - PTT assisted and pH dependent DOX 

release  

DOX release: 46.6 % at pH = 5.0, 

while 3.1 % at pH 7.4 in 48 h 

- Cell mortality in vivo : 56.5 % 

PTT/DOX (18.1 % only DOX, 4.8 % 

PTT only) with concentration 250 

g.mL-1 

- Synergy demonstrated in vitro 

- Additional: MRI and PA imaging  

[256] PB@PMO DOX into the 

PMO porosity, 

Cy5.5 

(fluorophore) 

Maleimide 

0.23 - PTT assisted and pH dependent DOX 

release:  

50.3 % with PTT (40.0 % without) at 

pH 5.5;  

27.6 % with PTT (16.3 % without) at 

pH 7.4 

- Cell mortality in vitro: 78.6 % 

DOX/PTT (ca. 40 % only DOX) 

(concentration 1 mg.mL-1) 

- Additional: MRI, PA imaging  

[261] SiO2-EDA@PB DOX in the 

PB or silica 

pores 

0.275 - PTT assisted and pH dependent DOX 

release: 92 % PTT (73 % without) at 

pH = 5 after 24h 

- Cell mortality in vitro: 100 % 

PTT/DOX, 80 % without PTT 

(concentration 250 mg.mL-1) 

- Efficiency demonstrated in vivo 

- Additional: PA imaging  

[258] PB porous@SiO2 DOX in the 

silica shell 

IBU in the PB 

pores 

0.23 

IBU (0.72) 

- Dual key and lock drug (IBU and 

DOX) carrier 

- Chemo/PTT effect showing synergy 

in the cancer cells eradication (in vitro 

97 % of the cancer cells killed with the 

concentration of 500 g mL-1 and in 

vivo demonstration) 

- Additional: T2 weighted MRI 

imaging  

[299] Hollow PB@CaP 

core@shell 

DOX in 

hollow PB 

1 - pH responsive PTT assisted drug 

delivery 
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Size: 110 nm core, 

160 nm whole size 

- Cell mortality in vitro : 95 % for the 

concentration 100 g.ml-1 

 

Fe3O4@PB nanoheterostructures enwrapped by gelatin or PEG were studied in vitro only on 

HeLa cells showing in both cases a combined effect of PTT/DOX release associated also with 

magnetic targeting thanks to the presence of the magnetic Fe3O4 component. For example, the 

observed cell mortality achieved ca. 84 % after PTT assisted DOX delivery treatment with 

Fe3O4@PB nano-objects coated with DOX loaded gelatin, while without laser irradiation, the 

cell mortality was only ca. 31 % at the same concentration. [210] Similar conclusions were 

drawn when using Fe3O4@PB coated with DSPE-mPEG(2000)-DOX (Table 8). [213] 

Moreover, the effect of a local magnetic field in the enhancement of therapeutic effect through 

magnetic targeting has been demonstrated. [209], [212] These results show an interesting 

potential of these nano-objects for combinatorial PTT/chemotherapy based on substantial 

synergic effects. [210], [213]  

Nice PB@SiO2 nanoheterostructures covered with PEG (see section III.5) [255] present DOX 

in the silica pores with a very high loading of 1.31 g of DOX per gram of nanoheterostructures 

with a liberation of 42 % after 8 h (at pH = 5) thanks to the mesoporosity of the silica shell. 

Such nanoheterostructures were used for the investigation of a synergic therapeutic effect of 

the PTT assisted drug delivery in vitro and in vivo, as well as for the demonstration of the 

theragnostic potential of these nanoparticles, since the nanoparticles can be visualized by using 

MRI and PA imaging techniques on MCF7 tumor-bearing nude mice. Thus, a cell mortality of 

56.5 % has been obtained under NIR irradiation assisted drug delivery in the presence of 

nanoheterostructures with the concentration of 250 g.mL-1, while only 18 % of cancer cells 

has been killed without PTT treatment (Table 8). It has been demonstrated that the cell-killing 

ability of the PB@SiO2 nanoheterostructures with PTT assisted drug release was higher than 

the sum of the PTT treatment and the chemotherapy separately, which proves the synergic effect 

in the malignant cell killing. A significant increase in tumour growth inhibition (TGI) in the 

case of PTT/DOX delivery compared with the PTT treatment alone has also been shown. 

Similarly, PB@POM nanoheterostructures functionalized with fluorophore Cy5.5-maleimide 

were loaded with DOX. An important liberation of the loaded drug (50 %) has been obtained 

under NIR irradiation at 808 nm, which is much higher in comparison with the DOX release at 

pH 5.5 after 48h without irradiation (40 %). This combined effect conducts to an important cell 

mortality of 78.6 % (over only 40 % without NIR irradiation) with a concentration of 1 mgmL-

1. Moreover, T1-weighted MR and PA imagings demonstrate the accumulation of such 

nanoheterostructures in MDA-MB-231-Luc tumor-bearing nude mice showing the possibility 

to employ these nano-objects as theragnostic agents and the added value of the PTT assisted 

drug release was also demonstrated in vivo. [256] Similar results demonstrated the possibility 

of the PA imaging-guided PTT assisted drug delivery has been reported by using SiO2-

EDA@PB nanoheterostructures. They showed an enhanced DOX release in the presence of 

NIR irradiation (92 % after 24h with NIR irradiation, while only 73 % without at pH = 5) and 

an almost total eradication of the cancer cells (only 80 % without PTT) in vitro with the 

treatment of 250 gmL-1 of nanoheterostructures (Table 8).[261] These results have also been 

confirmed in vivo. The ability of these nanoheterostructures to be visible by PA imaging permits 

therefore, the development of new theragnostic agents. Following a similar idea, porous PB 
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core@SiO2 shell nanoheterostructures encapsulated two types of drugs, ibuprofen in the PB 

pores and DOX in the silica shell and demonstrated the PTT assisted dual drug release with 

synergic therapeutic effect in vitro and in vivo. [258] In that case, the porous structure of the PB 

network obtained in the hydrothermal conditions provides an additional possibility of drug 

loading/release and the possibility of T2-weighted MR imaging.  

Finally, Au@PB yolk@shell nanoheterostructures have also been developed as new 

theragnostic tools for the association of the CT imaging with chemodynamic therapy and drug 

release, acting in synergy. [189] These nano-objects efficiently converted H2O2 to ·OH, which 

in turn lead to the degradation of the PB framework and induced in this way the enhancement 

of the DOX release. The latter was 75 % after 6 h at pH = 6.0 in 500 M H2O2, while it was 

only 17.3 % without H2O2. In vivo experiments performed on SMMC-7721 or MDA-MB-231 

tumour-bearing nude mice with combined ·OH generation/DOX release[189] demonstrated an 

almost total TGI (day 20). The combination of CT imaging with the synergetic PTT/DOX 

action was also demonstrated in vivo for PB@PAA-Au Janus nanoheterostructures with a TGI 

of 92.9 %, while it is 67.1 % without DOX and 31.4 % without NIR irradiation. [204] 

 

III.3.1.3. Synergistic effects between PTT/PDT and PTT/radiotherapy 

Several studies showed the occurrence of a synergic effect between PTT and PDT linked with 

different phenomena, such as plasmon induced resonance energy transfer (PIRET) in the 

multicomponent Au@PB@Cu2O@BPQDs nanoheterostructures due to the presence of Au 

nanorods and PB shell, [205] porphyrins assisted enhancement of the photocatalytic properties 

of PB promoting the yield of singlet oxygen (1O2) in the PB@porphyrine doped MOFs, [249] 

or tandem catalysis able to convert H2O2 to O2 and then to produce highly reactive 1O2 in the 

PB@zirconium porphyrin core@shell nanoparticles. [236] 

In the first example, multicomponent complex Au@PB@Cu2O@BPQDs nanoheterostructures 

have been developed as a smart PIRET-mediated nanoplatform for enhanced, multimodal 

imaging-guided dual PTT/PDT (Figure 32). They present an important NIR absorption and the 

ability to self-supply O2 by catalyzing hydrogen peroxide and to convert O2 into singlet oxygen 

species, 1O2, under irradiation at 650 nm in significantly higher amounts compared to 

Au@Cu2O nanoparticles without the PB shell. The in vitro and in vivo assays showed that the 

combined effect of the generated heat and the toxicity of the singlet oxygen permitted 

effectively to kill the cancer cells and to totally eradicated tumour when injected into HeLa 

tumour bearing nude mice at day 14. [205] Moreover, these nanostructures may be visible by 

T1-weighted MRI and PA imaging leading to the possibility of a dual diagnostic technique.  
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Figure 32. Schematic representation of the complex multifunctional Au@PB@Cu2O@BPQDs 

nanoheterostructures showing multimodal imageries and PTT/PDT enhanced therapeutic effect 

involving PIRET phenomenon (BPQD = black phosphorus quantum dots). 

 

The second example concerns the PB@UIO-66-TCCP nanoheterostructures, where UIO-66-

TCPP denotes MOF networks doped with TCPP = tetrakis(4-carboxyphenyl)porphyrin. [249] 

In that case, a 660 nm red light can trigger the photocatalytic activity of the synthesized MOFs 

to generate 1O2 with a higher amount in comparison with the pure MOF structures without PB. 

It was proposed that this phenomenon is due to the formation of a heterojunction between the 

outer MOF UIO-66-TCCP shell and the internal PB core, which accelerates the charge transport 

and separation efficiencies beneficial for the production of the active oxygen photogenerated 

electron−hole pairs (Figure 33). 

 

Figure 33. Schematic representation of the proposed photocatalytic mechanism of 

heterojunction photocatalysts in the PB@UIO-66-TCCP nanoheterostructures. 

 

Such nanoheterostructures were used for their antibacterial and wound healing properties. The 

experimental results showed that PB@UIO-66-TCCP demonstrated an excellent antibacterial 
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efficiency in the eradication of S. aureus and E. coli bacteria (ca. 99 %) under dual irradiation 

at 660 nm for PDT and at 808 nm for PTT, proving indeed the synergistic PTT/PDT action. 

The efficiency of antibacterial treatment under irradiation at 660 nm involving PB@UIO-66 

nano-objects without porphyrin doping was only 53.87 % and 51.9 %, respectively, for the two 

bacteria (Table 8). The last example showing multimodal image-guided combined PTT/PDT 

therapy is related to PB@zirconium phosphine core@shell nano-objects. [249] Interestingly, 

such a combination allows H2O2 conversion to O2 thanks to the catalase activity of PB, which, 

in turn, enhanced PDT performed by the zirconium phosphine shell. This PDT/PTT tandem 

through the dual 600/808 nm irradiation on CT26 cell lines showed to be highly efficient in 

vivo with a TGI of ca. 100 % on CT26 bearing nude mice. Moreover, the possibility of MRI, 

PA, IR and fluorescence imaging has also been tested on these nano-objects.  

A synergistic effect between PTT and radiotherapy was demonstrated in two works using 

different systems, PB@Au stabilized by PEI-PEG functionalities [200] and hollow PB@Bi2O3 

core@satellites nanoparticles. [300] In the former, the capability of the nanoheterostructures to 

simultaneously be PTA and radiosensitizer was quantitatively evaluated by MTT assays. More 

than 88 % of the cancer cells treated with PB@Au without irradiation were still alive up to the 

concentration of 0.4 mg.mL-1. The cell viability greatly dropped to 63 % after NIR laser 

exposures, and it was only 11 % after the synergistic action of these two therapies. The in vivo 

efficacy of the combined treatment was demonstrated on 4T1 tumor bearing nude mice with a 

near total eradication of the tumors in several days (TGI ~ 94.35 %). It has been proposed that 

the synergic effect is linked with different actions of two treatments: radiotherapy could kill 

deeply located cancer cells, and PTT makes the radio-resistant hypoxic cells more sensitive to 

X-rays helping, then, their eradication. On the other hand, the PB@Bi2O3 core@satellites 

nanosystems comporting hollow PB nanocubes of 120 nm with ultra-small 3–5 nm Bi2O3 

satellites also exhibited a dual PTT-radiotherapy action enhanced by the oxidative stress effect 

of the nano-sized PB (Fenton reaction). The demonstrated cell mortality was 55 % as both 

radiotherapy and PTT treatments have been applied, and 50 % with only the PTT action for the 

concentration of 100 g mL-1 of nanoparticles. [300] 

 

III.3.2. Multifunctional agents 

In the previous subsection, we described nanoheterostructures in which several components 

bringing specific properties acted together, providing clearly demonstrated synergetic effects. 

However, in most cases, the juxtaposition of different properties is usually obtained, leading to 

the appearance of a simple multifunctionality where the properties act separately. The 

development of such multifunctional nanomaterials is therefore very important, particularly for 

biomedical applications with the aim to design new theragnostic agents combining therapeutic 

functions with different imaging or novel multimodal nanoprobes working simultaneously with 

different imaging techniques.  

Theragnostic is a term derived from the combination of thera(py) with (dia)gnostic in a single 

nano-object for its employment in the next generation of nanomedicine with the ultimate goal 

to improve patient outcomes and safety through a personalized approach to medicine. 

Therefore, theragnostic nano-objects should contain both therapeutic and imaging components, 

allowing the disease’s diagnosis, its treatment and the evaluation of the treatment efficacy 
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successively. In the recent years, a great effort has been made in the development of such 

theragnostic nanomaterials based on magnetic iron oxides, gold nano-objects, porous silica 

nanoplatforms, up-converting nanoparticles, [301] and numerous reviews have been devoted to 

this topic. [302], [303], [304], [305], [306], [307] In parallel, recent decades have seen important 

progress in the design of multiple nanoprobes for multimodal imaging bringing complementary 

information about pathologies from different imaging modalities with a single injection of a 

contrast agent. [308] As other inorganic theragnostic or multimodal imaging nanoplatforms, the 

development of PB(A)s based nanoheterostructures has been oriented in these two perspectives 

and numerous promising theragnostic agents and less numerous multi-imaging contrast agents 

with a PB(A)s component have been proposed. In most cases, PB is usually used as PTA for 

the PTT and as a contrast agent for the PA imaging thanks to its optical properties, and other 

inorganic components bring complementary functions. In the next subsections, we classified 

PB(A)s’ nanoheterostructures in two categories: (i) theragnostic agents involving PTT and 

different imaging tools, and (ii) nanoprobes for multimodal imaging. 

  

III.3.2.1. Theragnostic agents involving PTT and different imaging tools. 

Among various theragnostic strategies, one obvious and probably the most explored approach 

relates to the association of the MRI technique for diagnosis with the PTT therapeutic tool. In 

the previous sections, we demonstrated that the PB nanoparticles are able to act as an efficient 

and stable PTA. On the other hand, their performance as the MRI contrast agent is relatively 

limited because they exhibit only a modest longitudinal relaxivity (r1) value in comparison with 

commercial T1-weighted contrast agents. [79], [78] Two different strategies have been 

developed with the aim to improve the MRI performance of the nano-sized PB and combine 

this technique with the PTT. The first consists in increasing the longitudinal relaxivity of PB 

nano-objects through their doping with paramagnetic high spin ions, such as Gd3+(S = 7/2) or 

Mn2+ (S = 5/2), leading to rising r1 values and then improving MR contrast of T1-weighted 

images. [103], [229] Several articles report on the theragnostic PTT-MRI action of such 

nanoparticles. [79] Another approach comprises designing nano-heterostructures, where PB is 

combined with T2-weighted nanoprobes, such as, for instance, Fe3O4, lanthanide ions doped, 

MnO2 or FePt nano-components. But in some articles, PB nanoparticles themselves were used 

as positive MRI CAs even with a relatively low r1 values. [184] Remarkably, one work reported 

on core@shell nanoheterostructures of PB@SiO2 with highly porous PB core, which present 

exceptionally high longitudinal and transverse relaxivities. [258] Examples of various 

nanoheterostructures promoting the combination of the PTT properties with the MRI imaging 

investigated in vitro and in vivo are summarized in Table 9. 

 

Table 9. Reported data for imaging and PTT performances for theragnostic 

nanoheterostructures. The r1 and r2 values are given relative to the nanoparticle’s concentration 

with a 3.0 T field except when specified. a[Fe], b[Dy], c0.5 T, d7 T. PLL = poly-L-lysine, PDA 

= polydopamin, BSA = bovine serum albumin, PEG = polyethyleneglycol, DOX = doxorubicin, 

AlPc = aluminium phtalocyanin, HA = hyaluronic acid, PEI = polyethylenimine, PAH = 

poly(allylamine), BPQDs = black phosphorus quantum dots, PCN = zinc phosphine, MEM = 

tumor cell membrane extract, PMO = periodic mesoporous organosilica, CQDs = carbon 

quantum dots. GNR = gold nanorods, Anti HER2 = human epidermal growth factor receptor 2, 



70 
 

DOPC = 1,2-dioleoyl-sn-glycero-3-phosphocholine, DSPE-mPEG(2000) = 1,2-distearoyl-sn-

glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]; g-PEG = NH2-PEG 

(5 kDa). 

Ref. Nanoheterostructur

es  

Stabilizing 

agent 

Imaging 

 

Therapy 



Theragnostic 

action 

[200] PB@Au 

core@sattelites 

87 nm/13.2 nm 

PEI-PEG MRI  

(relaxivity r1=7.48 

mM-1.s-1 a, r2=8.02 

mM-1.s-1 a), CT 

PTT (ir=808 nm, 

=n.d.),  

radiosensive 

therapy 

Therapy: synergy 

in PTT and 

radiosensitive 

therapy, 

Dual MRI, CT 

imaging 

[184] Au@PB 

core@shell 55 nm/ 11 

nm 

hyaluronic 

acid 

MRI,  

(relaxivity r1=0.86 

mM-1.s-1 a, r2=5.4 

mM-1.s-1 a), SERS 

PTT, PDT 

(ir=808 nm, 

44 %) 

Therapy: 

PTT/PDT synergy 

demonstrated 

Dual SERS, MRI 

imaging: 

[205] Au 

nanorods@PB@Cu2

O 

@BPQDs 

core@shell@shell@s

atellites 

multicomponent 

nano-objects Au 

nanorods 110 nm/ PB 

shell 10 nm 

 

poly- 

(allylamine) 

MRI 

(relaxivity 

r1=5.578 mM-1.s-1 
a r2=n.d.), PA 

PTT/PDT 

(ir=650 nm,  

=25.73) 

Therapy: 

plasmon-induced 

resonance energy 

transfer (PIRET) - 

mediated 

nanoplatform for 

PDT/ PTT 

Imaging: MRI 

and PA 

[241] NaDyF4:50%Lu@PB 

core@shell 25-38 nm 

core/2.5 nm shell 

 MRI  

(relaxivity r1=0.11 

mM-1.s-1 b, c 

r2=2.19 mM-1.s-1, 

b, c 337 mM-1.s-1 b), 

CT 

PTT (ir=808 nm, 

 =50.7 %, 

ir=785 nm, 

=60.6 %)  

- 

[240] NaErF4@NaYF4@ 

NaNdF4@PB 

core@shell@shell@s

hell 

Size: 14.9/27.7/51.1 

nm  

Phosphlipid 

-PEG 

Optical imaging 

exc=980 nm, 

em=1525 nm 

(Er3+) or exc=808 

nm, em=1064 nm 

(Nd3+) 

PTT (ir=808 nm, 

=50.5 %) 

Therapy: 

enhanced PTT 

through cross 

relaxation 

(synergy) 

Imaging: NIR 

Er3+ fluorescence 

(exc. at 980 nm) 

(window II) 

[242] CaMoO4:Eu@SiO2@

Au nanorods 

satellites/PB 

Multicomponent 

nano-objects 

Anti HER2 Optical imaging 

exc=464 nm, 

em=615 nm, 

SERS 

PTT 

(ir=808 nm, 

=30.6) 

- 

[209] Fe3O4@PB  

well definite 

core@shell 15-20 

nm/3 – 6 nm 

- MRI 

(relaxivity r1=n.d. 

r2=58.9 mM-1.s-1) 

PTT (ir=808 nm, 

=n.d. 

- 
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[212] Fe3O4@PB@CuInS2-

ZnS 

core@shell@satellite

s 

40.1 nm /5 nm 

PEI/BSAhya

luronic acid 

MRI 

(relaxivity r1=n.d. 

r2=1.92 mM-1.s-1 
a), 

NIR fluorescnece 

PTT (ir=808 nm, 

=n.d.) 

Therapy: PTT 

improved with 

magnetic 

targeting 

 

[214]  Fe3O4@PB  

Core@shell not well 

define 12–15 nm 

core/3-5 nm shell 

 

PDA, BSA 

aluminum 

phthalocyani

ne 

(AlPc) as 

PDT photo-

sentisizer 

Trimodal 

imaging: MRI 

(relaxivity r1=n.d. 

r2=61.45 mM-1.s-

1,d), NIR 

fluorescence, PA 

PTT/PDT 

(ir=660 nm, 

=22.3 %) 

Therapy: 

combined 

PDT/PTT with 

magnetic 

guidance 

 

[211] Fe3O4@Gd3+ doped 

PB  

core@shell 8nm 

core/10 nm shell 

- MRI 

(relaxivity r1=5.5 

mM-1.s-1 

r2=126 mM-1.s-1) 

PTT (ir=808 nm, 

=16.1 %) 

- 

[250] PB@zirconium 

phosphinecore@shell 

110 nm core/15 nm 

shell 

MEM MRI 

(relaxivity n.d.),  

fluorescence, PA, 

IR 

PTT/PDT 

(ir=808 nm, 

=n.d.) 

Therapy: 

PDT/PTT synergy 

demonstrated 

Imaging: 

multimodal MRI, 

fluorescence, PA, 

IR 

[221] PB@MnO2 

core@shell 50 nm 

core /5-39 nm shell 

- MRI 

(relaxivity r1=4.9 

mM-1.s-1 

r2=15.4 mM-1.s-1), 

PA 

PTT (ir=808 nm, 

=n.d.) 

Therapy: PTT, 

oxygen regulation 

of the exografted 

breast cancer 

 

[149] PB@SiO2 

core@shell 82 nm 

core/34 nm shell 

PEG/DOX MRI 

(relaxivity n.d.), 

PA 

PTT/drug release 

(ir=808 nm, 

=n.d.) 

Therapy: PTT 

assisted pH 

responsive drug 

release,  

Imaging: MRI, 

PA in vivo 

[258] Porous PB@SiO2 

core@shell 

dendrimer-like silica 

shell  

PEG 

IBU 

included in 

the PB, 

DOX in the 

silica shell 

MRI 

(relaxivity r1=17.2 

mM-1.s-1 

r2=193.3 mM-1.s-

1), fluorescence 

PTT assisted dual 

drug release 

(ir=808 nm, 

=n.d. ) 

Therapy: PTT 

assisted dual drug 

release (IBU and 

DOX), synergic 

therapeutic effect 

Imaging: T2 

weighted MRI in 

vivo,  

[271] PB@CQDs 

core@shell  

50 nm core 

- Optical imaging 

exc=400 nm, 

em=460 nm, 540 

nm 

PTT (ir=808, 

=30 %) 

- 

[224] PB/MnO2 Polydopami

ne linked 

with 

chlorine e6 

MRI 

(relaxivity n.d.) 

PTT/PDT 

(ir=660 nm, 

=n.d.) 

Therapy: dual 

PTT/PDT 

synergy claimed 

(but not proved) 

High therapeutic 

effect PTT, ROS 
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generation, 

oxygen 

production from 

H2O2 

Imaging T1 

weighted MRI 

Complete 

eradication of 

cells/tumour  

[197] PB@FePt 

core@satellites 

Hyaluronic 

acid, g-PEG 

MRI,  

(r2 = 15.58 mM-

1.s-1), CT, PA 

PTT (ir=808 

nm, =28.14 %) 

chemodynamic 

therapy 

Dual therapy: 

chemodynamic 

and PTT, but 

synergy is not 

demonstrated 

Imaging: MRI, 

CT, PA 

[300] Hollow PB@Bi2S3 

satellites 

120 nm core, 3 – 5 

nm satellites 

- CT PTT/radio-

therapy (ir=808 

nm, =29.26 %) 

Dual PTT-

radiotherapy 

enhanced by 

oxidative stress 

(Fenton 

reaction) 

Cell mortality: 

PTT/RT 55 % 

for 100 g ml-1 

Imaging : CT 

 

Among those, several reports are related to the combination of Fe3O4 core with the PB shell 

(see section III.2.1), the magnetic iron oxide part being exploited as T2- weighted (negative) 

MRI contrast agents and also for magnetic targeting and the PB component as the NIR-driven 

PTA. [209], [212], [214] Generally, such nanoheterostructures were covered with 

biocompatible molecules or species, such as PDA (polydopamine), AlPc (aluminium 

phthalocyanine), BSA (bovine serum albumin), [212] and hyaluronic acid (HA) [214] in order 

to render them biocompatible, well dispersible and stable in physiological media at 

physiological pH. The reported transverse relaxivity values, r2, comprised in the range 58 – 62 

s1mM1 are relatively modest in comparison with those of the commercial negative contrast 

agent Endorem (93 mM1s1 at 3 T), [309] usually used as a benchmark for iron oxide 

nanoprobes, with the exception of Fe3O4@Gd3+- doped PB nano-objects showing r2 = 126 

s1.mM1. However, the reported works demonstrated that these nanoheterostructures can easily 

be followed by the MRI technique. All these nanoheterostructures demonstrated a good PTT 

performance providing an efficient temperature elevation under irradiation between 600 and 

808 nm. It depends on several parameters, including the type of the nano-system, the 

nanoparticle concentration, laser power, surface of irradiation, type of irradiation (single or two 

photons), molar extinction value, wavelength of irradiation and others, and it is not possible to 

qualitatively compare their PTT activity based on only these results. We can only state that in 

all cases, the temperature elevation permitted the cancer cells eradication. However, some 
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works (see Table 9), report on the light-to-heat conversion efficiency allowing the direct 

comparison of their PTT performance between them and also with conventual PTT agents. For 

the Fe3O4@PB nano-systems, these values are comprised in the range 16–22.3 %. In 

comparison, the conventional PTA Au nanorods present a conversion efficiency of 22.1%. 

[310] Those nanoheterostructures were also tested in vivo with prior MTT assays with HUVEC, 

[209], [212] or 4T1[214] cells lines demonstrating their biocompatibility. In vivo MRI 

experiments were performed in reported cases and showed the accumulation of the 

nanoheterostructures in tumours using U87MG, [209] HeLa[212] or 4T1[214] tumour-bearing 

nude mouse model with i.v. injection. Remarkable TGI of 87.2 %, [209] 61.85 %[212] and ca. 

100 %[214] at day 18 were obtained by applying NIR-driven PTT when magnetic targeting was 

applied. [212], [214] In relation to the investigation of the PTT efficiency in vivo, Figure 34 

shows the local temperature increase in tumour under a NIR laser irradiation in the presence of 

Fe3O4@PB nanoheterostructures and under magnetic guidance. [212]  

Magnetic FePt alloy nanoparticles were also associated with PB in PB@FePt core@satellites 

nanostructures exhibiting dual chemodynamic-PTT therapy and presenting triple-modal 

MRI/CT/PA imaging possibility. [197] In these nano-systems, FePt nanoparticles brought the 

negative MRI contrast with the transverse relaxivity value of 15.58 mM1s1 thanks to their 

magnetic properties and CT imaging due to the presence of Pt. On the other hand, PB ensures 

PTT and PA imaging. Note that the PTT efficiency of these nanoheterostructures has been 

determined as 28.14 % and a relatively good cancer cell mortality of 75 % has been observed 

for a concentration of 90 g ml1. 

 

Figure 34. Thermographic images of mice 12h post i.v. injection of saline Fe3O4@PB 

functionalized with PDA and PDA/AlPc/BSA under a 660 nm laser (1 W.cm2) irradiation 
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during 5 min. (PDA= polydopamine, AlPc = aluminum phthalocyanine). Reproduced from 

Ref.[214] with permission from the Royal Society of Chemistry. 

 

Other nanoheterostructures designed as MRI/PTT theragnostic agents consist in the 

combination of Au and PB (see section III.1), where PB is used as both, the T1 relaxing MRI 

CA and the NIR driven PTA. The Au core or shell brought the PTT action or the combination 

between PTT and PDT treatments improving the ability of the cancer cell killing and offering 

the possibility to follow them with PA or CT imaging techniques. In the case of Au@PB 

core@shell nano-objects, a very high light-to-heat conversion coefficient of 44 % (at 808 nm 

irradiation) has been reported, but the synergic PTT effect between the two components has not 

been clearly demonstrated. The MTT assays were performed using 4T1[200], [184] and HeLa 

cells lines[205] to establish the cytotoxicity aspects related to these nanoheterostructures. In 

vivo studies were performed to investigate their TGI performances on 4T1 and HeLa tumor-

bearing nude mice showing interesting synergy of radiotherapy and PTT with 94.35 % TGI at 

day 14[200] or PDT/PTT with significant improvement of TGI compared to the PTT alone (See 

section IV-3-2-3). [184], [205] However, concerning the activity of these nano-objects as MRI 

CAs, the reported r1 values are not coherent from one work to another, probably due to the 

different modes of measurement and calculations and it is difficult to compare them.. 

Two examples of nanoheterostructures involving PB as the NIR-driven PTA were also 

developed by its coupling with NaDyF4:x%Lu[241] or MnO2. [221] The use of NaDyF4:x%Lu 

as one of the components allows considering the obtained nanoheterostructures (see section II-

3) both, as a T2 MRI CA and as nanoprobe for CT. The very high conversion efficiency of ca. 

60 % at 785 nm irradiation has been reported for these nanoheterostructures. [241] They were 

also tested in vivo on HCT116 tumor-bearing nude mice and followed by MRI and CT imaging. 

The irradiation at 785 nm at 0.67 W.cm2 for 5 min allowed the almost total eradication of the 

tumour at day 14. When using MnO2, the obtained nanoheterostructure could be used as CAs 

for MRI and for PA imaging. The last example of MRI/PTT combination with an additional 

multimodal PA and fluorescence imaging was demonstrated with the PB@zirconium phosphine 

nanostructures further covered with a CT26 tumour cell membrane (see sections II.4 and 

III.3.2.1). [250]  

Finally, a recent example of PB@silica shell nanoheterostructures containing porous PB core 

and porous silica shell able to be loaded by two different drugs, ibuprofen and DOX and 

designed as MRI guided PTT assisted dual drug delivery nanomedicine should be cited. 

Interestingly, these nanostructures present exceptionally high values of both relaxivities, r1 = 

17.2 and r2 = 193.3 mM1 s1, visibly due to the important porosity of the PB network. However, 

the mechanism of those has not been fully understood. The in vitro and in-vivo results indicate 

an almost total eradication of cancer cells or tumour in studied conditions. [258] 

Another category of theragnostic agents is based on nanoheterostructures combining PTT with 

optical imaging. The fluorescence is brought to these nanoheterostructures through carbon 

quantum dots[271] (see section III.3.2.1) or phosphors that could be either CaMoO4:Eu[34] or 

NaEr4@NaYF4@NaNdF4 (see section III.3). [240] In vivo experiments performed under 

irradiation were shown to limit tumour growth or lead to a TGI of ca. 50 %, respectively, when 

treating C6 or HeLa tumour-bearing mice with PB@CQDs[271] or 
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CaMoO4:Eu@PB@GNR@Anti HER2 by i.p. or i.v. injection. [240] A last example shows the 

combination of PA and CT imaging techniques with PTT using an Au@PB nanoheterostructure 

that shows a TGI of 100 % at day 6 on HT29 tumor-bearing nude mice with i.v. injection using 

the PTT alone. [179] 

 

III.3.2.2. Nanoprobes for multimodal imaging 

Current commercial contrast agents can usually be imaged by one imaging method bringing 

only impart uniparametric information. The concept of multimodal imaging nanoprobes refers 

to the design of smart multifunctional nanomaterials able to simultaneously provide signals for 

more than one imaging technique. Multimodal systems, in general, allow for utilizing the 

strengths of each imaging system while overcoming their limitations. [311], [312] Numerous 

inorganic nanostructures of different compositions, sizes, morphologies have been developed 

for this purpose. [312]  

Among those, several examples of nanoheterostructures involve PB as one of the components. 

Some of them focus on nanoheterostructures including PB as an element of imaging probes for 

surface-enhanced resonance raman scattering (SERRS), [164] SPECT [167] or dual imaging 

associating fluorescence and MRI [269], [254] or SERS and MRI. [186] Indeed, PB was shown 

to be an ideal Raman reporter exhibiting a single sharp peak at 2156 cm-1 related to the cyanide 

stretching vibration. [164] Such a particularity was exploited using Au@PB 

nanoheterostructures functionalized with poly-L-lysine (PLL) and anti-IgG antibodies, [164] 

hyaluronic acid, [184] vancomycin, [187] aptamers, [185] or ovalbumin. [186] With the help of 

the plasmonic enhancement of the gold core, the cyanide groups exhibited a specific, strong 

and stable SERS emission in the Raman-silent region (2000 – 2200 cm-1) that allows 

considering them as new probes for the SERRS technique. In two former cases, the potential of 

the SERRS imaging was validated in vitro by using specific cells, able to be recognized by the 

functional groups situated on the surface of the nanoheterostructures. These nanotags were 

further used for the development of a high-sensitivity immunoassay for detection cancer cells, 

bacteria or for in-vivo imaging at the single or even subcellular level. Au@PB 

nanoheterostructures also provided a visible brightness on the T1/T2 scanned MR images even 

if the longitudinal relaxivity value was found modest (0.86 mM-1.s-1). In order to improve it, 

Gd3+- doped PB has been used as a shell. [186] In that case, a high longitudinal relaxivity of 24 

mM-1.s-1 and an excellent contrast in the T1-weighted in-vivo MR images have been obtained. 

These works demonstrated a new potential of Au@PB nanoheterostructures as bimodal 

nanoprobes for zero-background SERS signal imaging coupled with MRI. [184], [186]  

A similar type of Au@PB structures (see section II.1.1) was used with further sorption of 

radioactive 201Tl+ ions to use them as a nanoradiotracers for SPECT imaging. [167] In that case, 

the nanoheterostructures were functionalized with dextran or a lipid bilayer, and SPECT was 

employed to investigate the nanoheterostructure biodistribution to determine the influence of 

the surface coverage and evaluate the kinetic of biodistribution in mice.  

Finally, two examples related to the design of multimodal imaging nanoprobes where MRI was 

combined with optical imaging consist in carbon spheres@PB functionalized with samarium 

ion through tricarboxylic acid [269] (See section II.6.1) or Mn3[Co(CN)6]2@SiO2 

nanoheterostructures. [254] The former system was used as both the MRI contrast agent and a 
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fluorescent marker showing transient localization of the nanoheterostructures in the brain, but 

both properties mainly come from the presence of paramagnetic and fluorescent Sm3+ attached 

on the surface of the nano-objects. In the latter, MRI was associated with two-photon excited 

fluorescence microscopy. Both properties come from the Mn3[Co(CN)6]2 core, but the 

longitudinal relaxivity enhancement (r1 = 10.52 mM-1s-1) is clearly observed due to the presence 

of a silica shell while the mechanism of this effect was not clarified. Most of these studies 

demonstrate the low toxicity of such nanoheterostructures and their long circulation time that 

makes them interesting agents for various imaging techniques in biological systems. Table 10 

summarizes the main characteristics of these nanoheterostructures.  

 

Table 10. Main characteristics of nanoheterostructures proposed as dual imaging nanoprobes.  

Ref. Nanoheterostructure Coating Imaging 

[184]  Au@PB hyaluronic acid SERRS emission in the 

Raman silent region 

MRI (r1=0.86 mM-1s-1) 

[164]  Au@PB polylysine/AntiIgG antibody SERRS 

[186] Au@PB ovalbumin SERRS emission MRI 

(r1=24 mM-1s-1) 

[168] Au@PB/206Tl+ Dextran, lipidic bilayer SPECT 

[269]  Cspheres@PB core@shell Benzene tricarboxylate/Sm3+ MRI (r2=12.93 mM-1s-

1) 

Fluorescence Sm3+ 

based (emission 563 

nm, 599 nm/excitation 

680 nm 2 photons) 

[254]  Mn3[Co(CN)6]2@SiO2 - MRI 

(r1=10.52 mM-1.s-1) 

2 photons fluorescence 

Imaging (excitation 

720 nm) 

 

III.4. Other applications 

III.4.1. Catalysis 

Few examples of discrete nanoheterostructures comprising PB(A)s combined with a metallic 

component, such as Pt, [192] Pd, [194], AgAu [198], or PdCo [191], were studied for their 

catalytic properties. Their elaboration is based either on the synthesis of the PB(A)s 

nanoparticles followed by subsequent addition of the same cyanometallate and the metal salt 

that will be reduced spontaneously in the reaction conditions to afford the metallic 

component[192], [194] or by the simultaneous formation of the PBA and the metallic 

component also obtained from a spontaneous reduction of the metal salt [191] or the post-

synthetic adsorptionof the organometallic precursor [AuI
2AgI

2(C6F5)4(OEt2)2]n followed by its 

spontaneous reduction[198] (see section II.1.1). The as-obtained discrete nanoheterostructures 

PB@Pt, [192] core@shell CoCo-PBA@Pd[194], NiCr-PBA@AgAu [198] and nanoflowers 

PdCo-PBA@PdCo [191] show in all cases tiny metallic or metallic alloy nanoparticles situated 

in the PB(A)s porosity or on the surface interesting for catalytic applications. Such intricate 

structures usually allow the observation of synergetic effects, which were demonstrated, for 
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instance, in the Suzuki coupling of aryl chlorides using CoCo-PBA@Pd [194] or in the case of 

the plasmon assisted reduction of 4-nitrophenol with enhanced catalytic effect in the presence 

of core@satellites NiCr-PBA@AuAg nano-objects. [198] In the former case, the enhanced 

catalytic activity has been explained thanks to : (i) the presence of Pd nanoparticles of almost 3 

nm without surface organic groups; (ii) the amounts of cavities and channels of the PBA 

supports, which benefit to reagent adsorption, (iii) the occurrence of metal nodes of the PBA 

usually having unique catalytic coordination environments, and (iv) the occurrence of two 

valent states of Pd including Pd(0) and Pd(II) in the catalyst. Further, in the Co3[Co(CN)6]2 

core, Co2+ ions may provide an extra electron to Pd maintaining then the charge balance. Thus, 

it is reasonable to expect that the Pd sites with the energetic electrons will exhibit superior 

catalytic activity in comparison with the pure Pd nanoparticles for the Suzuki reaction. Further 

experiments comparing this catalyst with others confirmed that the channels and cavities of the 

PBA, Pd(II) and Pd(0) contributed to the reaction, even when the PBA supports was not able 

to catalyze the reaction demonstrating the synergetic effect. 

In the latter case, the synthetic approach consists in the adsorption of the bimetallic precuror 

[AuI
2AgI

2(C6F5)4(OEt2)2]n onto preformed NiCr-PBA nanocubes followed by its spontaneaous 

reduction. This concerted adsorption/reduction mechanism afford NiCr-PBA@AuAg nano-

objects having the ultrasmall AuAg alloy satellites on the surface of the PBA cubes. Such 

nanoheterostructure presents improved catalytic activity for the reaction of the 4-nitrophenol 

reduction in comparison with the pristine NiCr-PBA. Moreover, these performances have been 

heightened upon light irradiation due to a plasmon-assisted catalytic effect originating from the 

bimetallic AuAg satellites. Note that the satellites keep their position on the PBA surface event 

after several catalytic cycles. [198] 

 

III.4.2. Caesium adsorption 

Certain radioactive isotopes (such as 137Cs with a long half-life of 30.2 years) are produced in 

the normal function of nuclear plants and are dangerous for the environment and for living 

organisms. As stated in Section I, bulk PB(A)s and their nanocomposites are widely used for 

removal of radioactive Cs+ in nuclear plants, and PB is well known under its trade name 

Radiogardase approved by FDA for decontamination of the human being. Recent 

developments in this field of research were orientated towards the use of supported PB(A)s 

nanoparticles demonstrating the capture of Cs+ in higher amounts with faster kinetics. [313] 

Two reports mentioned the use of discrete nanoheterostructures based on PB [49] or CuFe-PBA 

[267] combined with MWCNTs for electrochemically assisted adsorption [267] or Cs+ sorption 

associated by magnetic separation with the employment of iron oxide nanoparticles (see section 

II.6.1).[219] In particular, MWCNTs@CuFe-PBA show a large Cs+ sorption capacity of 171 

mgg1 with 95 % of the Cs+ removal in 1 ppm Cs+ solution, far above in comparison with the 

only CuFe-PBA materials (105 mgg1and 60 % of the Cs+ removal). Further, for 

MWCNT@CuFe-PBA hybrids, the maximum sorption capacity value can reach up to 310 

mgg1 when considering electrochemical adsorption. In the latter case, the distribution 

coefficient reaches up to 568 Lg1, while chemical adsorption system gives a smaller Kd value 

of 389 Lg-1. In addition to the remarkable Cs+ selectivity and removal performance, 

MWCNTs@CuFe-PBA hybrids can be recycled and show a high stability during Cs+ disposal. 
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This example clearly demonstrates the interest of such discrete nanoheterostructures allowing 

higher cesium ion removal performances compared to the PBA component alone and 

recyclability of the nanomaterial. 

 

III.4.3. Microwave absorption 

An ideal microwave-absorbing material should present a low density, a tiny thickness, a high 

efficiency, wide absorption frequency ranges, and a low cost. It should be noted that if PB(A)s 

were used as precursors through calcination to afford materials for such application, [314], 

[315], [316], [317] they have never been used alone as is. A recent paper demonstrates the 

interest of PB@MoS2 discrete nanoheterostructures for such application combining the high 

electrical conductivity and polarization effect of MoS2 with PB that is a porous semiconductor 

with room-temperature conductivity values ranging from 1011 to 105 Scm-1. [235] The 

PB@MoS2 nanoheterostructures were homogeneously mixed with a paraffin wax with different 

amounts of product, and toroidal shaped samples were prepared for measurements. The results 

showed the hybrid PB@MoS2 core@shell structure has excellent microwave absorbing 

properties with minimum reflection loss values of −42.83 dB with a thickness of 2.1 mm at 

16.46 GHz and −42.06 dB at the frequency of 11.44 GHz with a thickness of 2.5 mm with a 40 

wt% loading of PB@MoS2/wax. The effective absorbing bandwidth could reach 7.31 GHz at 

2.4 mm, 7.44 GHz at a thickness of 2.5 mm, and 7.17 GHz at a thickness of 2.6 mm. Comparison 

with PB nanocubes alone showed that the introduction of MoS2 layers resulted in a significant 

improvement in the microwave absorption property in both, relaxation and conduction losses. 

Such an observation was explained by the fact that in addition to how much defects and dipoles 

can enhance dielectric loss, and the wrapping of the PB nanocubes with several MoS2 stacked 

layers, the interfaces between MoS2 and PB cubes can also introduce more interfacial 

polarization to improve the absorbing properties demonstrating the interest of such 

combinations at the nanoscale. More recently, Fe3O4@PB core@shell nanoheterostructure was 

integrated in a composite in association with short carbon fibers and epoxy resin affording a 

butterfly-scale metamaterial absorber. [318] 

 

Outlook & perspectives 
In this Review, we have surveyed recent advancements in the design, properties and 

applications of nanoheterostructures involving nano-sized PB(A)s as a component associated 

with other inorganic materials. Indeed, these intricate nano-systems have attracted a great deal 

of interest in the two recent decades in several applicative domains due to their intrinsic 

multifunctionality allowing the appearance of synergic effects or separate actions of multiple 

physical and chemical properties. This type of nanomaterials emerged relatively recently in 

comparison with other inorganic nanoheterostructures, but they rapidly become active and 

competitive in the field of energy, biology and health, sensors, catalysis, decontamination etc. 

Even though Prussian blue (PB) has been discovered in the early 18th century, this material and 

its analogues (PBAs) are still a topic of intense contemporary research activities. From its initial 

discovery and its first application as a blue pigment, it has been the subject of renewed particular 

interest in the field of research twice since then. First, in the 20th century for the remarkable 
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magnetic and photomagnetic properties of some of its analogues and for their remarkable 

sorption properties of caesium ion in the disposal of nuclear waste, then around twenty years 

ago with the development of studies devoted to PB(A)s at the nanometric scale. Notably, what 

is known as bulk PB synthesized more than three centuries ago is actually a more or less 

dispersible aggregate of nanoparticles, referred to as the so-called “soluble” or “insoluble” 

forms. But what marked the revival of interest in this compound and its analogues at the 

nanoscale resides in the possibility to finely control the size, the morphology, the surface and 

the aggregation state and eventually the nanoparticle organization, and indeed their physico-

chemical properties. This, in turn, it gives a wide field of opportunities not only in the 

enhancement of performances for already identified applications but also open a door in new 

application fields. Indeed, PB at the nanoscale possesses remarkable sorption, catalytic, redox 

properties, efficient conversion of light into heat, stability, biocompatibility and others. 

Benefiting from decades of research on the development of inorganic nanoparticles, the 

synthesis and study of nano-sized PB(A)s has grown at a rapid pace. Thus, since 2000, research 

efforts have led to the development of PB(A) nanoparticle design from a few to several 

hundreds of nanometres stabilized by an electrostatic and/or a steric route in different media 

(aqueous, organic, liquid ionic etc.). A wide variety of stabilizing agents ranging from simple 

molecules and biomolecules (including numerous biomolecules of interest) to polymers, , have 

been used for this purpose.  

These advancements have paved the way for a finding to associate this material with other 

inorganic materials at the nanoscale, an activity that has accelerated considerably over the last 

decade. Indeed, modify or improve the properties of PB(A)s at the nanometric scale by playing 

on expected parameters, such as size, surface state, interface, and organization constitute a 

notable breakthrough, both in the understanding of the fundamental properties of these objects 

and in the development of their applicative potentials. However, the current needs in many 

application fields require considering a higher level of complexity involving the provision of 

different functionalities within the same nano-object, in particular via the development of 

nanoheterostructures, where each component provides one or more functions. This strategy 

constitutes a fascinating playground for the fundamental study of multifunctional materials 

with, in certain cases, the appearance of a functional synergy. Indeed, various inorganic 

materials, including nano-sized metals, metal oxides, silica, carbon materials, QDots, Ln3+ 

based materials, MOFs and POMs, have been associated with PB(A)s at the nanoscale. This 

type of association requires a good understanding of the phenomena occurring at the interface, 

which can be of various forms and geometries. Most of the obtained nanoheterostructures can 

be described as a core@shell morphology, including a simple core@shell, onion-like, 

yolk@shell geometries with, in some cases, multicore or multishell components. Although it 

appears to obtain clear evidence of a well-defined heterostructures, in such constructions, the 

components share large bonding heterointerfaces that may lead to chemical-physical properties 

distinct from those inherent to the individual components or synergic effects. Depending on the 

lattice matching between the core and the shell, the association may lead to 

nanoheterostructures with minimization of misfit strand or to nanoheterostructures presenting 

polycrystalline or even partially amorphous shell that may even lead in extreme situations to a 

discontinuous interface between the components called here core@satellites morphology. Note 

also that the satellites may take different shapes, including spheres, flowers or hairs. Obviously, 
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the quality features of the different components, as well as the structure of the connecting 

interfaces, have a profound impact on the ultimate properties. Thus, colloidal strategies to afford 

such nanoheterostructures reached a high level of synthetic ingenuity. 

Among the inorganic components associated at the nanoscale with PB(A)s, noble metals are 

one of the largest investigated families, the most frequently occurring in the literature being the 

combination with gold. The latter possesses at the nanoscale exciting properties that can be 

complementary to PB(A)s, such as SPR, conductivity, redox properties, fluorescence, high 

electronic density, efficient conversion of light-to-heat, stability and biocompatibility. Apart 

from gold, PB(A)s were also combined with platinum, palladium, silver or FePt alloy, mainly 

for the development of their catalytic properties. The richest morphological diversity (Figure 1) 

can be noted in this group of nanoheterostructures with core@shell (including yolk@shell), 

core@onion-like multishell, core@satellites and even Janus morphologies. Important progress 

should be noted in the design resulting in the synthesis of nice nano-objects with well definite 

components and clearly identified interface.  

On the other hand, the investigations of the interface were not yet deeply developed. Only a 

few works have report on the Au/PB(A)s interface studies by the XPS method and mention the 

presence of Au(CN)n species formed on the metallic gold surface, helping the formation of the 

PBA and assuring the covalent linkage between components. Such studies appear particularly 

relevant to provide a clear-cut picture of the growth mechanism and interaction between the 

components to ultimately understand the resulting proprerties.  

Another well-represented inorganic component of such nanoheterostructures are metal oxides. 

Among them, many examples dealt with magnetic metal oxides, such Fe3O4, -Fe2O3, and 

Co3O4, their magnetic properties being highly complementary to PB(A)s’ ones. But, few 

examples of non-magnetic metal oxides and also metal sulfides were also considered, including 

CeO2, MnO2, -Co(OH)2, CuS, MoS2 or CoS2. They bring catalytic or photocatalytic 

properties, suitable energetic bandgap as quantum dot, or intercalation properties. Of peculiar 

interest are nanomaterials involving lanthanide ions that are known for displaying remarkable 

optical properties. Up-conversion nanoparticles and phosphors, such as NaNdF4 or 

NaErF4@NaYF4@NaNdF4, NaDyF4:x%Lu, or CaMoO4:Eu were combined with great success 

to nanoheterostructures possessing highly interesting optical properties conducting to a great 

enhancement of PTT and development of theragnostic agents or multifunctional nanoprobes. 

Molecular nanomaterials, including porphyrins doped MOFs bringing photosensitizing 

properties or ZIF67 as precursors of metal sulfides and POMs for their photocatalytic 

properties, were also used as complementary components in nanoheterostructures with PB(A)s. 

Several examples in the literature also described nice examples of nanoheterostructures, where 

PB(A)s were combined with silica or PMO in order to benefit from the porosity, stability and 

easy surface functionalization of these latter. Finally, carbon nanomaterials were other 

candidates of choice to afford nanoheterostructures as they bring electronic conductivity for 

Carbon Nanotubes (CNTs) or luminescence properties for Quantum Carbon Dots (QCD). 

All those possible chemical combinations at the nanoscale associating PB(A)s with other 

inorganic components led to nanomaterials with a high degree of multifunctionality that can be 

exploited in many different applications. PB itself, but also many of its analogues, have been 

considered as materials in the energy field because of their redox and monocation insertion-

disinsertion properties. They, however, suffer from several drawbacks that may be partly 
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overcome when combining with other inorganic nanoparticles, a strategy that has been explored 

to develop nanomaterials for supercapacitors, water splitting or batteries. In the field of 

biosensors, due to their redox and catalytic properties, PB(A)s nanoheterostructures are 

materials of choice to develop the reactive chemical part constituting the core of the sensitive 

device in immune- and aptasensors, or H2O2 and small molecule detections. At last, the 

development of the controlled chemistry of PB(A)s at the nanoscale and their combinations 

with other inorganic nanomaterials have opened a new front of research considering these 

compounds in the biomedical field. Indeed, Prussian blue itself has been approved by the FDA 

for the removal of radioactive caesium or thallium from the living body, including human 

beings, for several decades. But only with its recent developments at the nanometric scale and 

its integration as a component in nanoheterostructures, these materials have seen a huge 

development as contrast agents in mono and multimodal imaging, as a therapeutic agent in 

therapy or as multifunctional agents for theragnostic. The association of complementary 

properties via a sophisticated chemical construction set associating different inorganic 

components at the nanometric scale, including PB(A)s, allows designing multifunctional 

nanoheterostructures possessing complementary skills optimizing their efficiency for 

applicative purposes.  

One of the most exciting issues of multifunctionality, interesting not only from the fundamental 

point of view but also for biomedical applications, is linked with a functional synergy of 

physical and chemical properties. Very nice examples of a synergic effect achieved through the 

PTT cross-relaxation mechanism allowing the PTT efficiency enhancement have been 

demonstrated on core@shell nanoheterostructures combined the PB shell with the lanthanide-

doped nanocore. A synergetic effect was also evidenced by designing of PTT/PDT multitherapy 

agents through the enhancement of photocatalytic properties of porphyrin-MOF based 

nanomaterial combined with PB by suppressing recombination of electrons and holes, or in 

tandem, catalysts associating PB in a complex nanoheterostructure with gold and copper oxide 

to convert H2O2 to O2 and then to 1O2. Moreover, PTT assisted drug delivery was largely 

developed with the nanoheterostructures associating gold or silica with PB leading to a 

spectacular increase of therapeutic efficiency and in the tumour growth inhibition effects 

compared to the ones from separated components. 

On the other hand, the simple superposition of the constitutive properties, in the sense where 

the properties act separately, gives the possibility to associate various types of imaging in the 

single nanoprobes or combine therapeutic treatment with imaging function, is of key 

importance in the biomedical area. In this line of thought, an important emphasis has been made 

to the development of PB(A)s based nanoheterostructures as theragnostic agents combined PTT 

with different imaging techniques.  

The association of PB(A) s with magnetic oxide nanoparticles, for example, allows designing 

theragnostic nanoparticles combined PTT with MRI, but also to concentrate these nano-objects 

via magnetic targeting within tumours and got a tumour growth inhibition effect close to 100 

% for small tumours. Furthermore, other nanoheterostructures involving Au, NaDyF4:x%Lu or 

MnO2 components allow a high degree of multifunctionality, sometimes involving an 

association of PTT/PDT therapeutic function with MRI, PA and CT imaging. The association 

of phosphors or quantum dots with PB(A)s also afford theragnostic agents with PTT and optical 

imaging.  
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After having summarized the recent advancement in the design of PB(A)s based 

nanoheterostructures, we would like to highlight some future directions in the design of 

nanoheterostructures. The search for synergistic effects undoubtedly constitutes an extremely 

attractive and rich field of research where PB(A)s have an important role to play, which is true 

in many different application fields. In fact, the synergic effect between the PTT properties of 

Au nano-objects and PB has been announced but totally unexplored, and mechanisms of such 

a collective action are completely ununderstood. The combined use of the NIR driving the 

photothermal effect of PB when the latter is associated with noble metals are known for their 

catalytic properties remains, for example, totally under-exploited. On the other hand, taking 

advantage of the strong NIR absorption of PB to provide an excitation for NIR emissive Ln3+ 

(Nd3+, Yb3+, Er3+), particularly relavant for optical imaging, have not been exploited yet.  This 

requires understanding the electronic structure levels to provide efficient sensitize paths. In the 

field of sensors, PB, due to its redox properties, was shown at the nanoscale to mimic enzymes. 

Thus, its association with magnetic components in nanoheterostructures could give access to 

the building of devices for immunosensors, for which the enzymatic activity could be assured 

by PB itself. It could be also emphasized that some PB(A) analogues exhibit various 

temperature or ligh-induced phase transition or electron transfer. Their combination with others 

materials to study the mutual interaction and develop advanced synergestic devices have been 

rarely explored. 

More generally, the development of nanoheterostructures, including PB(A)s as a sensitive layer 

for developing small molecule sensors using their electrochromic properties with chemical 

selectivity by taking advantage of the porosity of these materials, also remains largely 

unexploited. And these are just a few examples of the potential of nanoheterostructures, 

including Prussian blue, which, although already the subject of numerous studies, will continue 

to be the subject of intensive contemporary research. 
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component and their main applications. 
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type), and (b) lacunary M[M'(CN)6]2/31/3·nH2O forms. Colour code: orange, M’; green, M; 

violet, A; blue, N; grey, C. The oxygen of H2O coordinated to Mn+ are represented by red 

spheres.  

Figure 3. Crystalline structure of Gd(H2O)4[Fe(CN)6]4H2O. Color code: orange, Fe; blue cyan, 

Gd; blue, N; grey, C. The oxygen of H2O coordinated to Gd3+ are represented by red spheres. 

Figure 4. Advantages of PB(A)s as a component in designing nanoheterostructures. 

Figure 5. Schematic mechanism of the multienzyme-like activity of PB nanoparticles based on 

standard redox potentials of different compounds in the reaction systems. Depending on the 

oxidation states of iron ions, different redox transformations of PB have been identified: 

reduced form FeIIFeII called Prussian white (PW), oxidized form FeIIIFeIII known as Prussian 

yellow (PY) and a partially oxidized form identified as Berlin green (BG). 
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core@shell@shell nanoparticles design; b) TEM images of Au@KNiII[FeII(CN)6] 

nanoparticles. Insert: Magnification of the TEM image showing one nanoparticle; c) One of the 

perspectives of the 3D reconstruction image for sample Au@KNiII[FeII(CN)6] obtained using 

tomography technique; d) TEM images of Au@KNi[FeII(CN)6]@KNi[CrIII(CN)6] 
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Au@PB nanoparticles and HepG2 cells. Reprinted with permission from Y. Yin, Q. Li, S. Ma, 
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HAADF-STEM image of Au@Ag NCs; inset of (C): high-magnification TEM image of 

Au@PB NCs. (D−H) Mapping image of Au@PB NCs. Adapted with permission from L. Hang, 

H. Li, T. Zhang, D. Men, C. Zhang, P. Gao, Q. Zhang, ACS Applied Materials & Interfaces, 11 

(2019) 39493-39502. Copyright 2021 American Chemical Society. [189] 

Figure 10. TEM images of Co3[Fe(CN)6]@Pd nanoheterostructures showing: a) the cubic PBA 

core and Pd satellites most likely situated in the surface porosity of the PBA, the atomic 

distribution for b) Pd, c) Co, and d) N; and e), f) TEM images PB@FePt nanoheterostructure 
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[203] with permission from the Royal Society of Chemistry. 

Figure 11. TEM images of NiIICrIII-PBA@Au core@satellites nanoheterostructures with 

spherical (a), nano-rods (c) and nanostars (e) Au satellites and their corresponding electronic 

spectra showing the plasmon band. Reproduced from Ref. [199] with permission from the Royal 

Society of Chemistry. 

Figure 12. SEM images of: A) PB nanoparticles, inset: the corresponding TEM image of a 
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of a single PB@PAA Janus nanoparticles; C) PB@PAA/Au Janus nanoparticles. D) TEM 

image of a single PB@PAA/Au Janus nanoparticles. E) Magnified HR-TEM image of the 

dashed boxmarked area of PAA/Au. F) Magnified HR-TEM image of the dashed box-marked 

area of small Au nanoparticles. Adapted from Ref. [204] with permission from John Wiley and 

Sons.  

Figure 13. Schematic representation of two-step design of C60@PBA/Au nanoheterostructures 

and their post-synthetic functionalization with alkaline phosphatase (AP) for further detection 

of aptamers (APT II). Adapted from Ref. [202] with permission from Elsevier. 

Figure 14. (a) TEM image of the Fe3O4@PB nanoheterostructures; b) Fe3O4@PB 

nanoparticles. Adapted with permission from G. Fu, W. Liu, Y. Li, Y. Jin, L. Jiang, X. Liang, 

S. Feng, Z. Dai, Bioconjugate Chemistry, 25 (2014) 1655-1663. Copyright 2021 American 

Chemical Society. [209] Reproduced from Ref.[214] with permission from the Royal Society 

of Chemistry. 

Figure 15. TEM images of multicore Fe3O4@PB shell/satellites nanoheterostructures prepared 

by the polyol method following the single source cyanoferrate precursor strategy from 
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K4[Fe(CN)6] with TEM images for sizes of a) 293.8 ± 7.7 nm, b) 331.7 ± 3.9 nm, and c) 

429.5 ± 17.1 nmm. Reprinted from Ref.[219] with permission from Elsevier. 

Figure 16. TEM images of nanoheterostructures: a) PB@Co3O4, (b) PB@MnO2; SEM images 

of c) PB@Co3O4, d) PB@MnO2. Reproduced from Ref. [217] [222] with permission from the 

Royal Society of Chemistry. 

Figure 17. TEM images of (a), (b) PB@MoS2 and (c), (d) CoS2@PB. The insets are the HR-
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nanostructures and c) HRTEM image of NaNdF4@PB core@shell nanostructures. Adapted 

from Ref. [239] with permission from John Wiley and Sons. 
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Reproduced from Ref. [236] with permission from the Royal Society of Chemistry.  

Figure 21. Main morphologies of PB(A)s@Silica nanoheterostructures and their advantages. 

Figure 22. Four synthetic approaches used for the synthesis of PB(A)s core@silica shell nano-
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shell (D); SiO2 core@Ni3[Fe(CN)6]2 satellite nano-rices (E), porous PB core@ dendritic SiO2 
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Figure 24. a–c) SEM, d–e) TEM images of the MWCNT@PB nanoheterostructures. f) 

Schematic illustration showing the mixed conducting necklace like network. Reprinted from 

Ref. [266] with permission from John Wiley and Sons. 

Figure 25. a) Schematic of a two-electrode fuel cell or water electrolyser. b) Schematic 

representation of a three-electrode electrochemical cell with working electrode, reference 

electrode, counter electrode, and gas inlet. 

Figure 26. Schematic diagram of HER at the active interface of ultrafine Pt and a Ni3[Fe(CN)6]2 

nanocube, including the Volmer step of water dissociation on the Ni2+ species and the formation 

of Pt–Had intermediates at the boundary between the Ni and Pt domains, the Heyrovsky reaction 

of Pt–Had with another water molecule, as well as the Tafel recombination reaction of two Had 

atoms. 
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Figure 27. Schematic illustration of enzyme-triggered tyramine-HRP repeats on PB@Au 

nanostructures for highly sensitive electrochemical immunoassay of tissue polypeptide antigen 

(TPA) on mAb1-functionalized screen-printed carbon electrode with a sandwich-type detection 

mode. Reproduced from Ref.[287] with permission from Elsevier. 

Figure 28. Schematic drawing of the immunosensor fabrication process. (a) Dropping of 

chitosan–nanoAu hydrogel membrane; (b) immobilizing of anti-CEA; (c) the immunoreaction 

of CEA and anti-CEA; (d) incubation of the solution containing multi-labelled Fe3O4@PB@Au 

composite magnetic conjugate resulting in an amplified signal-generating detection; (e) 

separation of the immunocomplex using an external magnetic field permits the regeneration of 

the immunosensor. Reproduced from Ref. [207] with permission from Elsevier. 

Figure 29. Schematic illustration of the preparation of -Fe2O3@PB and immunoassays based 

on -Fe2O3@PB conjugated with SPA. Reproduced from Ref.[215] with permission from the 

Royal Society of Chemistry. 

Figure 30. Simplified diagrams of: a) the radiative and nonradiative processes in a single Nd3+ 

ion; b) the cross-relaxation between Nd3+ ions in the NaNdF4 core; c) the generation of new 

cross-relaxation pathways (CR2) between Nd3+ ions in the NaNdF4 core and the PB shell.  

Figure 31. (a) Monitoring the tumour treatment outcome through NIR (window II) imaging, 

which was recorded at 0, 7, and 14 days post photothermal treatment. (b and d) The average 

tumour volume and weight in three groups of BALB/c mice, including two control groups 

(intratumorally injected with saline or a NaErF4@NaYF4@NaNdF4@PB encapsulated in a 

phospholipid PEG micelle (PEG-CSS) and the PTT-treated group (both with the 

NaErF4@NaYF4@NaNdF4@PB nano-objects and 808 nm laser irradiation). All of the PTT 

treatment groups utilized an 808 nm light dose of 1 Wcm−2 for 10 min. Reproduced from 

Ref.[240] with permission from the Royal Society of Chemistry.  

Figure 32. Schematic representation of the complex multifunctional Au@PB@Cu2O@BPQDs 

nanoheterostructures showing multimodal imageries and PTT/PDT enhanced therapeutic effect 

involving PIRET phenomenon (BPQD = black phosphorus quantum dots). 

Figure 33. Schematic representation of the proposed photocatalytic mechanism of 

heterojunction photocatalysts in the PB@UIO-66-TCCP nanoheterostructures. 

Figure 34. Thermographic images of mice 12h post i.v. injection of saline Fe3O4@PB 

functionalized with PDA and PDA/AlPc/BSA under a 660 nm laser (1 W.cm2) irradiation 

during 5 min. (PDA= polydopamine, AlPc = aluminum phthalocyanine). Reproduced from 

Ref.[214] with permission from the Royal Society of Chemistry. 
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Scheme 5. Peroxidase-like activity of PB leading to H2O2 catalyzed decomposition to generate 

hydroxyradicals species that in turn oxidize TMB to oxTMB (strong blue colour for the latter). 
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Table 1. Single iron oxide core@PB shell nanoheterostructures and their properties. HRP = 

horseradish peroxidase ; GOD : glucose oxidase; DOX = doxorubicin ; CEA = 

carcinoembryonic antigen ; AFP = -fetoprotein; PEI = polyethyleneimine; BSA = bovine 

serum albumin; HA = hyaluronic acid; DSPE-PEG 2000 = 1,2-distearoyl-sn-glycero-3-

phosphoethanolamine-N-[amino(polyethylene glycol)-2000]; PDA = polydopamine; AlPc = 

aluminium phthalocyanine; PA = photoacoustic; PDT = photodynamic therapy; NIRFI = near 

infrared fluorescence imaging; PTT = photothermal therapy; MRI = magnetic resonance 

imaging; Ab2 = rabbit anti-human CD36 polyclonal antibody H-300; CD36 = recombinant 

human scavenger receptor class B CD36 protein. * Hydrodynamic diameter. 

Table 2. PB(A) core@metal oxide shell/satellites nanoheterostructures and their properties. 

MRI = magnetic resonance imaging; Hb = Hemoglobin; PTT = photothermal therapy; PA = 
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mesoporous SiO2 with N-[3-(trimethoxysilyl)propyl]ethylenediamine within the walls, DSPE-

mPEG(2000) = 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene 

glycol)-2000], PAA = Polyacrylic acid ; IBU = Ibuprofen. 

Table 9. Reported data for imaging and PTT performances for theragnostic 

nanoheterostructures. The r1 and r2 values are given relative to the nanoparticle’s concentration 

with a 3.0 T field except when specified. a[Fe], b[Dy], c0.5 T, d7 T. PLL = poly-L-lysine, PDA 

= polydopamin, BSA = bovine serum albumin, PEG = polyethyleneglycol, DOX = doxorubicin, 

AlPc = aluminium phtalocyanin, HA = hyaluronic acid, PEI = polyethylenimine, PAH = 

poly(allylamine), BPQDs = black phosphorus quantum dots, PCN = zinc phosphine, MEM = 
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