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Prussian blue (PB) type nanoparticles belong to an exciting family of molecule-based nanomaterials. They

combine the possibility of surface

engineering with specific advantages related to their porous molecule-

based structures and their fascinating chemical and physical properties including redox, magnetic, photo-
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1 Introduction

Since their discovery more than three centuries ago, Prussian
blue (PB) and its analogues (PBA) have fascinated various
scientific communities." These molecule-based systems are
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thermal and host—guest features. In this review, we focus on recent advances in the Post-Synthetic

PB and its analogues (PBA) and compare them with the current strat-

egies used in Metal-Organic Frameworks (MOF) in order to give the outlooks on the future researches in

undoubtedly recognized as the first coordination network-
based materials, in which transition metal ions are assembled
through bridging cyano ligands to generate a three dimen-
sional cubic structure of general formula A; _ ,M[M'(CN)¢].04 (A
is an alkaline ion, M and M’ are transition metal ions and O
denotes the hexacyanoferrate vacancies).

More specifically, their synthesis at the nanoscale, for
which the starting point could be traced back about two
decades ago,”* has opened tremendous opportunities for the
development of new functional materials having applications
in multiple fields ranging from batteries to biology and
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medicine.” Such interest is related to the specific molecule-
based nature of PB and PBA, which confers to these nano-
systems different physical, chemical and mechanical pro-
perties compared to classical inorganic nanoparticles.®** In a
similar fashion that their so-called Metal-Organic Frameworks
(MOF) congeners, PB and PBA exhibit remarkable advantages,
such as optical transparency, low density and easy synthesis in
soft conditions. Besides, one of their main assets lies in their
important chemical and structural flexibilities which affords:
(i) a versatility in terms of chemical compositions through the
careful choice of the metal ions giving rise to various func-
tional properties (magnetism, optics, conductivity); (ii) an
internal porosity that may allow the encapsulation of various
species; (iii) a high chemical and thermal robustness in
various media (including water over a large neutral and acidic
pH range) making them particularly adapted for numerous
applications.>*

Future innovations necessitate however to progressively and
carefully adjust the properties of nanomaterials with appli-
cations encompassing biomedical area, sensors, microelec-
tronics, catalysis, gas or water treatments, and others.>™"”
Moreover, owing to their myriad of different properties, PB
and PBA nanoparticles could be classified as intrinsically mul-
tifunctional materials,'® but the implementation of additional
physico-chemical properties will greatly unleash the full poten-
tiality of these original nanosystems.

In this context, the Post-Synthetic Modification (PSM),
which consists in modifying the surface of nano-objects with
functional groups or/and integration of some species within
the porosity of previously synthesised systems, has widely been
employed in the case of classical metal/metal oxides
nanoparticles,’”*® quantum dots,>" silica nano-objects,****
MOF?**?* and others. This approach allows customizing nano-

Yannick Guari is head of the
Molecular Chemistry &
Materials Department at the
Institut Charles Gerhardt
Montpellier, University  of
Montpellier, France, and con-
ducts research on metal-contain-
ing nanoparticles and nano-
composites. He earned a PhD in
chemistry at the University of
| Toulouse in 1998. His thesis
work under the supervision of
Bruno Chaudret was on ruthe-
nium complexes and their uses
for the C-H bond activation. After a postdoctoral stay at the
University of Amsterdam in the research group of Prof. Piet van
Leeuwen, studying palladium and platinum complexes in homo-
geneous catalysis, Dr Guari joined the CNRS, France, as a perma-
nent researcher in Montpellier where he conducts research on in-
organic nanoparticles.

\|
L L

Yannick Guari

3944 | Inorg. Chem. Front, 2022, 9, 3943-3971

View Article Online

Inorganic Chemistry Frontiers

objects with new functional groups or entities without
affecting their structural integrity in the aim to change the
existing physical, chemical, pharmacological, mechanical pro-
perties or implement new ones. More importantly, PSM may
give access to functionalized materials that could not be
obtained by a direct synthetic route.>®>® Besides, PSM also
allows establishing direct comparison between unmodified
and modified nanosystems to monitor the improvement of the
functionalization. The advantages of the PSM consist in the
possibility: (i) to introduce functional groups incompatible
with the conditions of the initial synthesis, (ii) to introduce
new functional groups or species with desired properties, (iii)
to easily design multifunctional materials.

With this in mind, PB and PBA nanoscaled systems benefit
from two important features found also in MOF: their surface
may be functionalized, and their porosity may be filled with
guest molecules or cations of appropriated size. The PSM
could be performed at different levels. The surface functionali-
zation of PB and PBA by various ligands, organic dyes, poly-
mers and biopolymers, antibodies ensures the modification of
their physical, chemical and pharmacological properties bring-
ing indeed additional luminescence, improved blood circula-
tion, biocompatibility and the stealth character of nano-
particles for their use as nanoprobes or therapeutic agents.
Moreover, the modification of nanoparticles’ intrinsic porosity
can also give them additional functionalities (possibility of
drug delivery, optical properties for fluorescent dyes and com-
plexes). Although the term “PSM” has been widely employed
in the field of MOF in their bulk form for more than 15 years,
it has never been formalized and designated in the case of PB/
PBA nanoparticles, although examples of surface modifi-
cations have appeared just a few years after the first report of
the nanoscale synthesis of PB.
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Most of inorganic nanomaterials (metal, metal oxides,
quantum dots) are not porous and could only be functiona-
lized through their surface modification. The approaches for
this latter have been known for decades and numerous books
and reviews have already been dedicated to this topic.'**%?77°
PSM of silica nanoparticles can be achieved through both,
modification of their porosity and surface, which have been
very well documented in the literature.”>***'7** On the other
hand, the use of the PSM strategies applied to molecule-based
nanomaterials, such as MOF, has only been recently reviewed
since the history of these nanoparticles started only around
twenty years ago.***® Whereas PSM is widely employed in the
literature, its systematization for nanoscaled PB and PBA has
been only scarcely addressed up to now.

In this contribution, we will provide an overlook on the
PSM approach in nanoscaled PB and PBA. Given the simi-
larities between MOF and PB/PBA, we will firstly give a brief
overview concerning the general strategies of PSM of the
internal porosity of bulk MOF, which can be transposed to PB/
PBA. Second, we will discuss the synthesis of PB type nano-
particles. Third, the description of different methodologies
used in the literature to post-functionalize PB/PBA either by
modification of the internal porosity or using surface engineer-
ing will be then carried out. In the last part, we will shed light
on the benefits of such approach in terms of different appli-
cations and draw some perspectives.

2 Post-synthetic modification in MOF

Functionalisation of the pores and/or the external surfaces
have been investigated in MOF to implement specific host-
guest interactions or introduce particular metal ions. While
modification of solvents or encapsulation of drugs can also be
considered as PSM, we will focus in this part on the chemical
modification of the frameworks (such as a metal ion exchange,
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substitution or introduction of ligands, etc.) on the external
surfaces,””*® or functionalization of the internal porosity.>>>°

2.1 Pores or framework functionalization in MOF

Most of the works devoted to PSM in bulk MOF have focused
on functionalizing the internal porosity of their structures.
The reader can refer to detailed reviews for further
details.>* %% Briefly, this strategy allows the systematic
modification of the MOF structure through chemical reaction
in its internal porosity and in turn gives access to functional
MOF, which could not be obtained from a direct synthesis due
to incompatible synthetic conditions or high reactivity. The
reaction proceeds through diffusion of the reactants into the
pores of the framework to interact either with the ligands or
metal centres. The structural integrity of the framework is pre-
served and the reaction is generally performed in a solid/solu-
tion system, although solid/gas and solid/solid PSM reactions
could also be carried out.*>** Different PSM routes have been
categorized (covalent PSM on the linker, coordination/covalent
modification of the metal ion and combination of both
approaches, PSM metal exchange, PSM ligand exchange, PSM
deprotection, etc.).”*>°

Historically, the first PSM in MOF deals with modification
of the organic linkers and has been reported by Wang et al. in
2007 by performing a simple organic chemistry reaction
(amide formation) in the IR-MOF3 (IR = isoreticular) using the
free amine available on the linker.** Remarkably, such reaction
takes place in the porosity of the framework, highlighting the
high chemical robustness of the MOF system to allow the
chemical modifications without degrading the structural fea-
tures. The same year, Dinca et al. have proposed the metal
ions exchange in a manganese-based MOF,**> while Kim and
co-workers have modified an achiral MOF into an active chiral
catalyst by coordination of a chiral r-proline derivative on the
unsaturated metal centers.”® Small molecules could be
adsorbed within the MOF porosity and react with either the
ligands or the metal ions,*” ™ or, in other terms, with basic
and acid Lewis sites.*

The presence of functional groups on organic linkers, or
the availability of active metal centres, which could interact
with various species via covalent or coordination bonds, open
the way to multiple reactions for a considered MOF. Besides,
the possibilities are almost infinite since sequential steps PSM
could be carried out to finely tune the features of MOF. More
than thousand articles have been published demonstrating
indeed the success of this approach in the field of MOF.
However, some challenges still remain, such as the influence
of different factors on the modifications (e.g. ionic radii,
coordination geometry, crystallite size, pK, of the linker,
etc.).”®

Naturally, one obvious synthetic strategy to post-functiona-
lize MOF consists in loading functional guests inside their
pores, and sometimes referred as a “ship-in-a-bottle” strat-
egy.”® Since the pore size and chemical functionalities may be
adjusted in MOF, the nature of the guests could be miscella-
neous and ranges from organic molecules, dyes, drugs, metal
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complexes, cluster or nanoparticles with applications in gas
adsorption, catalysis, drug delivery or sensors.*>>'~>°

More generally, the PSM permits to modify the properties
of MOF, such as the hydrophobic/hydrophilic balance, the
pore size, the framework stability, the catalytic features as well
as magnetic and conductivity properties.

Yet, the PSM requires that: (i) the windows pore size of the
MOF should be compatible with the size of the molecular pre-
cursor or guest that needs to diffuse into the porosity of the
framework; (ii) the reaction conditions should be compatible
with the chemical/thermal stability of the MOF. For instance,
some MOF often exhibit water instability, which prevents them
from being considered for several applications, such as gas
separation in a humid atmosphere.’” For this reason, different
strategies have recently been developed to circumvent this
weakness.?®*? In addition, various approaches have been fol-
lowed to tune the hydrophobic-hydrophilic balance in MOFs.
Indeed, it is possible to modify the hydrophobic character by
changing the nature of the ligand and/or the metal centre by
PSM.®° Inclusion or incorporation of different materials inside
the pores can also modify the behaviour of solids and in par-
ticular their affinity for water. It has thus been possible to
change the hydrophobic Cu-BTC (BTC = benzenetricarboxylate)
framework into an hydrophilic solid by incorporating hydrox-
ide double lamellar sheets inside the porosity.*® Similarly, the
introduction of amino-acids in UPG-1(Zr) (UPG = University of
Perugia) has increased the hydrophilicity due to a greater con-
finement effect.®" Finally the hydrophilicity of MOFs (MIL-101
(Cr), MIL = Materials Institute Lavoisier) has been enhanced
by introducing alkali cations, which allows a tunability of the
hydrophilic character.®” More generally, the introduction of
cations inside the porosity, can not only modify the hydro-
phobic-hydrophilic balance but can also have an impact on
the diffusion of guest molecules and therefore enhance the
interactions between drugs and framework.°

2.2 Surface functionalization in MOF

All the previous examples concern the successful modification
of the internal porosity, but selective surface engineering or
functionalization of both, surface and internal porosity have
also been reported in the literature.®**> Modifying the external
surface of MOF has however received far less attention with
respect to the internal porosity functionalization despite the
potentialities to adjust physical and chemical properties, such
as stability and dispersibility, or enhance a selective guest
uptake.’>**®® Using comparable methodologies that those
found for inorganic nanoparticles, various chemical inter-
actions could be involved to perform post-synthetic surface
modifications of MOF.?*7*® This often relies on the use of large
reactants or surface ligands that could not enter into the poro-
sity of the coordination framework, and which in turn provide
specific surface properties (e.g., solubility, etc.). For instance,
polymers, such as poly(vinylpyrrolidone) (PVP), alkyl-modified
chitosan, dextran or polyethylene glycol (PEG), could be
attached on the surface of different MOF ([Ln(1,4-
bdc); 5(H,0),],%° MIL-88A and MIL-100"°) due to their large

3946 | Inorg. Chem. Front., 2022, 9, 3943-3971
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size that prevents their diffusion into the pores. Other
examples include coating of MOF with lipids”* or a porous
polymer.”” The nature of the interaction between the surface
agent and the MOF may vary depending on the presence of
coordinative functions on the latter.

In this sense, using ligands able to provide strong chemical
interactions with the MOF surface (such as coordination or
covalent bonds) offer further alternatives. Hence, the post-syn-
thetic exchange of ligands could be performed. Such approach
has been firstly demonstrated on a zinc coordination network
incorporating carboxylate ligands” that could be exchanged
on specific single-crystal surfaces using a fluorescent boron
dipyrro-methene (BODIPY) linker exhibiting a carboxylate
group that could substitute the pristine linker. Due to the
large steric hindrance of the BODIPY linkers, the exchange is
only restrained at the surface, as evidenced by atomic force
microscopy (AFM). Such methodology was later applied to
others MOF, such as HKUST-1 (HKUST = Hong-Kong
University of Science and Technology) or ZIF-8 (ZIF = Zeolitic
Imiadazolate Framework).”*”> RAFT co-polymers containing a
thiolate function could also be attached through a coordinative
bond with the Gd*" ions on the particles’ surface.”®
Remarkably, the used copolymer incorporated a fluorescent
tag, a targeting ligand and a therapeutic agent, resulting in a
MOF that could be used as a theranostic nanodevice.

The exchange of species at the surface is not only limited to
ligands but can also involve metal ions through transmetalla-
tion reactions. However, this appears much difficult to control
due to the diffusion of the metal ions within the porosity of
the framework.>>®”% Yet, multistep surface functionalization
could also be achieved to specifically tune the surface, includ-
ing the nature of the metal ions. For example, the thermal acti-
vation of MIL-101(Cr) creates coordinatively unsaturated sites
that are able to react with dopamine.”” The catechol functions
of this latter were protected with bulky groups to limit the reac-
tions exclusively on the surface. Upon attachment at the
surface through the amine functions, the deprotection pro-
vides a bidentate binding site that is able to subsequently
react with the transition metal complex [VO(acac),] (acac = ace-
cylacetonate) yielding to a catalytically active functionalized
system. Functionalisation of the surface can also protect the
solid from the aggression of the external environment, such as
pH effect, by modifying the charge distribution due to
reduction of surface active elements.”®

Recently, various biomolecules (amino-acids,”® peptides,*
oligonucleotides®"*?) have been used to functionalize the
surface of MOF nanoparticles for biomedical applications. The
possibility to perform bioconjugation using the carboxylate
linkers  through classical EDC (1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide) or DCC (N,N-dicyclohexyl-
carbodiimide) couplings or even proteins constitutes also a
facile route.®® In a similar vein, the use of surface “click chem-
istry” using for instance azide/alkyne reaction for targeted
applications has also emerged in the last few years.®*
Modifications of external surfaces in nanoscaled-MIL-100(Fe)
with biopolymers has thus proved to be efficient to enhance

This journal is © the Partner Organisations 2022


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2qi01068b

Open Access Article. Published on 07 Mawuwani 2022. Downloaded on 2026-02-06 17:59:55.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

the interactions with active drug molecules®® or to allow the
cutaneous administration of cosmetic molecules.?®%”

3 Design of Prussian blue type
nanoparticles
3.1 General considerations about bulk PB and PBA

PB is the first coordination network discovered around 1706 in
Germany.*®® The wide range of PB/PBA properties embracing
electronic, magnetic, optical or host-guest properties has
given rise to various applications in -catalysis,®® energy
storage,”®°* waste decontamination,’ gas storage,”>*” biology
and medicine.”>'%°® PB is a mixed-valence system with the
chemical formula Fe™[Fe"(CN)e]3/40:/4-nH,0. Remarkably, the
Fe" and Fe™ ions could easily be substituted by other tran-
sition metal ions to obtain a variety of PBA compounds of
general formula A;_,M[M'(CN)e],0,-nH,0 without affecting the
resulting structure, which allows to directly probe the influ-
ence of the metal ions over the resulting properties. The
network could be described as a “simple” face centred cubic
(fee) structure, reminiscent of NaCl. Besides, PBA structures
with symmetries ~ (mainly  monoclinic,”®'*
tetragona or rhombohedral'®'**) have been reported
depending on numerous parameters (nature of the metal ions,
redox reactions between the metal centres, nature of the
guests/ions and temperature). This appears particularly rele-
vant for batteries applications since structural transitions
could be observed during the ion -charge/discharge
process.”>'%>

In their bulk form, PB/PBA have been widely synthesized in
aqueous solutions®>'% by reaction between a hexacyanometal-
late complex, [M'(CN)s}~, and a hydrated metal cation, [M
(H,0)e]"". The ambidentate character of the CN™ ligand allows
to bind selectively two metal ions with an almost linear angle,
which leads to a three-dimensional coordination network,
made up of perfectly defined M'-CN-M sequences. However
this simple structural description does not reflect the high
complexity of the atomic-scale arrangement and for which the
in-depth understanding still remains a challenge, as we will
describe vide infra."**”

Depending on the experimental conditions during the syn-
thesis, alkaline cations (A) present in the reaction medium
could be inserted into the tetrahedral sites of the fcc structure
(Fig. 1A). This leads to a wide range of chemical compositions
for a unique pair of transition metal ions, limited by two
extreme formulas: lacunar M[M'(CN)g],/301/3 (Fe[Fe(CN)e]3/a01/4
for PB) and non-lacunar AM[M'(CN),] forms (Fig. 1A and B).

Thus, the electroneutrality of the solid in lacunar structures
is ensured by hexacyanometallate vacancies. As a direct conse-
quence, water ligands complete the coordination spheres of
M"™" ions in the vicinity of these lacunas to satisfy their usual
octahedral geometry. The average environment of these ions is
estimated as four cyano ligands and two water molecules and
could be formulated as [M(NC)4(H,0),]. We would like to
emphasize that, however, this mean description does not
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Fig. 1 Crystalline structure of non-lacunar (A) and lacunar (B) PBA,
A1_xMI[M'(CN)¢l1_,/3:nH20. Colour code: orange, M’; green, M; magenta,
A'; blue, N; grey, C. The oxygen of H,O coordinated to the M™* ions are
represented by red spheres; (C) pore size distribution of PBA obtained
from Monte Carlo simulations illustrating the presence of two types of
pores corresponding to the tetrahedral sites of the fcc structure and the
larger pores formed by hexacyanometallate vacancies.

reflect the distribution in coordination environments gener-
ated from the random arrangement of the vacancies in the
network.'®® In addition, two other types of water molecules
(lattice and zeolitic) may occupy the porosity of the framework.
Water molecules of different nature may easily be identified by
thermal gravimetric analysis since their loss could occur in a
more or less stepwise manner.'%

In addition to the pores corresponding to the tetrahedral
sites of the fcc structure, the presence of hexacyanometallate
vacancies conducts to the creation of larger pores (Fig. 1B and
C), which are particularly important to perform PSM. We
would like to point out that the study of the concentration and
ordering of the hexacyanometallate vacancies remains extra-
ordinarily complex and directly affects some physico-chemical
properties of PB and PBA. It is therefore more and more
admitted that the vacancies arrangement is in some extent
ordered in the solids and is also dependent on the chemical
composition of the PBA,"!07108110,111

The presence of vacancies PBA is also strongly dependent
on the experimental conditions during the synthesis.
Understanding the atomic scale arrangement of vacancies
within the coordination network implies elucidating the
diffusion mechanism in these PBA.'"* Recently Simonov et al.
have shown that the vacancies are not randomly distributed
but are somehow ordered in the structure, which allows adjust-
ing the targeted properties for molecules or ions diffusion and

Inorg. Chem. Front., 2022, 9, 3943-3971 | 3947
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Fig. 2 Description of PB/PBA structure containing a vacancy pair (A) or
vacancy-pair free (B). Adapted with permission from ref. 112. Copyright
2019 American Chemical Society.

authorizes the transport throughout the crystal structure.'®” I

addition it appears that the vacancies are connected to create a
percolation path and the presence of vacancies pairs can be
observed (Fig. 2)."*?

First-principles investigated these
arrangements and evidenced that the vacancy pair free con-
figurations are the most favourable at 300 K.''> Although,
based on different molecular precursors, it has also been
shown that the long distance order can be observed for
vacancies of [Bi(SCN)¢]°~ in the thiocyanate analogues of
PBA.""® It has further been proved that adjustment of the size
of the vacancies might be achieved by introducing polynuclear
cyano complexes with a octahedral arrangement instead of the
usual mononuclear hexacyanometallates.**

In PB/PBA, the porosity allows to encapsulate or transport
guest ions or molecules of appropriate size and shape (such as
H,O0, NH;, CH,, CO,, H,, etc.).”>?71%%115 121 However, their
porous character drastically differ from their MOF counterpart
at several levels: (i) in contrast to numerous MOF, the nature of
both, the metal ions and hexacyanometallate moieties could
be modulated without affecting the resulting framework topo-
logy. Indeed, in MOF solids, the chemical versatility can lead
to a variety of porous structures with different dimensionalities
(1D, 2D, 3D, presence of cages, etc.) and different pore
sizes,®*"®* which impact the adsorption of small gases. In con-
trast, PB and PBA structures present an organized porosity due
to the presence of channels and vacancies which are only
slightly affected by chemical modifications."*> This allows to
decipher the influence of the metal ions over the adsorption
features; (ii) the small cubic pores in PB and PBA also offer a
high content of n density arising from the cyano groups that
could be beneficial to capture certain molecules; (iii) the exist-
ence of structural flexibility in MOFs (such as MIL-53 (MIL =
Matériaux de I'Institut Lavoisier) or Co(1,4-benzenedipyrazo-
late) for instance) can drastically modify the adsorption of
gases and vapors,'*>'** while the mechanical stability of PB/
PBA assures a constant adsorption saturation.

Moreover, the porous character of PB and related analogues
in association with the presence of alkaline ions in the tetra-
hedral sites of the PB/PBA structures is attractive for the separ-
ation or insertion of small hydrated cations, such as Na', K',
Rb", Cs’, and NH,', which is useful for different applications:

n

calculations have
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ions  separation,”” component for

or for selective trapping of these cations in
126

membrane for
batteries,”10%:125
waste purification or radioactive ions decontamination.
Compared to conventional zeolites, the Cs adsorption per-
formances appear excellent due to the high affinity of the PB
network for this cation. In particular, the mechanism of radio-
active and non-radioactive caesium and thallium ions capture
by PB has been investigated since the 1960s in the aim to
enhance the excretion of these ions from the human
body.">”*' It has been evidenced from both, human and
animal studies, that insoluble form of the bulk PB is an
efficient antidote against Cs" and TI' poisoning. In 2003, the
U.S. Food and Drug Administration have approved the use of
PB for medical treatments under the trademark name
Radiogardase®."*>"** Indeed, the preferential exchange in
favour of Cs' is linked to the fact that dehydrated Cs" cations
perfectly accommodate the size of the PB tetrahedral sites. As
the Cs' is a cation, which has a low affinity for water, its
adsorption is preferential due to the confinement effect.”*
Theoretical studies have shown that the disorder of the posi-
tion of compensating cations present in the pores is also
strongly influenced by the presence and the organisation of
the vacancies."'* This latter also plays a role for the diffusion
of large molecules or cations inside the pores. For instance,
although the ion-exchange mechanism between alkaline ion
implemented in the synthesis and Cs' has been the main
adsorption mechanism, the high Cs" adsorption capacity
might involve its migration through the vacancies for certain
PBA compositions.”® In this sense, it was also shown that
lacunar PB exhibits a greater adsorption capacity with respect
to non-lacunar structure. Such behaviour has been explained
by the presence of hexacyanometallate vacancies, which engen-
der a high number of coordinated and/or crystallizated water
molecules. The proposed mechanism involves a proton elimin-
ation from a coordinated water on the iron sites to capture
caesium and ensures the electroneutrality.'**

Ionic exchange is also being largely used in the field of PB/
PBA based batteries in which reversible insertion/deinsertion
of alkaline ions may be achieved.”™*>'®® Moreover, recent
studies have highlighted the possibility to use PBA to design
ammonium-ion batteries storage by a simple PSM ion-
exchange.® The Na, 5,Ni[Fe(CN)g]o.ss PBA could be for
instance PSM modified by simply soaking the solid into an
ammonium sulphate solution giving (NH,), 47Ni[Fe(CN)s]o.gs-
This study clearly supports the possibility to adsorb small
functional organic cation by ionic exchange.

3.2 Design of PB/PBA nanoparticles

Although PB is known since the 18th century, the synthesis of
PB and PBA nanoparticles with size and shape control dates
only shortly before the beginning of the new millennium.
Different synthetic routes have been utilized to design nano-
scale systems by constraining the growth of PBA crystals using
for instance microemulsions,*®**® ligands stabilization or
polymer protection,”**** jonic liquids'** or porous matrixes
(silica,** chitosan'*® or alginates*”). Such synthetic methods
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have previously been described in several reviews and
books.*”®° In the scope of this overview, we will therefore
focus on the synthetic routes allowing PB-type nanosystems to
be used for their straightforward PSM.

Firstly, one of the most often used strategy for PB consists
in the self-assembly reaction between two precursors, Fe** and
[Fe(CN)]*~ (or Fe** and [Fe(CN)¢]>7), in water, in the presence
of citrate ligands, which are attached at the surface as func-
tional groups and prevented the nanoparticles agglomeration
(Fig. 3A)."*® This method generally provides water-dispersible
nanoparticles with the size varied from around ten to several
tens of nanometers.'**™"*" The coordinating ability of the
citrate towards Fe®* ions appears to be the critical parameter
to control the nucleation rate. This approach was also
extended to other PBA.""

Secondly, another strategy particularly relevant for further
PSM consists in the design of PB/PBA nanoparticles with a
surface free of any stabilizers. Thus, PB nanoparticles without
stabilizing agents were first prepared in 2002 by mixing FeCl;
and K;[Fe(CN)g] in the presence of the slight excess of H,0,
following by their self-assembly on a gold electrode (the
average particles size was approximately of 50 nm).'* The use
of sonochemistry helps obtaining smaller PB nanoparticles
with an average size of 5 nm.'>® Stable PB nanoparticles’ sus-
pensions were also obtained by mixing K;[Fe(CN)s] and FeCl,
with a large excess of the ferricyanide precursor (molar ratio
5:1).">* They were then coated with a cationic polymer poly
(ethylene imine) to design electrochromic thin films. A syn-
thetic route based on potassium ferrocyanide as the single pre-
cursor was also published later,">® by slow dissociation of [Fe
(CN)e]*™ in the presence of hydrochloric acid. The particles
size depends on the precursor concentration and the reaction

L_-_
176 nmI 295 nm| 387 nmi
a

Fig.3 TEM
Reproduced from ref. 149 W|th permission from the Royal Society of

images of: citrate-stabilized PB nanoparticles.
Chemistry. (B) Self-standing charged Cs,Ni[Cr(CN)gl, nanoparticles.
Reproduced from ref. 165. Copyright 2014 Wiley-VCH Verlag GmbH &
Co. KGaA, Weinheim. (C) Self-standing charged KXNi[Fe"'(CN)G]y nano-
particles. Reproduced from ref. 166 with permission from the Centre
National de la Recherche Scientifique (CNRS) and the Royal Society of
Chemistry. (D) Self-standing charged PB nanoparticles. Reprinted with
permission from ref. 167. Copyright 2020 American Chemical Society.
(E) Self-standing charged K,Ni[Fe"'(CN)¢l, nanoparticles. Reprinted with
permission from ref. 163. Copyright 2020 American Chemical Society.
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temperature. In 2006, a major advance has been achieved by
Brinzei et al. by taking advantage of the electrostatic stabiliz-
ation of the PB colloids in water and in the absence of any sta-
bilizing agents."*® The controlled self-precipitation of the PBA
precursors induces a negatively charged surface of the formed
nanoparticles due to the presence of [M'(CN)sf’~ moieties.
Starting from this, different research groups have optimized
this method to obtain a large size and composition ranges of
surfactant-free nanoparticles M™*/[M'(CN)s]>~ (where M™" =
Ni2+, C02+, Mn2+, In3+, and M?" = Fe3+, Cr3+)'156—161 For
instance, the nanoparticle’s size could be controlled from 6 to
200 nm by the simple modulation of the precursors’ concen-
tration and their addition rate (Fig. 3B-D).">®'°*> Note that fast
addition and high concentrations promote the nucleation
process, which leads to the formation of small nanoparticles.
In contrast, low concentrations and slow addition rate favour
the growth of PBA nanocrystals, permitting accessing to large
nanoparticles. Moreover, the presence of an excess of alkaline
ions, such as Cs*, favours the electrostatic stabilization and
allows the formation of ultra-small (less than 10 nm) nano-
particles, as discussed by Catala et al.*® Recently, the growth
mechanism of mesoscale (100-500 nm) PBA particles was also
investigated by Liang et al. A series of Co>* and Ni*" analogues,
Rb;Co{M(CN)];nH,0 (M = Cr, Fe, Co) and RbNiyM
(CN)e]rnH,O (M = Cr, Fe, Co) are compared, along with the
parent PB and the Cu®" analogue rubidium copper hexacyano-
ferrate.'®® While the Cu®*" and Ni** analogues grow by a tra-
ditional heterogeneous process, whereby nucleated particles
grow by addition of ions from solution, Co®" analogues and
rubidium PB nanoparticles grow by aggregation of precursor
particles followed by annealing into crystalline mesoscale par-
ticles (Fig. 3E). Contrary to a common belief, such studies
clearly point out the chemical-dependence of the size control
of the PBA nanoparticles. This emphasizes the necessity to
understand the underlying coordination chemistry’s concepts
in terms of stability/kinetics for the coordination complexes
used during the synthesis.

Self-standing charged PBA nanoparticles have opened the
possibility to tune their size in a predictive way. For instance,
alternative dropwise addition of molecular precursor solutions
to a charged colloidal suspension of PBA “seeds” nanoparticles
leads to a growth of these latter. This approach was applied to
Cs0.5Ni[Cr(CN)]**~ under appropriate conditions in order to
form the nanoparticles with the size ranging between 5 and
30 nm."® The obtained nanoparticles are not aggregated and
well dispersed thanks to their surface charge high enough to
ensure the electrostatic stabilization. Moreover, the influence
of the growth conditions on the magnetic properties of such
nanoparticles has also been explored.'® Remarkably, the
absence of a stabilizing agent on the nanoparticles surface
makes them reactive due to the presence of M" and
[M(CN)s}"~ groups.

This has been taken as an advantage to design more
complex heterostructures, such as core@shell nanosystems
with PBA of different chemical compositions combined with
other inorganic materials (Au, Fe;0,, etc.)."®® Moreover, such
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approach allows post-functionalizing either the particle’s
surface by various functional species depending on the tar-
geted applications or the internalisation of targeted ions or
molecules into the internal porosity of the coordination frame-
work. This provides an efficient way to implement multifunc-
tionality at the nanoscale without altering the core features
(size, composition, intrinsic properties, etc.).

3.3 Hollow PB and PBA nanoparticles

Starting from the early of 2010’s, the development of hollow
nanostructures and related nano-frames has rapidly emerged
for their potential applications in gas separation, alkaline-
based batteries, catalysis, sensing, and drug delivery. The
readers can refer to a recent review on this topic.'®® Hollow PB
and PBA nanoparticles are usually larger than 10 nm and
present a high external and especially internal surfaces. It is
clear that these systems are not yet fully understood regarding
the complexity of their chemical and physical properties, but
the creation of a central void in the nanostructure coupled
with the intrinsic microporosity of the PB/PBA shell might
allow a better insertion and/or diffusion of molecules or
ions. Moreover, the central void may also modify the physical
properties of the nano-objects and in particular the
magnetism."”®

PB and PBA hollow particles have been synthesized using
different strategies: the first approach based on the prepa-
ration of mini-emulsions, followed by a coordination polymer-
ization at the periphery of the droplets has been reported by
Liang et al.'’"'”> A second route, more specific to PB, has
been proposed by Zeng et al. based on the selective etching of
already synthesised PB mesocrystals at high temperature in
highly acidic conditions.’”®'”*'7* The chemical etching has
now become the most popular strategy to design hollow PB
structures and has been developed by other groups to prepare
hollow PB and PBA nanoparticles of different size and compo-
sition (Fig. 4A)."®° Most of those have been prepared under
acidic hydrothermal conditions (for example, by mixing the
pristine nanoparticles with 1 M HCI solution in a Teflon vessel
at 140 °C for 20 h; Fig. 4B)."”%'7>'7® The PVP located at the
surface particles prevent the surface etching, while the acid
can easily diffuse within the porosity of the PB or PBA frame-
work to dissolve the core. Another etching process based on
the use of ammonia has also been applied to Ni**/[Co(CN)]*~
nanoparticles (Fig. 4C)."”” However, it is important to empha-
size that the chemical etching is highly dependent on the
chemical composition of PBA and in turn on the chemical
stability of the M'-CN-M linkages. Thus, the formation of
different complex architectures could be observed (hollow
nanocubes, nano-frames, nanocages, Fig. 4)."®° This approach
also raises problems concerning the kinetic control of the
etching.

Thirdly, a different etching strategy to design hollow
systems has been developed by using core@shell hetero-
structure. Risset et al. designed core@shell PBA@PBA' hetero-
structures with a potentially “soluble” Rb,; ¢Mny[Fe
(CN)s]3.2-4.8H,0 core and Rb, 4M4[Fe(CN)g],.5:7.2H,0 (M = Co,
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Hollow PB

Chemical
>
Etching

Fig. 4 (A) Schematic Representation of chemical etching to prepare
hollow nanoparticles; TEM images of: (B) hollow PB mesocrystals syn-
thesized by chemical HCl etching. Inset: Selected-area electron diffrac-
tion patterns of one particle. Reproduced from ref. 170. Copyright 2012
Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim; (C) etching product
obtained after reacting of Ni®*/[Co(CN)¢]*~ PBA nanocubes with
ammonia at room temperature for 6 h. Reproduced from ref. 177.
Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim; (D)
hollow nanocubes of Rbg4Co4lFe(CN)gl2g7.2H,O with Ni[Cr(CN)el,
deposit on the surface. Scale bar = 200 nm. Reprinted with permission
from ref. 178. Copyright 2013 American Chemical Society; (E) hollow
KNi[Fe(CN)s] nanoparticles after etching of gold core. Reproduced from
ref. 179. Copyright 2014 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim.

Ni) as a shell. The “soluble” Rb; ¢Mn,[Fe(CN)g]3.,-4.8H,0 com-
pound exhibits weak Fe-CN-Mn linkages that could be broken
by an extensive washing, leading to Rb, sM4[Fe(CN)e],.5-7.2H,0
PBA hollow nanoparticles of 10 nm thickness (Fig. 4D)."”® Our
group reported also an alternative approach starting from
AU@K; 5oNi"[Fe"(CN)glo.so  core@shell ~ nanoparticles.'”®
Metallic gold could be post-synthetically dissolved in the pres-
ence of cyanide ions and oxygen, thanks to the high stability
constant of the gold cyanide complex, [Au(CN),]” (10" M™>).
By taking advantage of the intrinsic porosity of the PBA
network, hollow PBA nanoparticles can be obtained by simply
dispersing the core-shell Au@K; ,oNi'[Fe"(CN)glo.so nano-
particles in a dilute KCN solution without affecting the integ-
rity of the Ky ,oNi"[Fe"(CN)g]o.so cyano-bridged shell. Since the
shell thickness could be easily adjusted, the CN™ diffusion in
the porosity of the cyano-bridged framework could allow
obtaining of tuneable hollow systems (Fig. 4E)."”® Recently,
other etching approaches using sodium tungstate have also
been used to design hollow PB and cobalt hexacyanoferrate

This journal is © the Partner Organisations 2022
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nanoparticles.'® In the last case, the in situ etching during the
synthesis could be controlled by modulation of the Fe/Co ratio
and stirring time, which affect the dissolution/recrystallization
process. Employing a complementary approach that was used
for Au@PBA core@shell structures, a self-templating synthesis
of cobalt hexacyanoferrate hollow structures with controllable
morphologies has been proposed.'® Cobalt-hexacyanoferrate
nano-objects of different morphologies (spheres, polyhedrons,
prisms) were prepared. Dispersion in water induces the dis-
solution of Co®" ions that could subsequently react with hexa-
cyanoferrate to yield the hollow nanostructures.

Considerable efforts have been devoted to explore the field
of hollow nanoparticles. However, for future applications, a
generalized method that can produce PB and PBA hollow
structures with controllable size, shell thickness and in large
scale has still to be developed.

4 Post-synthetic modification (PSM)
of Prussian blue type nanoparticles
4.1 Generalities and mechanisms

After a brief description of essential features of PB and PBA
nanomaterials, it appears that both, nanochemistry and mole-
cular chemistry concepts, could be applied for the PSM of PB/
PBA nanoparticles when they present the appropriate func-
tional groups or active metal centres on their surface and/or
inside the internal porosity. Thus, and like their MOF counter-
part, both the surface and the internal porosity of PB/PBA may
be post-functionalized.

4.2 Surface functionalization

The possibility to modify the PB nanoparticles’ surface has
been very recently reviewed in the scope of biomedical appli-
cations.’” Consequently, we will emphasize herein the
different synthetic strategies involving various interactions
between the nanoparticles’ surface and targeted organic
species to achieve surface PSM by giving some representative
examples from the literature (Table 1).

(i) Surface ligand exchange. When the synthesis of nano-
particles is achieved using stabilizing agent, the ligands co-
ordinated to the metal ions situated on the nanoparticle
surface could be exchanged by stronger ones. Hence, the first
post-synthetic ligand exchange has been achieved in the begin-
ning of the 2000’s in the case of cobalt hexacyanoferrate and
hexacyanochromate nanoparticles by substituting weakly-
bonded ligands by aliphatic amines."*” In this work, the nano-
particles were firstly synthesized by a reverse micelle technique
using poly-(ethylene glycol) mono 4-nonylphenyl ether (NP-5).
A long aliphatic amine (stearylamine) was subsequently
exchanged as primary amines are stronger donors than
oxygens towards transition metal ions situated on the surface,
such as Co®*. This surface modification allows the nano-
particles to change their dispersibility in less polar solvents.

(ii) Direct post synthetic functionalization of stabilising agent-
free nanoparticles. Both, the Lewis-acid character of M"" ions
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and the Lewis-base character of the [M'(CN)¢}’~ moieties situ-
ated on the nanoparticle surface could be utilized in this
purpose. On the one hand, suitable ligands presenting avail-
able coordinative functions (amine or carboxylate) can substi-
tute the water molecules completing the coordination sphere
of surface metallic ions, M"", and interact by coordinative
bonds with these surface exposed metal ions (Fig. 5)."**'® For
instance, as-isolated undispersible (in water or organic sol-
vents) nanoparticles of PB, nickel and cobalt hexacyanoferrate
PBA of 10-20 nm diameter were post-functionalized with oley-
lamine to afford their good dispersibility in usual organic sol-
vents (Fig. 7A)."®* On the other hand, the post-synthetic
addition using an “inorganic ligand”, such as [Fe(CN)e]*", also
provides their hydrodispersibility by coordination of [Fe
(CN)e]*™ to the M™" active site. Yet, simple electrostatic stabiliz-
ation of the nanoparticles by negatively charged hexacyanofer-
rate could not be excluded. In both cases, the resulting surface
negative charge allows the stabilization of the nanoparticles in
water. Dual surface modification with both, [Fe(CN)e]*~ and
various alkylamines (Cs to C,g), was later utilized to render sur-
factant-free PB nanoparticles of 10 nm dispersible in alco-
hols."® A mechanism proposed by the authors explaining the
appearance of a surface negative charge is based on the acid/
base reaction involving the coordinated water molecules of the
Fe(OH,) sites and the amine function. The possibility to syn-
thesize size-controllable negatively charged particles dispersi-
ble in polar solvents without any stabilizers greatly extends the
post-functionalization approaches. For instance, nickel hexa-
cyanoferrate nanoparticles with size ranging from 40 to
100 nm could undergo PSM by a PEG exhibiting terminal
amine functions allowing its attachment at the surface of the
particles through a coordination bond with the surface-
exposed Ni** ions. This surface modification allows to
compare the PBA nanoparticles of different sizes and establish
the impact of the nanoparticles size on their Debye
temperature.'®?

Another example showing the ability of the reactive surface
sites of PB/PBA nanoparticles to establish strong coordination
bonds concerns the two-steps PSM of PVP-stabilized nano-
particles. Despite the presence of PVP, which could potentially
restrain the surface accessibility, the cyano groups of the
surface act as Lewis basic sites for the coordination of iron
pentacarbonyl, [Fe(CO)s], as confirmed by the change in the
PB nanoparticles zeta potential and XPS analysis.'®*
Remarkably, the nanoparticles could be afterwards reacted
with an amine functionalized PEG by coordination with the
Lewis acid iron ions at the surface. Such result clearly high-
lights the intrinsic dual Lewis acid/base character of the
PB/PBA surface.

(iii) Post-synthetic coating could also be achieved using
electrostatic or weak interactions. As previously stated, PB/PBA
nanoparticles could exhibit negative surface charge that arises
either from the presence of stabilizing agents, such as for
instance citrates, or the presence of hexacyanometallate moi-
eties. Caesium nickel hexacyanochromate was modified using
a cationic surfactant, such as cetyl trimethyl ammonium chlor-
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Fig. 5 Schematic representation of different interactions between
ligands and PB/PBA nanoparticles: (A) coordination bond between M™*
ions and donor group (L); (B) coordination bond between [M'(CN)el°~
and M; (C) electrostatic interaction between [M'(CN)¢l°~ and L; (D)
hydrogen or n-stacking interactions between cyano-groups and ligands.

ide, that would interact with the negatively charged surface
through electrostatic interactions. On the other hand, PVP,
able to weaky coordinate nickel ions at the surface, could be
post-synthetically introduced."®® Other stabilizing agents, such
as biopolymer dextran'®“'®*> or lipid bilayers,'®> were also
employed to post-synthetically functionalize the surface of PB/
PBA nanoparticles through the formation of weak bonds or
electrostatic interactions. Other example concerns citrate-
stabilized PB nanoparticles of 50-60 nm that could be com-
plexed with cationic transfection agent poly-i-lysine via electro-
static interactions."®®

(iv) Coupling reactions using the stabilizer attached at the
surface of the PB nanoparticles. As an example, a fluorescein-
based dye bearing an amine function was conjugated to citrate
coated-nanoparticles by a classical coupling reaction between
carboxylic acid and amines involving 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDC) to implement luminescence
for in vitro fluorescence imaging.'®” The same strategy was
also applied with the Texas red dye.'*® PVP-stabilized nano-
particles could be functionalized by 11-mercaptoundecanoic
acid (DUA) for subsequent amino or thiol-based DNA drug
conjugation through EDC/NHS chemistry and/or oxidative di-
sulfide bond linkage to allow the DNA drug delivery in cancer
cells.'®® Multi-steps surface functionalization could also be
performed to achieve a layer-by-layer coating.'®*'°! For
example, citrate-stabilized PB nanoparticles react with a cat-
ionic polymer (polyaniline hydrochloride) and then with the
polyacrylic acid anionic polymer through electrostatic inter-
actions and by EDC coupling, respectively.'®> An amine termi-
nated PEG is then conjugated with the carboxyl groups
through amide formation. Another example concerns stabilis-
ing agent-free nanoparticles of PB that could be firstly functio-
nalized with avidine through electrostatic interactions before
conjugation, which could be achieved by reaction with biotin
using the strong avidin-biotin interaction.'®® The resulting
functionalized PB nanoparticles could be then attached with
antigen-specific cytotoxic T lymphocites (CTL).
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Naturally, all the available chemical interactions could be
combined using multistep surface functionalization (Table 1)
in order to finely adjust the physico-chemical properties and/
or pharmacokinetic features.

To give an example, PB nanoparticles could be first post-
functionalized with oleylamine (coordination bond) and
subsequently with a PEG-based lipid through a thin-
film hydration process to give hydrophilic PEGylated nano-
particles.”” The diversity in the surface interactions results
in a chemical “toolbox” that provides numerous strategies for
the PSM of the PB/PBA surface. Most of these studies rely on
the nanoparticle tailoring for biomedical applications (e.g
bio-imaging or cancer treatments) that would be detailed in
the next part.

4.3 Adsorption within the PB/PBA internal porosity

In a similar manner than for MOF, the porous character of
PB/PBA nanoparticles could be utilized for the PSM.
Nevertheless, and in contrast to MOF, the linkers used for the
synthesis of PB/PBA (hexacyanometallate complexes) could
hardly be functionalized through introduction of chemical
functions to perform PSM. To our knowledge, no post-
functionalization of PB and PBA nanoparticles within the
internal porosity of the cyano-bridged framework until the
beginning of the 2010’s has been reported, although the
adsorption of guest molecules is one of the most powerful
strategies applied to MOF.*®%9°3222 Ag previously mentioned,
the presence of hexacyanometallate vacancies creates pores
that could reach up to a diameter of 7.5 A for single vacancies
and even larger in case of adjacent double vacancies. As we
will describe vide infra, these pores could engender different
types of interactions of various nature and strength (Fig. 6
and Table 2) with potential guests.

Firstly, the presence of water molecules coordinated on the
metal ion located in the vicinity of hexacyanometallate
vacancies gives rise to the presence of reactive metal ion sites
with an average chemical environment [M(NC)4(H,0),].

The labile coordinated water molecules could be easily sub-
stituted by stronger ligands or simply removed by thermal acti-
vation to afford coordinatively unsaturated site. As a conse-
quence, a suitable guest presenting an appropriate Lewis base
character would be able to react on these acid sites through a
chemisorption process. In the scope of PBA nanoparticles, this
methodology appears quite unexplored and has been only
recently applied to PB and nickel hexacyanoferrate nano-
particles functionalized by the 2-aminoanthracene lumino-
phore, which is able to enter into the porosity and presents an
amine function able to substitute water molecules.'®”*** In
addition, alkaline ions may be present in the tetrahedral sites
of the PB/PBA structure and can be exchanged with another
cation of the appropriate size and charge. As previously stated,
these guest cations could readily diffuse into the porous struc-
ture for ionic exchange. As an example, PB nanoparticles pos-
sessing Na' in their framework have been used for improved
Cs' elimination from living organisms. In this case, the use of
PB nanoparticles presents the advantage to enhance the Cs"
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Fig. 6 Schematic representation of different interactions in the PBA structures.
Table 2 Loading in porous PB or PBA nanoparticles
Nanoparticle formula Porosity type Guest Interaction guest-framework  Application Ref.
K.Fe,[Fe(CN)g], Hollow nanoparticles  Cisplatin Not discussed Intracellular drug 211
delivery
K.Fe,[Fe(CN)s], Doxorubicin Electrostatic interaction Chemo-thermal tumor 212
(negative PB-positive DOX) therapy
or coordinative bonding
between Fe(ur) and amino or
carbonyl groups of DOX
Perfluoropentane Not discussed
K.Fe,[Fe(CN)g], Doxorubicin n-stacking or hydrophobic Chemotherapy against 213
hepatocellular
carcinoma
K.Fe,[Fe(CN)s], Doxorubicin Interaction between Fe(ur) Chemotherapy of 214
and DOX cancer
K.Fe,[Fe(CN)s], Chloroquine, Not discussed Autophagy inhibition 215
1-tetradecanol and cancer treatment
K.Fe,[Fe(CN)s], 1-Tetradecanol, Not discussed NIR light responsive 216
Doxorubicin, drug co-delivery system
camptothecin
K.Fe,[Fe(CN)s], 1-Pentadecanol, Not discussed NIR-induced chemo- 217
Doxorubicin photothermal tumor
therapy with trimodal
imaging
Na,_45Fe[Fe(CN)s]o.s6@(PEG— Tetrahedral sites zo1py* Electrostatic interactions Nano-radiotracers for 218
NHy)o.22 SPECT imaging
Nay ;oFe[Fe(CN)g]o.77 200+ Electrostatic interactions Nano-radiotracers for 185
SPECT imaging
Ko.04Ni[Cr(CN)g]o.64:4.1H,O Hexacyanometallate 2-Aminoanthracene Coordinative bonds between  Luminescent NPs 219
vacancies (AA) Ni(u) and amino group of AA
Nag zoFe™[Fe"(CN)go.52-3.7H,0 2-Aminoanthracene Coordinative bonds between  In vitro imaging 167

(A4)

adsorption kinetics and change the Cs' elimination way (glo-
merular vs. faeces).”**

These PSM methodologies could also be applied to hollow
PB nanoparticles (Fig. 7B and Table 2) by taking advantage of
the large voids accessible in the internal cavity of the
nanostructure.'***''>'* Hence, hollow nanoparticles appear
to be efficient carriers for therapeutic molecules with appli-

This journal is © the Partner Organisations 2022

Fe(m) and amino group of AA

cations in drug delivery (see the next section). However, we
would like to emphasize that there is, for the moment, only
little information about the encapsulation process of the drugs
in the nanoparticle cavities and their interaction with the
coordination network. Since these nanoparticles are mostly
obtained by an etching process, the PB/PBA nanoparticles
most likely exhibit larger voids caused by defects with respect
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pigment. TEM image of PB nanoparticles in the toluene-dispersible ink.
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Water-dispersible ink

(A) Schematic representation of PB nanoparticles inks. The surface modification with oleylamine leads to organic-solvent dispersible PB

Scale bar = 100 nm. Reproduced with permission from ref. 182. © IOP

Publishing. All rights reserved. (B) Schematic representation of hollow PB nanoparticles loading with cisplatin. TEM image of cisplatin@hollow PB.
Reproduced from ref. 211 with permission from the Royal Society of Chemistry.

to non-hollow ones. To finish, the loading within the porosity
could be combined with the nanoparticles’ surface modifi-
cation. Such few examples are grouped in Table 3.

5 Towards multifunctional PB/PBA
nanoparticles by PSM
5.1 Drug delivery, photothermal therapy and PSM

One of the main motivations in the design and studies of
nano-sized PB concerns their use for biomedical applications.
This fact could be explained by the exceptional physico-chemi-
cal features of PB and its biocompatibility. Firstly, it exhibits a
very high stability (dissociation constant for the bulk PB com-
pound is equal to 3 x 107*") in acidic/neutral media. Moreover,
the biocompatible character of PB has been validated in its
bulk form by the Food and Drug Administration (FDA) as an
antidote for a Cs” or TI" empoisoning for human being."**'%*
In the scope of this article, we will not detail all the biomedical
applications, which have already been discussed in dedicated
»9711 A focus will be given here to demonstrate how
the PSM approach could be used to tailor and bring additional
tools for such targeted applications. In a nutshell, the
efficiency of nanosized PB has been demonstrated for
Magnetic Resonance Imaging (MRI)’140,149,150,161,190,202,203,225—230

reviews.

Table 3 Surface modification and loading within porosity

218 231,232

scintigraphy, photo-acoustic therapy
through different kinds of treatment including drug
deliveryzll,233—236 and photothermal therapy.190’215’220’229’237_242
For the latter, high absorption of PB in the Near InfraRed
(NIR) spectral domain (650-900 nm) and high light-to-heat
conversion efficiency have been explored for the design of
potential laser-assisted photothermal ablation agents for
cancer therapy, which could also concomitantly trigger the
drug delivery.

In the scope of PSM, the ion capture of radioactive *°TI-
labeled in ultra-small*'® or larger PB nanoparticles'®® have
been designed for their employment as radiotracers for Single-
Photon Emission Computed Tomography (SPECT) imaging. PB
nanoparticles of 2-3 nm have been synthesized with different
coatings by biocompatible ligands (glycol chains and/or carbo-
hydrates). These later are covalently anchored via functional
amino groups at the nanoparticles surface allowing an excel-
lent colloidal stability in physiological solutions and a pro-
longed blood circulation. The PSM is carried out by simply
reacting the nanoparticles with small amount of radioactive
thallium isotopes (*°'T1*) that were irreversibly trapped in the
tetrahedral sites of the PB structure due to their appropriate
size. In contrast to the commercial *°*TICl, which is commonly
used as radiotracer for the scintigraphy of heart and which in
majority accumulates in the kidney within a few minutes after

imaging,
233,234

Interaction

Nanoparticle formula Porosity type Guest guest-framework  Application Ref.
K.Fe,[Fe(CN)s], modified with Hollow Indocyanine green, Electrostatic Fluorescence-guided tri-modal 220
polyethyleneimine nanoparticles Doxorubicin interaction combination therapy of cancer
K.Fe,[Fe(CN)s], surface modified ~ Hollow 10- Not discussed Thermochemotherapy of cancer 194
with hyaluronic acid grafting poly- nanoparticles Hydroxycamptothecin
ethylene glycol
Nay 33Mng 1.Fe[Fe(CN)go.01 Solid nanoparticles  Doxorubicin Weak Photothermal therapy and drug 221

with microporosity interactions delivery
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injection, the functionalized nanoparticles might act as radio-
tracers for the scintigraphy of lungs and liver.

One of the main routes to perform PSM for biomedical
applications consists in the possibility to encapsulate different
drugs in the PB nanoparticles and in the related hollow archi-
tectures. The combination of the photothermal therapy with
the drug delivery based on the PB type nanocarriers enhances
the cancer cell killing activity.>'"*3*2%3 Before going into some
relevant examples, it should be emphasized that the quantitat-
ive comparison between different studies in terms of loading
capacity and/or loading efficiency appears relatively difficult
due to the absence of strict definition (initial weight of nano-
particles or total weight of nanoparticles, consideration of
solvent molecules etc.) to calculate these features The first
loading of a drug into PB could be traced back in 2012 by Lian
et al. in hollow nanoparticles protected by PVP.>'' The anti-
cancerous agent cisplatin cis-[Pt(NH;),Cl,] complex was simply
loaded by immersion into an aqueous suspension of PB nano-
particles (Fig. 7B). The loading efficiency was reported to be
almost 100%, whereas the proposed mechanism indicates that
the cisplatin was loaded into the microporosity of the PB
coordination framework by considering a comparable size
between the coordination complex guest and the PB pores.
Consequently, the large pore of the hollow nano-architecture
was apparently not involved in the adsorption mechanism of
the drug (even if it can play a role in the diffusion of the mole-
cules in order to reach the microporosity). The resulting
loaded nano-objects have been utilized as an anticancer drug
on bladder cancer T24 cells, confirming its therapeutic effect.

It was also later suggested that drugs of greater size, such
as doxorubicin (DOX), could be adsorbed in both, PB and
hollow PB nanoparticles. This subject was largely studied in
the literature (Tables 1-3) and mainly in hollow nanoparticles,
and it appears that DOX can be captured in the large porosity
of PB or attached at the surface of particles. For instance, a
drug loading efficiency of 98% was achieved in hollow PB
nanoparticles.”’> The authors ascribed such high loading
efficiency to the presence of numerous mesopores and a huge
cavity in the case of hollow particles, as well as to the for-
mation of electrostatic interactions and/or coordination bonds
involving the DOX amino, carbonyl or hydroxyl groups with
the surface. The release of the loaded DOX could be triggered
at low pH values. Remarkably, the thermosensitive phase
change material perfluoropentane could be subsequently
loaded into the previously functionalized PB/DOX nano-
particles to enhance the ultrasound contrast upon irradiation.
The obtained nanosystems exhibit a synergistic effect in the
chemo-thermal therapy. In another study, a loading content of
33 wt% and a loading efficiency of 88 wt% was also reported
for hollow PB nanoparticles.”’* In that case, the authors
suggest that the loading of DOX relies on x stacking and hydro-
phobic interactions into the interior cavity. Remarkably, co-
adsorption could also be achieved using DOX and another
drug (camptothecin) in hollow PB nanoparticles in association
with an introduction of a phase-change material (1-tetradeca-
nol, melting point = 38 °C), the latter acting as both, a thermo-

This journal is © the Partner Organisations 2022
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sensitive gatekeeper and a medium for loading hydrophilic
and hydrophobic drugs.?'® The NIR light treatment provides a
precise light triggered co-delivery of DOX and camptothecin. A
closely related example has also been reported using 1-penta-
decanol as a phase change material and DOX in hollow PB par-
ticles of 130 nm that were obtained from polystyrene nano-
particles as a template.”’” Another example consists in the
demonstration of the fluorophore (indocyanine green) and
DOX entrapment at the surface and possibly within the
interior cavity of polyethyleneimine-modified hollow PB nano-
structures.”*® The surface charge modification using polyethyl-
eneimine affords a nanoparticles’ positive surface charge that
allows the subsequent interaction with the anionic indocya-
nine green molecules at the surface. Then, electrostatic inter-
actions between DOX and indocyanine are responsible for the
DOX capture. Despite the fact that the localization of DOX was
not clearly demonstrated, such example proves the efficiency
of the step-by-step (or layer-by-layer) PSM surface modification.
The drug loading efficiency for indocyanine green and DOX
was calculated as 5.85% and 6.74%, respectively, while the
encapsulation efficiency was estimated at 40% and 32%. The
systems could be viewed as a triple-modal combination
therapy with photothermal and photodynamic effects associ-
ated with a drug release.

In addition to the aforementioned examples of co-drugs
or dyes loading, other pharmaceutical guests could be post-
synthetically adsorbed. Hence, 10-hydroxycamptothecin, a
chemotherapeutic agent, has been successfully adsorbed
in hyaluronic acid/PEG modified hollow PB nanoparticles
obtained by layer-by-layer surface modification.'®* The
loading capacity of 10.4% and an encapsulation efficiency of
52% of 10-hydroxycamptothecin suggests its loading in the
internal mesopore. Both, in vitro and in vivo experiments
confirm its slow release as well as the possibility of photo-
thermally-assisted drug release. Also, chloroquine, which is
an autophagy inhibitor, has been simultaneously loaded with
a phase-changing material (1-tetradecanol) in hollow PB
nanoparticles.>"> Both molecules are located in the interior
cavity of the mesoporous PB nanoparticles. The functiona-
lized nano-objects are able to deliver chloroquine using NIR
light that in turn induces the phase-change of 1-tetradecanol
to realize the combination of autophagy inhibition and
photothermal therapy.

Remarkably, the PSM with drugs could also be achieved in
non-hollow nanoparticles. Chen et al. described a multistep
PSM procedure to enhance the DOX loading in PB nano-
particles.”" Surface-free PB nanoparticles were first coated
with oleylamine before a lipid-PEG conjugate was used to
render the PB nanoparticles hydrophilic. The DOX, in its basic
form, was then encapsulated into the hydrophobic lipid region
of these PEGylated PB nanoparticles by taking advantage of
hydrophobic interactions at the surface of the particles. The
DOX loading is estimated at 9.2%. It was found that the drug
release was enhanced at acidic pH, whereas in vitro studies
indicate an enhanced killing of HeLa cells due to a synergistic
effect between chemo and photothermal effect. Another
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example of multistep surface functionalization was also
reported by Lin et al'®” Cubic PB nanoparticles of 55 nm
obtained using citrate were firstly decorated with a layer of
polydopamine before reaction with an amino PEG. Aiming to
favour the nanoparticles accumulation in tumours while redu-
cing side effects, folic acid was attached at the end of the PEG.
In a last step, DOX could be loaded in the PEG shell via hydro-
gen and n-m interactions with a drug loading efficiency of
36%. The drug release could be triggered by both, pH and NIR
stimuli. Similarly, citrate stabilized PB nanoparticles could be
firstly coated with polydopamine and next reacted with human
serum albumin that allows the DOX capture by hydrogen
bonding based hydrophobic interactions with a loaded weight
proportion estimated at 4.3%.'°® In another example, a red
blood cell membrane was also associated with DOX and
manganese-doped PB nanoparticles by a surface modification
involving a co-extrusion method to increase the DOX loading
capacity (estimated at 4.7%) and enhance the in vivo circula-
tion time.'®> Remarkably, the system could catalyse the H,O,
conversion to generate oxygen, which relieves the hypoxia of
tumours. This in turn disrupts the membrane and accelerates
the DOX release.

To elucidate the adsorption mechanisms, a combined
theoretical-experimental approach appears pivotal. Indeed,
molecular simulations (Monte Carlo and DFT calculations)
allow obtaining the saturation amount of guest molecules,
which can be compared with experimental loading for further
optimization processes (modification of solvent, etc.), as well
as the interaction energy of these molecules with the frame-
work. Besides, plausible configurations in the pores can also
be extracted and adsorption sites can be elucidated. These
simulations are validated by comparison between theoretical
results and experimental data. Such a strategy has already
been used for the drug adsorption in MOF materials.>**™>*” 1t
has for instance been possible to demonstrate the fact that the
presence of solvent molecules prevents the entrance in some
pores of MIL-100 due to the chemisorption of ethanol. Similar
combined strategy starts now to be used in PB/PBA to under-
stand the adsorption and co-adsorption of drug molecules in
non-hollow nanoparticles without any stabilizer at their
surface. Hence, using Monte Carlo simulations, it was demon-
strated that the size of the DOX is clearly larger in comparison
with the size of the pores generated by both, tetrahedral sites
and hexacyanometallate single-vacancies.>*" Yet, it could not
be excluded that PB/PBA most likely exhibit the presence of
two adjacent vacancies leading to bi-lacunas with a greater
accessible porosity, suitable to accommodate the DOX mole-
cules, as described in Fig. 2. Nevertheless, the comparison
between the experimental (7.6 wt%) and theoretical (5 wt% if
only the amount adsorbed in the porosity is considered)
capacities suggests that DOX is most likely simultaneously
located within the porosity of the PB framework and at the
surface. Once again, this highlights the fact that understand-
ing the arrangement of lacunas in these cyano-bridged
systems, as well as the clear picturing of the mode of inter-
action through both, experimental/theoretical approaches, are
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key parameters to enhance and control the loading of drugs,
as well as other physico-chemical properties.

Although it will not be discussed here, the surface PSM
could also be achieved by combining PB with other inorganic
materials to design original core@shell architectures.'®® More
generally, these results suggest that both, the nanoparticles’
surface and internal porosity of the coordination network,
could act together to improve the loading capacity of drugs in
the aim to design multimodal theranostic agents.

5.2 Implementing luminescence in PB/PBA

Current technological demands in areas, such as
nanothermometry,>**2°°  sensors,”*"**> photonics,>*® and
nanomedicine®® concern the implementation of photo-

luminescence at the nanoscale. For instance, luminescence
imaging is an affordable technique that benefits from a high
temporal resolution and high sensitivity.>>®> The combination
of both properties within the same nano-object engenders
several outcomes in both, fundamental and applied levels.
Surprisingly, although efforts have been conducted to render
nanosized PBA multifunctional, mainly for their possible use
in the previously described applications, combination with
luminescent probes remains relatively unexplored. PB belongs
to the Robin and Day class II mixed-valence compound,>®
which implies semiconducting characteristics.>®” Thus, PB
should exhibit photoluminescence inherent to its electronic
band structure. Hence, the first example of weak photo-
luminescence of PB nanocubes in the UV-range was reported
only in 2009.%°® A few years later a core@shell polypyrrole@PB
nanoparticles obtained via mini-emulsion polymerization and
exhibiting an emission around 600 nm was reported.>®® The
differences in terms of emission wavelengths between the two
systems have been ascribed to the change between the hollow
and non-hollow PB nanoparticles. Incorporating polypyrrole
inside the PB nanoshell induces a blue shift of the emission
wavelength associated with an increase of the quantum yield.

In light of the recent development in the field of PB-based
biomedical applications, it appears that luminescence imaging
constitutes an efficient technique to fully develop the PB capa-
bilities with the objective to easily monitor the nanoparticles
uptake into the cells, follow their biodistribution and the
efficiency of a photothermal/drug treatment. However, and
with the aim to circumvent the weak luminescence of PB and
tune the emission wavelengths, PSM represents a method of
choice.

Firstly, the nanoparticle surface could be easily functiona-
lized. For instance, Shokouhimehr et al. reported that either 5-
(aminoacetamido)fluorescein'®” or Texas red cadeverine'*’
dyes could be conjugated to citrate coated-nanoparticles
through a chemical coupling to implement luminescence for
in vitro fluorescence imaging. In 2014, Dumont et al. reported
the PSM of surfactant-free Mn>'-doped PB nanoparticles,
whose surface was functionalized with the fluorescent
avidin.?®® Noticeably, this latter allows the attachment of bioti-
nylated ligands that target paediatric brain tumours. The
observed green photoluminescence arises not from PB but
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comes from the attached avidin moieties at the surface of the
particles. In vitro and ex vitro fluorescence studies were used to
study the organ biodistribution and in particularly the pres-
ence of nanoparticles in the brain. NIR fluorescence could also
be implemented by functionalizing the surface serum albumin
stabilized PB nanoparticles of 30 nm with the indocyanine
green dye.”'® These functionalized nanoparticles act as a
photothermal and photodynamic agents. An enhanced photo-
thermal effect is therefore observed due to a synergistic
effect between the two photothermal agents (PB and indo-
cyanine green). The obtained nanoscaled system associates
the dual magnetic resonance imaging features of PB with
the NIR fluorescence imaging, as well as the photothermal
and photodynamic therapies from both PB and indocyanine
green.

The same indocyanine green dye could also be loaded
into hollow PB nanoparticles modified by polyethyleneimine.
Remarkably DOX could be subsequently loaded to provide a
system exhibiting in vivo fluorescence imaging associated with
light-induced chemo/photothermal/photodynamic therapies.?*°

This motivated to study in details the functionalization of
PB/PBA particles with luminescent species using a PSM
approach. Taking advantage of both, the surface and internal
porosity approaches of the PSM, the incorporation/surface
attachment of two fluorophores with different sizes, chemical
functions and emission wavelengths has been considered
(Fig. 8A and B)."®” On the one hand, 2-aminoanthracence (AA)
exhibits a green emission, an amine function able to strongly
interact with the active metal sites and a suitable size to be
adsorbed into the pores of non-hollow nanoparticles generated
by single hexacyanometallate vacancies (Fig. 1B). In contrast,
the larger well-known rhodomine-B (RhB) dye could hardly
access into the porosity of the coordination network, exhibits a
red emission and show different possible interactions with the
PB nanoparticles (electrostatic or covalent by the carboxylic
moieties). The simple reaction between surfactant-free cubic
PB nanoparticles of about 70 nm with the corresponding
fluorophores in aqueous or ethanolic suspensions leads to the
formation of PB@AA and PB@RhB. This simple strategy
affords the formation of luminescent PB nanoparticles with
emission wavelengths in the green or red regions (Fig. 8C),

SOCANN

AA

CH,
crf,
O~ NI_CHy
L
O COOH

RhB

Fig. 8 (A) Scheme of the 2-aminoanthracence (AA); (B) scheme of the
rhodamine B (RhB); (C) photographs of aqueous suspensions of PB,
PB@AA, and PB@RhB under excitation with an UV lamp at 365 nm
showing their luminescence. Reprinted with permission from ref. 167.
Copyright 2020 American Chemical Society.
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named PB@AA and PB@RhB, respectively. Remarkably, the
photoluminescence could be observed in aqueous colloidal
suspensions, in physiological conditions and in solid-state.
The use of different experimental techniques in association
with molecular modelling confirmed the adsorption mecha-
nisms. As a result, AA is able to enter into the internal porosity
of the PB framework (and may also possibly be located at the
surface), while RhB is only attached at the nanoparticles
surface. The estimated loading capacity of AA is of 7.6 wt% to
be compared with the experimental one of 4.8 wt%. This
suggests a competition with the solvent (EtOH) able to interact
with the metal ions and/or diffusion issues during the adsorp-
tion of AA. The distribution of AA indicates that it is adsorbed
in the pores generated by cyanometallate vacancies. Singularly,
both functionalized systems (AA and RhB) do no exhibit a
leakage of the fluorophores for several days indicating that
such nanoprobes could be used for luminescence imaging.
Hence, whereas the functionalized nanoparticles do not
exhibit toxicity in the investigated concentration ranges, the
cellular uptake and in vitro imaging of cancer cells confirmed
that they could be efficiently used to follow the cell internatio-
nalization by luminescence imaging.

This approach was later extended to adsorption of fluo-
rescent dyes eosin Y, rhodamine B and methylene blue in
citrate-stabilized PB nanoparticles that have subsequently
been decorated with PEG.>%°

In addition, most PBA also exhibits interesting magnetic
properties, which could be easily tuned (magnetic transition
temperature, coercive field, magnetization at saturation)
depending on the choice of the metal ions.?*® Consequently,
the association of magnetism and luminescence in multifunc-
tional molecule-based nanosystems could be highly attractive
to study the possible cross-effect between these properties, as
well as for potential applications in sensors and electronics.
The study of luminescent molecule-based magnets constitutes
therefore an important topic.*>°® However, combining these
two functions appears challenging since most paramagnetic
transition metal ions cause a quenching of the emission. In
that sense, we recently demonstrated that both, ferromagnetic
properties and luminescence could coexist in the functiona-
lized nickel hexacyanochromate (NiCr) nanoparticles by using
PSM.?** This PBA analogue was selected because it does not
exhibit strong absorption bands in the visible region that may
cause a luminescence quenching. Moreover, it possesses a
relatively high Curie temperature (7¢) characterizing the tran-
sition from paramagnetic to ferromagnetic state in its bulk
form permitting to easily monitor the possible modifications
in the magnetic behaviour. Thus, the PSM of nickel hexacyano-
chromate particles of 65 nm was performed by employing the
AA dye, which is able to enter within the porosity of the cyano-
bridged framework. This was confirmed both, experimentally
and by Monte Carlo simulations. Investigations of the mag-
netic properties of the functionalized nanoparticles reveal that
the characteristic ferromagnetic ordering related to the nickel
hexacyanochromate PBA analogue with a T¢ at 65 K is pre-
served (Fig. 9A). In contrast, the photoluminescence is found
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Fig. 9 (A) Zero Field Cooled (ZFC)/Field Cooled (FC) curves performed
for NiCr@AA with an applied magnetic field of 100 Oe and showing the
Curie temperature (T¢) at 65 K; (B) room temperature excitation and
emission spectra for NiCr@AA. Reproduced from ref. 223 with per-
mission from the Royal Society of Chemistry.

to be slightly altered due to the modification of the AA environ-
ment caused by the interaction with the PBA framework
(Fig. 9B). While the emission wavelength is found only slightly
modified, the temperature dependence of both, the steady-
state and emission lifetimes suggest differences in the non-
radiative transition probabilities, which are found being
exacerbated for the functionalized nanoparticles with respect
to the free AA dye. Yet, the observation of both, a long-range
magnetic ordering and luminescence constitutes a rare
example of a luminescent molecule-based magnet.

6 Conclusions and perspectives

Owing to their high surface/volume ratio associated with their
porous molecular structures, PB and PBA nanoparticles rep-
resent an original and promising platform to apply and
develop PSM methods. On the one hand, the surface state of
PB nanoparticles could be easily tuned by exploiting simple
surface modification concepts to carefully tailor the physico-
chemical and pharmaco-kinetic properties of the nano-objects.

On the other hand, the porous structure of PB/PBA could be
exploited to modify or implement chemical or physical pro-
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perties of nano-objects that could not be obtained by direct
synthesis. The presence of cyanometallate vacancies generates
simultaneously large pores and reactive metal sites. This
allows adsorbing by PSM small functional guests (drugs, metal
ions or dyes) that could interact at different levels with the
cyano-bridged framework confirming its great flexibility. This
opens exciting perspectives in various domains, such as cataly-
sis, biomedical applications or separation. For instance, the
chemical modification of the pores by ligand exchange may
allow to greatly affecting the adsorption features, such as the
hydrophobic/hydrophilic balance or the separation/sensing
behaviour."'® This could be achieved through a “coordination
chemistry within the pores” approach by substituting or ther-
mally removing the water molecules of the [M(NC)s_(H,0),]
units and subsequent reactions with stronger ligands. One
may therefore expect to chemically tune such cavities to
specifically capture defined guests or drugs.

Moreover, additional interactions generated by the cyano-
bridged coordination network might be further exploited.
Although it has never been evidenced in the scope of nanos-
caled PB/PBA, the n-character of cyano-ligands of the frame-
work may be employed to promote zn-interactions with appro-
priate guests. Such possibility has been largely exploited for
the adsorption of hydrophobic guests in bulk PBA. For
instance, it has been shown that the preferential interactions
of cyclohexene with the PBA framework is explained by the
n-character of CN bonds of the cobalt hexacyanocobaltate
PBA.'Y

In addition, the presence of water molecules in the porosity
might also mediate hydrogen bond interactions with the
guest. Albeit theoretically possible, this mechanism has not
been strongly evidenced to our knowledge in nanoscale PB/
PBA systems. More generally, it appears that there is a lack of
knowledge concerning the adsorption mechanisms in PB/PBA
at the nanoscale. Among the upcoming challenges in the field,
the in-depth understanding of the adsorption mechanisms, as
well as the vacancies’ arrangement in these non-stoichiometric
nanomaterials appear fundamental. In this sense, the input of
theoretical calculations to provide a full picture of the inter-
action appears critical to ultimately engineer enhanced
systems.

Considering the recent development of PB nanoparticles
in the biomedical field, the surface functionalization will
appear as particularly decisive to assure the right biodistribu-
tion and organs or tissues targeting with the aim to take
advantage of the theragnostic features of PB. In comparison
with metal or metal oxides nanoparticles, the surface engin-
eering of PB has not been deeply developed and an important
effort are needed in order to provide a complete picture in
this area.

Besides, new PSM routes need to be further explored. In
this sense, the recent example of mechanochemical PSM in
bulk PBA opens interesting perspectives since it would avoid
solvent competition or chemical incompatibilities between the
guest and the host frameworks.>®” Such methodology has to be
fully implemented at the nanoscale. Furthermore, the possi-
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bility to provide multistep PSM in the internal porosity of bulk
PB/PBA has been rarely exploited. For comparison, a seven-
step PSM methodology using peptidic coupling was used to
introduce specific functional group in a MOF-74 that in turn
proved to be an efficient catalyst.>°® Moreover, the PSM metal
exchange, which is now widely employed in MOF chemistry,>®
has never been exploited to PB/PBA materials to the best of
our knowledge. Post-substitution of transition metal ions con-
stituting the PB/PBA frameworks will allow to introduce other
metal or lanthanide ions to give additional functionalities.

Besides, we have demonstrated that additional properties
could be implemented, such as luminescence in PB/PBA nano-
particles by simple guest adsorptions. It appears obvious that
other features (chirality, conductivity, etc.) may be added by
PSM by the careful choice of the functional guests.
Furthermore and although it was not discussed in this review,
the PSM could be easily extended to more complex PB architec-
tures including core@shell heterostructures PBA@PBA’' or
core@shell X@PBA or PBA@Y (X = Au, Fe;0,, Y = Si0,),"°
expanding the number of possibilities.

The large adaptability of the cyano-bridged framework in
terms of chemical compositions in concert with the PSM
methodologies, both at the surface and in the internal porosity
levels, will allow to accurately shape the chemical, physical
and pharmaco-kinetic properties of these intriguing nanos-
caled molecule-based materials.
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