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Engineering of specific composite silica nanoarchitectures  
with d-transition metal ions, complexes, oxides and sulfides  
for MRI contrast agents and nanocatalysts

Olga D. Bochkova, iD  Alexey S. Stepanov, iD  Anastasiya P. Bebyakina, iD  Asiya R. Mustafina  iD

A.E.Arbuzov Institute of Organic and Physical Chemistry, Kazan Scientific Center,  
Russian Academy of Sciences, 420088 Kazan, Russian Federation

The practical significance of silica nanoparticles (SNPs) loaded 
with metal ions/complexes and/or metal oxides/sulfides stimulates 
the search for optimal one-pot synthesis methods that allow 
controlling both the size, shape, polydispersity of composite 
nanoparticles and changes occurring with metal compounds during 
the synthesis. To achieve this goal, it is necessary to understand the 
fundamental aspects of the synthetic loading of SNPs with metal 
compounds. These aspects include the influence of coordination 
and oxidative transformations of metal compounds, as well as their 
interaction with silica seeds, on the colloidal and functional 
properties of composite SNPs. The influence of the ligand, metal 
ion, or synthesis method, with or without surfactants, is considered 
as a tool for controlling the properties of composite SNPs. A 
comparative analysis of the use of the Stöber and water-in-oil 
microemulsion methods for growing SNPs containing iron/copper 
oxides/sulfides, 3(4)d metal ions, and their complexes as practically 
significant additives is also presented. Both the influence of 
accompanying additives and the variation of the time conditions of 
their stepwise introduction into the synthesis are considered as a powerful tool for controlling practically significant characteristics 
of the metal compounds included in SNPs, such as their accessibility to water molecules and leachability. Special attention is paid to 
the importance of the identified trends in the management of functional properties such as catalytic activity or acceleration of magnetic 
relaxation of protons of water molecules, as a prerequisite for the use of such composite SNPs as nanocatalysts or contrast agents 
in MRI.
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1. Introduction

The synthesis of silica nanoparticles (SNPs) has attracted 
considerable interest due to their wide range of applications in 
sensing, biology, medicine and agriculture.1 – 6 It is worth noting 
the numerous reviews devoted to the biomedical applications of 
mesoporous silica nanoparticles (MSNPs) and the main 
strategies used in their synthesis.3, 7 – 10 The synthesis and 
functional properties of mesoporous silica nanostructures with 
an average pore size greater than 10 nm have been widely 
discussed. In contrast, similar issues regarding microporous 
silica nanoarchitectures with pore sizes in the range of 
1.3 – 2.0 nm have received less attention. Both mesoporous and 
microporous silica nanoarchitectures have their own advantages 
and disadvantages. For biomedical applications, SNPs with a 
size of less than 50 nm feature reduced uptake by immune 
cells.11 From this point of view, microporous silica nano
architectures represent a better choice compared to mesoporous 
nanoarchitectures. Therefore, this review focuses on microporous 
nanoarchitectures.

When assessing the influence of size, shape, and porosity of 
nanoparticles (NPs) on their functional properties, it is important 
to consider the role of dopants in their composition. Nanoscale 
metal oxides (sulfides) and metal ions (complexes) deserve 
special attention as such dopants, as their incorporation into NPs 
enables the creation of magnetic, paramagnetic, and luminescent 
nanocomposites.12 – 18 In particular, iron oxide and copper 
sulfide NPs have attracted considerable attention due to their 
unique functional properties, which are important for 
biomedicine.19 – 24 However, many methods for their synthesis 
have not yet been sufficiently analyzed and discussed to assess 
the underlying factors responsible for the incorporation of these 
dopants into SNPs. Notably, the key challenges encountered in 
synthesizing both metal oxide/sulfide cores and their silica-
coated analogs with highly uniform sizes are similar for a wide 
range of metals.

The incorporation of metal ions and their complexes into 
SNPs is another widely used strategy for achieving functional 
properties such as luminescence, catalytic activity, and 
paramagnetic enhancement of water proton magnetic relaxation 
for magnetic resonance imaging (MRI) contrast. It should be 
noted that achieving the latter functionality is the most 
challenging task, as it requires obtaining a specific morphology, 
while the luminescence properties of silica composite 
nanostructures are less sensitive to morphology due to the 
transparency of the silica coating. This review focuses on 
achieving the specific morphology required for effective MRI 
image contrast enhancement of silica composite nanostructures, 
with particular emphasis on simple, one-step and one-pot 
approaches to silica composite nanoarchitectures as an 
alternative to multistep hydrothermal procedures. The 
advantages and limitations of these synthesis methods for 
achieving practical functional properties are discussed 
below.25 – 29 In particular, it was shown that the microporosity of 
silica nanostructures ensures sufficient accessibility of metal 
ions for small molecules, including water, when incorporated 
into the outer silica layer. The variety of d-metal ions and their 
complexes used as dopants in silica nanostructures is limited in 
this case to those composite nanostructures that, according to the 
literature, provide either MRI contrast enhancement or catalytic 
properties.

This review also examines the synergistic and non-synergistic 
effects in the synthesis of multifunctional NPs through the 
combined incorporation of metal compounds and complexes in 

both nanoscale and molecular forms, as these trends have not yet 
been sufficiently explored. The known synthesis methods used 
to obtain such composite SNPs are analyzed in correlation with 
the fundamental aspects of coordination, interionic and 
intermolecular interactions associated with the incorporation of 
both nanosized metal oxides (sulfides) and metal ions 
(complexes) into the silica matrix.

2. Synthesis of composite SNPs doped  
with nanosized iron oxides
Iron oxides are the most widely used dopants, which has led to a 
large number of reported methods for their use in synthesis. This 
allows us to identify the main regularities of their incorporation 
into SNPs or silica coatings. It is noteworthy that producing iron 
oxide NPs with high uniformity in size, shape and phase requires 
the use of high-temperature precursor decomposition 
method.30 – 34 As a result, the resulting iron oxide-based NPs are 
hydrophobic due to their oleate-based outer layer. In turn, the 
ligand exchange of oleates to silanol groups is a key prerequisite 
for the silica coating of oleate-coated iron oxides.35 – 37 There are 
two main approaches to applying silica coating on hydrophobic 
NPs: the reverse (water-in-oil) microemulsuion method and 
Stöber procedure. These methods involve growing the SiO2 
shell by NH3-catalyzed hydrolysis of tetraethyl orthosilicate 
(TEOS) followed by polycondensation of hydrolyzed products 
in alcohol/water media 38 or in water-in-oil microemulsion.36, 39, 40

The application of a silica coating on inorganic hydrophobic 
NPs by means the reverse microemulsion procedure requires the 
use of surfactants. The most commonly employed surfactants 
are Igepal CO-520 and Triton X-100, which possess similar 
structures and are both polyoxyethylene nonionic surfactants. 
According to Li and co-workers 35 the use Igepal CO-520 as a 
surfactant triggers the ligand exchange at the stage of mixing the 
surfactant with oleate-coated iron oxide NPs in cyclohexane, 
followed by substitution of absorbed Igepal CO-520 molecules 
by the hydrolyzed TEOS. It was shown that the interaction 
between hydrolyzed TEOS and iron oxide NPs is the main 
driving force behind their transfer to the aqueous phase.35

Although the use of the surfactant-free Stöber procedure 
allows the formation of silica coating on oleate-coated iron 
oxides, the Fourier-transform infrared spectroscopy (FTIR) 
spectra of these silica-coated Fe3O4 NPs indicate incomplete 
substitution of oleates by silanol groups on the Fe3O4 surface.41 
However, the Stöber procedure was proven to be most successful 
in producing a silica coating for iron oxides with a hydrophilic 
surface.42 – 44 Thus, a successful application of silica coating on 
various metal oxide nanocores coated with easily removable 
molecules is presented.43 – 46

Silica coating of iron oxide cores very often results in the 
formation of either core-free SNPs or SNPs loaded with several 
iron oxide cores. It is worth discussing the modifications to the 
synthesis used by the authors to obtain single-loaded NPs by 
applying a silica coating on oleate-coated iron oxides using the 
water-in-oil microemulsion method. The synthesis modifications 
used for Igepal CO-520 and Triton X-100 are somewhat 
different, which requires a separate discussion of their use in the 
microemulsion method. In the case of Igepal, the fractionated 
addition of TEOS and equal number of iron oxide cores and 
aqueous nanodomains in water-in-oil mucroemulsions play a 
decisive role in the formation of high-quality Fe3O4@SiO2 
core – shell NPs.35, 47 This can be achieved by the optimization of 
both iron oxides concentration and low TEOS injection rate. The 
latter suppresses the homogeneous nucleation of SiO2 and, 
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consequently, furnishes single-loaded Fe3O4@SiO2 NPs.33 
Thus, the formation process of single-loaded Fe3O4@SiO2 NPs 
competes with alternative processes such as aggregation of 
oleate-coated iron oxide and homogeneous nucleation of SiO2. 
The thickness of the silica layer around the magnetic core can be 
controlled by changing the amounts of TEOS and ammonia used 
in the synthesis, as well as the reaction time.32, 33, 48 Formation of 
the multicore Fe3O4@SiO2 NPs is explained by aggregation of 
iron oxide cores prior to coating, and this is typical for the 
oleate-capped iron oxide cores with the size below 10 nm.33 
However, the formation of double- and multi-core NPs can 
occur due to too rapid addition of TEOS to the synthetic mixture, 
when some amount of TEOS undergoes homogeneous 
nucleation.49, 50 The synthesis of high-quality single-core, 
monodisperse Fe3O4@SiO2 core-shell NPs has been 
accomplished using an approach similar to those used in 
numerous studies, though the authors did not provide the specific 
details of the coating procedure.51, 52

Similar to the method using Igepal CO-520, when using the 
Triton X-100-based microemulsion method, the high addition 
rate of TEOS should be responsible for the formation of coreless 
SNPs during the silica coating of oleate-capped iron oxides. 
However, when TEOS is added after all other reactants in the 
synthesis process, a minor amount of core-free SNPs is formed 
compared to single-loaded SNPs even at a relatively high TEOS 
addition rate (1 mL min–1).53 The above procedure facilitates the 
formation of single-loaded SNPs when the size of oleate-coated 
iron oxides is 12.8 nm.53 Multicore SNPs are produced by 
incorporating small (6 nm) oleate-capped iron oxide NPs into 
SNPs, and such multicore loading results in a higher contrast 
effect in MRI compared to single-loaded SNPs.54 The multicore 
SNPs are formed as a result of a higher degree of aggregation of 
iron oxide NPs smaller than 10 nm due to their higher surface 
Gibbs free energy compared to larger iron oxide NPs.54

As noted above, the application of silica coatings to oleate-
capped iron oxide NPs is facilitated by nonionic surfactants, as 
they remove surface oleates. However, it should be noted that 
surface oleates can be removed from iron oxide NPs through the 
coordination or electrostatic binding of oleates to metal ions or 
metal complexes. In particular, the combined use of the differently 
sized iron oxides and Mn2+ ions in the synthesis leads to a 
significant synergistic effect, facilitating the incorporation of 
both Mn2+ ions and iron oxides into SNPs.55 This synergistic 
effect can be explained by complex formation between Mn2+ ions 
with oleates removed from oleate-capped iron oxide NPs.55 
However, such effect is insignificant when iron oxide NPs of 
different sizes are introduced in combination with the 

thermodynamically stable Gd3+ complex.53, 54 It is worth 
mentioning another intriguing example of the codoping effect on 
the iron oxides incorporation. This effect is evident from a 
comparative analysis of the incorporation of 24 and 17 nm oleate-
capped iron oxides into SNPs by microemulsion synthesis, where 
the former NPs are introduced alone and the latter are introduced 
in combination with the [Ru(bpy)3]2+ (bpy is 2,2'-bipyridine) 
complex.19, 56 Both syntheses were carried out in a similar manner 
at a high TEOS addition rate, although the loading of 24 nm core 
SNPs is less efficient than that of their smaller counterparts.19, 56 
In particular, the formation of singly loaded SNPs is accompanied 
by the formation of unloaded and multiply loaded NPs in the case 
of incorporation of 24 nm sized iron oxides without this 
complex.56 However, the formation of single-core SNPs becomes 
predominant in the case of the codoping of 17 nm iron oxide 
particles with [Ru(bpy)3]Cl2.19 This may be due to some removal 
of surface oleates due to ionic binding of oleates to these complex 
cations. Figure 1 schematically demonstrates the above-described 
effects of both non-ionic surfactants and co-dopants as the factors 
promoting the silica-coating of iron oxide species.

The data presented in Table 1 demonstrate the key synthetic 
characteristics known from the literature that are responsible for 
the formation of monodisperse iron oxide-loaded NPs when the 
latter are introduced into the reaction mixture as oleate-coated 
NPs.

Encapsulation of hydrophobic iron oxide NPs into silica 
matrix via the Stöber procedure can be facilitated by modifying 
it with positively charged surfactants such as CTAB.20, 59 The 
main role of CTAB was shown to involve the transfer of 
hydrophobic iron oxide NPs to the aqueous phase.20, 59 Therefore, 
the water dispersible CTAB-modified iron oxide NPs obtained 
in the first stage of synthesis provide the basis for the formation 
of high-quality silica-coated iron oxide NPs.20, 59 However, 
CTAB also serves as a template for the formation of a 
mesoporous silica layer on the surface of iron oxide NPs.59 This 
synthetic strategy allows the formation of spherical, uniform-
sized and single-loaded core-shell nanoparticles after removing 
CTAB molecules from silica by refluxing the SNPs in acidic 
ethanol solutions. Notably, the synthetic strategy using CTAB 
was successfully used to deposit silica coating on CdTe 
nanocores.21

3. Synthesis of composite SNPs doped  
with nanosized copper sulfides
Copper(I)-based chalcogenide compounds mainly represented 
by copper sulfides Cu2 – xS have gained great attention as 

Cyclohexane

Exchange mixed micells

precipitation

H2O Mn(II)

Ru(II)

TX-100
lgepal
CTAB, etc.

Oleate

H2O H2O
SiO2

+TEOS, NH3

Figure  1.  Schematic presentation of the interactions facilitating removal of the surface oleates from oleate-capped iron oxide NPs. TX-100 is 
Triton X-100, CTAB is cetyltrimethylammonium bromide.
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promising basis of chemodynamic and photothermal agents, 
which can be considered as very promising therapeutic 
agents.60, 61 The use of high-temperature liquid phase synthesis 
is the best choice to control both the size and the crystalline 
phase of the Cu2 – xS nanocores, although they should be 
hydrophilized for further biomedical applications.62 Silica 
coating of oleate-oleylamine-capped copper sulfides is a good 
strategy to combine their photothermal and chemodynamic 
acitivities with luminescent properties.63 However, successful 
silica coating of oleate-oleylamine coated copper sulfides is 
achieved by desorbing their hydrophobic coating in acidified 
solutions as a preliminary step before silica coating.63, 64 The 
purpose of this preliminary step is to facilitate the coordination 
of silanol groups on the surface of copper sulfides.

However, not only the difficulties of replacing oleate and 
oleylamine ligands with hydrolyzed TEOS on the surface of 
such copper sulfide cores, but also their specific aggregation in 
aqueous media is a serious obstacle to the monocore incorporation 
of copper sulfides into SNPs by the water-in-oil microemulsion 
procedure. The above-mentioned aggregation specificity of 
oleate-oleylamine capped copper sulfides is manifested in their 
ability to form negatively charged aggregates, which stems from 
the ability of oleates to contribute to the hydrophobic layer of 
Cu2 – xS and to serve as hydrophilic agents due to the Janus-like 

localization, schematically shown in Fig. 2.22 – 24 Thus, the 
electrostatic repulsion between oleate-oleylamine-coated copper 
sulfides and the in situ formed silica seeds should be considered 
as the main factor limiting the formation of silica-coated copper 
sulfide particles.  This limitation can be avoided by the recovery 
of oleate-oleylamine-capped copper sulfides by cationic 

Table  1.  Methods and reaction conditions for the synthesis of silica-coated iron oxides, and characteristics of the resulting nanoparticles.

Method of synthesis Surf. Base R Size, nm Shape State Properties Ref.

Reverse 
microemulsion

Igepal-520 NH3 2.48   20 Spheres Monodisperse - 35

Reverse 
microemulsion

Igepal-520 NH3 1.11   45 Spheres Monodisperse High relaxivities 33

Reverse 
microemulsion

Igepal-520 NH3 0.96   30 Spheres Moniodisperse Magnetic imaging 57

Reverse 
microemulsion

Triton X-100 NH3 0.79 113 Spheres, 
quasi-spheres

More polydisperse, 
core-free NPs

High relaxivities along with 
high specific adsorption rate

53

Reverse 
microemulsion

Triton X-100 NH3 0.29   90 Spheres Monodisperse, 
core-free NPs

High specific adsorption rate 56

Reverse 
microemulsion

Triton X-100 NH3 0.29   80 Spheres Monodisperse, 
core-free NPs

Enhancing the neuronal activity 
of motoneurons

19

Reverse 
microemulsion

Triton X-100 NH3 0.77   – Spheres, 
quasi-spheres

More polydisperse, 
fused NPs

High relaxivities 58

Sol – gel method Igepal-520 NH3 Not 
specified

  35 Quasi-speres Polydisperse - 47

Base-catalyzed 
sol – gel reaction

Igepal-520 NH3 Not 
specified

  50 Spheres Monodisperse High relaxivities 51

Sol – gel reaction 
microemlsion

Igepal-520 NH3 3.19   20 Spheres Monodisperse, 
minor amount 
of core-free NPs

High relaxivities 52

CTAB-facilitated 
synthesis

CTAB NaOH 0.5   95 Spheres Monodisperse High relaxivities 59

CTAB-facilitated 
synthesis

CTAB NaOH 4.57 105 Spheres Monodisperse Magnetic resonance, 
fluorescent imaging

20

CTAB-facilitated 
synthesis

CTAB NaOH 0.02 100 Spheres, 
quasi-spheres

Monodisperse Imaging, drug delivery, 
theurapetic applications

21

Reverse 
microemulsion

Igepal-520 NH3 1.105   30 Spheres Monodisperse High relaxivities 49

Reverse 
microemulsion

Igepal-520 NH3 0.93   50 Spheres Monodisperse High relaxivities 48

Stöber process – – – 153 Qquasi-spheres Monodisperse High relaxivities 42
Notes. A dash means no data is available on specific applications of the prepared nanoparticles. Surf. is surfactant, R is the ratio of the 
concentrations of bases and surfactants.

Oleylamine

Cu2–xS

Oleate

Figure  2.  Schematic representation of negatively charged aggregates 
formed from copper sulfides modified with oleate and oleylamine in 
an aqueous medium.
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surfactants.22, 24, 65 – 67 A similar, but less pronounced effect is 
observed with the simultaneous introduction of oleate-
oleylamine-capped Cu1.75S cores and the cationic [Ru(bpy)3]2+ 
complex.23, 24 These composite NPs suffer from insufficient 
loading uniformity since they are mainly represented by multi-
core SNPs. The roles of cationic surfactants and the cationic 
complex are not limited to recharging the surface of oleate-
oleylamine-capped copper sulfide, but are also associated with 
the removal of oleates due to their interaction with cationic 
surfactants or [Ru(bpy)3]2+. Although both of the above cationic 
compounds promote the interaction of both hydrolyzed TEOS 
and in  situ formed silica nuclei with copper sulfides, the 
beneficial effect of the cationic surfactant is superior to that of 
the cationic complex.22, 65

However, additional synthetic tricks as, e.g., shown in 
Refs  65, 66, 68, are required to limit the aggregation of the 
CTAB-recovered Cu2-xS cores. In particular, Znang et al.68 
developed a procedure that allows the preparation of spherical 
monodisperse core–shell SNs loaded with Cu1.8S of 17.58 nm 
size, without any core-free SNPs. Notably, the use of uncoated 
calcined copper-based cores such as CuO does not provide their 
uniform coating with silica.69 Vice versa, this approach results in 
the formation of core – shell SNPs that vary significantly in size, 
shape and loading, since the original uncoated cores suffer from 
high polydispersity and aggregation.69

The above trends indicate the key role of removing the oleate-
oleylamine coating from the surface of copper sulfide cores for 
subsequent silica coating, both due to electrostatic attraction and 
due to formation of coordination bonds between deprotonated 
silanol groups and metal ions on the surface of nanosized metal 
oxides (sulfides). Table 2 summarizes data on the successful 
synthesis of copper sulfide-loaded nanoparticles, in which 
loading is facilitated either by co-doping additives or cationic 
surfactants.

4. Doping of SNPs with metal ions

Before discussing the synthesis methods used to load SNPs with 
metal ions and complexes, it is important to explain the primary 
driving forces behind this process. In the case of metal ions, 

loading occurs through the entrapment of metal ions within the 
silica pores, both through the electrostatic attraction of the metal 
ions to the Si – O– groups and through their coordination bonds. 
Interestingly, these interactions are particularly enhanced when 
they occur within the confined space of silica pores.70 In this 
regard, Ahkam et al.58 showed that when the Co content in the 
SiO2 phase does not excees 2%, a uniform distribution of Co2+ 
ions in SNs prevails due to the formation of Si – O – Co 
coordination bonds. Formation of coordination Si – O – Mn 
bonds is also highlighted as a key reason for the loading of SNs 
with Mn2+ ions.25, 71, 72 It is noteworthy that the formation of 
coordination bonds is the sole driving force for the incorporation 
of metal ions into SNs only when the synthesis is carried out 
under weakly acidic conditions.73 Moreover, the introduced 
Co2+ ions significantly disrupt the structure of SiO2 due to the 
larger atomic radius of Co2+ compared to that of Si4+, which is 
manifested in a larger pore size. However, the use of alkaline 
conditions for nanoparticle production is much more common in 
terms of controlling the size, shape, and homogeneity of the 
SNPs.40, 74, 75 Notably, these conditions promote the coordination 
of metal ions with silanol groups but cause hydrolysis of the 
metal ions.76 At high concentrations of Co2+ and Mn2+ salts, this 
leads to the formation of metal oxides as a separate phase.26, 58, 77

The conditions of alkali-catalyzed hydrolysis of TEOS 
induce the oxidation of Mn2+ to Mn3(4)+ (see Refs 25 – 27, 78, 
79), which reduces the ability of Mn-containing SNPs to increase 
the rate of magnetic relaxation of protons in water molecules. 
This drawback can be avoided by using multistage hydrothermal 
procedures based on the thermodynamically favorable reduction 
of oxidized manganese ions in an additional synthesis 
step.28, 71, 72, 80 – 82 It should be noted that the use of Si – O – Mn 
coordination bonds is quite effective 83 for incorporating of 
Mn2+ ions into NPs and for preventing hydrolytic and oxidative 
transformations of Mn2+ (see Ref. 84). Thus, the synthesis 
conditions can be adjusted to promote the formation of 
Si – O – Mn coordination bonds rather than hydrolysis and 
oxidative transformation of Mn2+ ions. Nevertheless, the latter 
processes cannot be ruled out entirely. This can be achieved 
both in ethanol-based environment in the Stöber method and in 
the aqueous nanodroplet using the water-in-oil microemulsion 

Table  2.  Method of synthesis, reaction conditions, and characteristics of the resulting nanoparticles.

Type of NPs Method of 
synthesis Surf. Base R Size, 

  nm Shape State Properties Ref.

Cu2 – xS@SiO2@ 
[Ru(bpy)3]2+

Reverse 
microemulsion

Triton X-100 NH3   0.03 50 Spheres Aggregated, 
polydisperse

Photothermal, chemo- 
dynamic therapy

24

Cu2 – xS@SiO2@ 
[Ru(bpy)3]2+

Reverse 
microemulsion

Triton X-100 NH3   0.297 60 Spheres Aggregated, 
polydisperse

Chemodynamic 
therapy

23

Cu2 – xS@SiO2 – NH2 Reverse 
microemulsion

CTAB NaOH 11 40 Spheres Aggregated, 
polydisperse

Photothermal and 
chemodynamic

22

Cu2 – xS@mSiO2 Hydrolysis of 
TEOS by NaOH

CTAB NaOH   0.96 65 Spheres Monodisperse Photothermia 65

Cu8S5@SiO2@Er2O3 Stöber method - NH3   -   8 Spheres Monodisperse Plasmon-enhanced 
up-conversion 
luminescence

63

Cu2 – xS@mSiO2 Hydrolysis of 
TEOS by NaOH

CTAB NaOH   -   - Spheres Monodisperse Luminescence 66

CuO@mSiO2 Stöber method - NH3   -   - Spheres, 
quasi-
spheres, 
worm-like

Aggregated - 69

Notes. A dash means no data is available. 
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method,26 although the SNPs synthesized by both methods are 
loaded with both Mn2+ and its oxidized forms.

The contrast effect of SNPs loaded with Mn2+ using typical 
water-in-oil microemulsion and Stöber methods 25, 26, 84 is rather 
high, despite the admixture of oxidized forms of Mn2+. 
However, the microemulsion method has some advantages over 
the Stöber process,26 which include a higher Mn content in 
SNPs achieved upon the Mn-loading using microemulsion 
method compared to the Stöber method.26 A similar trend is 
observed for other metal ions, as demonstrated by comparing 
the Co content when loading Co2+ ions using the Stöber and 
microemulsion methods.78 To clarify this, it should be noted 
that, in the microemulsion method, metal ions are concentrated 
in aqueous nanodroplets. In contrast, such concentration is not 
possible in the Stöber method, as illustrated schematically in 
Fig. 3. It is also noteworthy that introduction of Co2+ ions into 
SNPs by the Stöber method leads to their tetrahedral inner-
sphere symmetry with a lower hydration number compared to 
Co2+ ions with octahedral symmetry introduced into SNPs by 
the microemulsion method.78 Since the higher hydration 
number of paramagnetic ions promotes their ability to accelerate 
the magnetic relaxation of water protons,79 this trend can also 
be considered as an additional reason for the advantage of the 
microemulsion method over the Stöber process in the synthesis 
of Mn-loaded SNPs. The third advantage of the microemulsion 
procedure over the Stöber method is the higher microporosity 
of the SNPs obtained by the former method, which is due to the 
removal of non-ionic surfactants used in the microemulsion 
method.27,28 This microporosity facilitates the diffusion of 
water molecules through the silica matrix, enhancing the 
hydration of Mn2+ ions embedded in this matrix, which in turn 

allows for enhanced exchange of water molecules in the inner 
sphere of paramagnetic ions, which increases their contrast in 
MRI.13, 80, 81, 85

Thus, SNPs loaded with various metal ions represent a 
promising basis for use as catalytic or contrast agents for 
MRI.26, 82, 86 – 89 The data presented in Table 3 demonstrate the 
key features of the synthesis methods used to incorporate 
manganese and cobalt ions into SNPs, indicating both the 
oxidation states of the metal ions within the SNPs and the 
preferred zones of their localization within these SNPs. 
However, great number of functional properties of SNPs cannot 
be achieved by their loading with metal ions. In particular, to 
enhance the fluorescence of SNPs or improve their contrast for 
MRI, metal complexes rather than metal ions should be included 
in the SNPs composition.

5. Doping of metal complexes into SNs

Incorporating of metal complexes into SNPs is an alternative to 
grafting them onto the SNPs surface. Although these types of 
incorporation of metal complexes into SNPs are aimed at 
achieving similar functional capabilities, the different results of 
their use should be considered. In particular, the inclusion of 
metal complexes into silica matrix of the SNPs keeps their 
surface silanol groups open for further PEGylation or conjugation 
with biomolecules.27, 28 Considering the excellent examples of 
grafting metal complexes through these groups, it can be noted 
that the stability of such surface complexes depends solely on 
the coordination ability of the ligands grafted to the surface.96 – 102 
However, the literature does not adequately cover either the 
driving forces behind the incorporation of metal complexes into 

Microemulsion method

Stöber  method

Cyclohexane

Ethanol + NH3

TEOS hydrolysis,
SiO2 seeds formation

Growth of SiO2 seeds

Concentration in

Aqueous solution of Mx+Zy–

Aqueous solution of Mx+Zy–

H2O phase

TX-100
lgepal

STAB, etc.

TEOS

TEOS in ethanol

SiO2

SiO2

SiO2

H2O + NH3

Figure  3.  A schematic illustration of different concentrations of metal compounds in silica nanoparticles using the water-in-oil microemulsion 
and Stöber methods.
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SNPs or the positive results of such incorporation. This review 
therefore focuses on these issues.

Of special note is the [Ru(bpy)3]2+ complex, which is perhaps 
the first and most frequently incorporated complex into 
SNs.40, 103, 104 The electrostatic attraction of this complex to the 
silica surface is the widely recognized reason for its inclusion in 
SNPs. Another reason for the widespread use of this complex 
that has already been noted, is its kinetic inertness, which 
prevents hydrolytic transformation of the complex when it is 
included in SNPs. Therefore, such kinetically inert complexes as 
[Ru(bpy)3]2+, [Ru(phen)3]2+ (phen is 1,10-phenanthroline), 

[Co(bpy)3]3+ were already included into the SNPs.27, 29, 90, 91 
Incorporation of these complexes into SNPs without their 
transformation during the synthesis process can be achieved by 
simply introducing them into the synthetic mixture (Fig. 4). 
However, labile Mn2+ complexes can be incorporated into SNPs 
without detectable oxidation only if their thermodynamic 
stability is high enough to exclude their hydrolytic 
transformations.27, 28 In the case of labile Co2+ complexes, even 
tris-chelated Co2+ complexes with high thermodynamic stability, 
such as [Co(bpy)3]2+, exhibit complete degradation during 
synthesis due to the formation of Si – O – Co coordination 

Table  3.  Methods for incorporating metal ions and complexes into SNPs, oxidation states of metal ions and preferred zones of their localization 
in SNPs. Functional characteristics of the resulting SNPs.

Metal compound: starting/
in SNs

Method 
of synthesis

Loading zone 
of SNPs

Oxidation state 
of a metal ion 

in SNPs
Functional characteristics of SNPs Ref.

H2tpada – MnII complex (C1)/ 
H2tpada – MnII complex (C1)

Reverse 
microemulsion

Core 2+ High relaxivity.
for C1: r1 = 2.75 mM−1 s−1;
for C1@SiO2−NH2–NP: r1 = 12.75 mM−1 s−1;
for C1@SiO2–FA–NP: r1 = 21.45 mM−1 s−1 

in H2O, r1 = 40.97 mM−1 s−1 in the presence 
of 0.67 mM of BSA

27

H2PyDPA – MnII-complex/ 
H2PyDPA – MnII-complex

Reverse 
microemulsion

Core 2+ Good relaxivity.
r1 = 8.46 mM–1 s–1 
r2 = 33.15 mM–1 s–1 
at pH = 7.4, 25°C and 1.41 T 

90, 91

MnCl2 · 4 H2O/Mn – O – Si One-pot 
Stöber method

Uniform 
distribution 

2+, 3+, 4+ r1 = 1.07 mM–1 s–1 (pH = 7.4, GSH = 0 mM),
r1 = 2.42 mM–1 s–1 (pH = 5.0, GSH = 0 mM),
r1 = 5.91 mM–1 s–1 (pH = 7.4, GSH = 10 mM)
Efficient antitumor activity 

25

KMnO4 /MnO2 Modified Stöber 
method

Shell 4+ r1 = 0.116 mM–1 s–1 at pH 7.4,
r1 = 0.741 mM–1 s–1 at pH5.5 ,
r1 = 8.607 mM–1 s–1 at 10 mM GSH and pH 5.5

92, 93

MnNO3 · 6 H2O/Mn – O – Si Reverse 
microemulsion, 
Stöber method

Uniform 
distribution 

2+, 3+, 4+ Good relaxivity.
r1 = 13.8 mM–1 s–1  
r2 = 16.9 mM–1 s–1

26

Mn(OX)/Mn(OX) Reverse 
microemulsion

Shell 2+ High relaxivity.
r1 = 55.1 mM–1 s–1  
r2 = 67.5 mM–1 s–1

28

Mn(OL)2/Mn(OL)2 Reverse 
microemulsion

Shell 2+ High relaxivity.
r1 = 28.5 mM–1 s–1  
r2 = 34.1 mM–1 s–1

28

(CoCl2 · 6 H2O)/Co2O3 Sol – gel method Uniform 
distribution 

2+, 3+ No specific applications 58

(Co(NO3)2 · 6 H2O/Co3O4 Sol – gel method Uniform 
distribution 

2+, 3+ Peroxidase-like activities toward the reduction 
of hydrogen peroxide and oxidation of 2,2'-azino-
bis(3-ethylbenzothiazoline-6-sulfonic acid) 
diammonium salt as a chromogenic substrate

77

Co(NO3)2·6H2O 
and [Co(bpy)3]2+ / Co-O-Si

Reverse 
microemulsion, 
Stöber method

Uniform 
distribution 

2+ Electrochemical response on glyphosate 78

[Co(bpy)3]3+/[Co(bpy)3]3+ Reverse 
microemulsion

Uniform 
distribution 

3+ Electrochemical DNA probe for high sensitivity 
DNA hybridization analysis.

94

[Co(bpy)3]3+/[Co(bpy)3]3+ Reverse 
microemulsion, 
Stöber method

Uniform 
distribution 

3+ Catalyst for oxidative CH/NH cross-coupling 
reaction

95

Co(NO3)2 · 6 H2O/
Co3O4 (Si – O – Co)

Sol–gel method Uniform 
distribution 

2+ Catalyst for liquid-phase oxidation of phenol 
with H2O2

73

Notes. Tpada is 6,6'-((pyridin-2-ylmethylazanediyl)bis(methylene))dipicolinic acid, PyDPA is 6,6'-(((2-carboxyethyl)azanediyl)bis(methylene))
dipicolinic acid, OX is oxalate, OL is oleate, r is relaxivity, GSH is glutathione, BSA is bovine serum albumin, C1 is H2tpada – MnII complex, 
C1@SiO2 – NH2 – NP is aminomodified silica nanoparticles doped with C1 complex, C1@SiO2 – FA – NP is folate-modified silica nanoparticles 
doped with C1 complex.
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bonds78 (see Fig. 4). Notably, the thermodynamic advantage of 
coordination bonds with Si – O– groups is higher for Co2+ 
compared to other d-metal ions. This is confirmed by the less 
pronounced degradation of similar Ni2+ complexes during the 
synthesis of nickel-containing SNPs.95

Notably, the confined complex may exhibit leaching from 
SNPs caused by the concentration gradient. In the context of 
biomedical application of the SNPs loaded with luminescent or 
paramagnetic metal complexes as cellular markers or MRI 
contrast agents, this leaching should be minimized. In particular, 
the leaching of such complexes is usually associated with both 
their toxicity and changes or deterioration of the functional 
properties of the composite SNPs. Indeed, independent flux of 
the complex from the SNPs reduces their ability to label cells, 
and the contrast ability of paramagnetic ions also decreases after 
their removal from the composite SNPs. Notably, an electrostatic 
attraction of the [Ru(bpy)3]2+ complex to deprotonated silanol 
groups at the SNPs surface somewhat retards but not limit the 
complex leaching. This is clearly demonstrated by comparing 
the leaching of [Ru(bpy)3]2+ from nanoparticles loaded with 
[Ru(bpy)3]2+ alone and those loaded with both this complex and 
the anionic Mn2+ complex with p-sulfonatothiacalix[4]arene 
ligand.105 This trend is also well illustrated by studies that have 
shown the leaching of structurally similar complexes with 
different solubilities in water from SNPs synthesized by the 

same microemulsion method.105, 106 These complexes are based 
on the well-known water-soluble ligand p-sulfonatothiacalix[4]
arene, which forms Gd(Tb)3+ complexes with limited water 
solubility, while its Mn2+ complex features higher water 
solubility compared to Gd(Tb)3+ complexes.105 – 109 Of special 
note is the study,70 which highlights the tendency that has a great 
impact on the capture of ions and ionic complexes by silica 
pores. The dehydration of ionic compounds caused by the 
confinement of silica pores enhances the ion-pairing of these 
ions with counter-ions,70 which is an additional reason for their 
effective capture in the pores of SNPs. Dehydration of the 
complexes embedded in a silica matrix is well illustrated by the 
work.110 There, nitrosyl RuII complexes embedded in SNPs 
exhibit a low capacity for photoinduced NO release due to their 
insufficient hydration, since photoinduced NO release 
corresponds to equilibrium (1).

[RuIINO+(L)4(X)]2+ + hν + H2O 	 (1)

       [RuIII(L)4(X)(H2O)]2+ + NO0

The specific microenvironment of metal complexes in silica 
pores affects not only their hydration state but also their redox 
activity. This has been demonstrated for the [Co(bpy)3]3+ 
complex, which, when incorporated into NPs synthesized by 
various methods, exhibits oxidation peaks at reasonable potential 
values associated with the Co3+/Co4+ oxidation process.95 This 
process is impossible for [Co(bpy)3]X3 in solution or solid state, 
but is favorable for complexes incorporated into SNPs, with the 
greatest favorability observed for nanoparticles synthesized by 
the microemulsion method, as schematically demonstrated in 
Fig. 4. The catalytic properties of the cobalt(III) trisbipyridyl 
complex are significantly improved when it is incorporated into 
SNPs obtained by the reverse microemulsion method compared 
to those synthesized by the Stöber method. The high 
microporosity of the silica surface of SNPs obtained by the 
microemulsion method can be considered as a factor facilitating 
the accessibility of the Co3+ metal sites to reagents.95

The identified relationships open the possibility of loading 
SNPs with metal ions using anions, which convert them into 
water-insoluble compounds. The use of oxalate as a concomitant 
additive significantly limits the oxidation of Mn2+ ions during 
their inclusion into SNPs.28 Furthermore, the functional 
properties of composite microporous SNPs can be optimized by 
modifying their nanoarchitecture. It has already been shown that 
loading of Mn2+ into an outer layer of SNPs has a key impact on 
obtaining such important functional property as paramagnetic 
enhancement of magnetic relaxation of water protons, which is 
necessary to achieve the contrast effect in MRI.12, 85, 111 The 
predominant concentration of metal-based additives, in both the 
core and outer layer of the silica nanoarchitecture, can be 
achieved by stepwise introduction of Mn2+ ions and their 
accompanying additives during the microemulsion synthesis 
method.28, 78, 111, 112 Table 3 presents successful examples of the 
incorporation of cobalt and manganese complexes to achieve 
efficient magnetic relaxation or catalytic performance.

The aforementioned synergistic effect of Mn2+ ions on the 
silica coating of oleate-coated iron oxides is accompanied by 
complete limitation of oxidative transformations of Mn2+ due to 
the formation of water-insoluble manganese oleate.55 This was 
confirmed by further studies of the effects of oleates and oxalates 
on Mn2+ incorporation into SNs.28 In this regard, the reported 
synergistic effect of [Ru(bpy)3]2+, Mn2+ and oxalate anions 112 
also arises through cooperative ionic binding within silica pores. 
Figure 5 shows the predominant concentration of ionic 
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compounds with opposite charges in different SNs zones, due to 
their stepwise introduction, which prevents their leaching and 
facilitates the inclusion of Mn2+ ions as a third component.

It should also be noted that the functional properties of the 
complexes change after encapsulation in a silica matrix due to 
coordination transformations occurring during synthesis, which 
is well illustrated by the kinetically labile and insufficiently 
stable Co2+ and Mn2+ complexes, as schematically shown in 
Fig. 4. However, even if such transformations are minimized, 
the functional properties of complexes encapsulated in silica 
pores significantly change under the influence of a silica 
environment. This change is due to the dehydration of such 
complexes, which is more pronounced for complexes that are 
incorporated into the core of SNPs than for those concentrated in 
the outer silica layer.26, 105, 107 In the case of Mn2+ complexes, 
their localization in the core or in the outer layer of silica 
nanoparticles significantly affects their ability to accelerate the 
magnetic relaxation of protons in water molecules.26, 105 It is also 
worth noting the significant role of the variously modified 
microemulsion synthetic technique in the synthesis of functional 
composite SNPs.

6. Conclusion

The practical significance of SNPs loaded with metal compounds 
or complexes has provoked interest in the fundamental 
transformations these compounds or complexes undergo when 
incorporated into the silica matrix. An analysis of the literature 
shows that coordination and electrostatic bonding are the main 
driving forces behind the incorporation of metal ions, complexes 
and nanoscale metal oxides/sulfides. Thus, when metal oxides/
sulfides are used in the synthesis in the form of oleate-coated 
NPs, the removal of oleate becomes an important factor in 
facilitating the coordination and electrostatic interactions 
between the hydrolyzed TEOS and the silica cores formed 
in situ with the metal ions on the surface of the metal oxides/
sulfides. It should be noted that the same driving forces are 
fundamental when incorporating both metal ions and complexes, 
allowing for the production of composite SNPs with diverse 
functional properties. The results presented in the literature 
demonstrate that the significant coordination capacity of surface 
silanol groups and the specific environment of silica pores are 
key drivers of changes in the internal and/or external spheres of 
metal ions. Understanding these processes is essential if they are 
to be used as a tool for modifying the functional properties of 
composite SNPs. The correct choice of ligand was shown to 
facilitate both the incorporation of metal ions into SNPs and the 
modification of their functionality.

A comparative analysis of the two most widely used synthesis 
methods, viz., the Stöber process and the water-in-oil 
microemulsion method, indicates that the latter is more effective 
in producing SNPs with higher metal content and greater surface 
microporosity. This is particularly important for optimizing the 
functional properties of SNPs, such as accelerating the magnetic 
relaxation of water molecules or interactions with reagents, 
which is necessary for their use as contrast agents for MRI or as 
nanocatalysts.

7. List of abbreviations

bpy — 2,2'-bipyridine;
CTAB — cetyltrimethylammonium bromide;
FTIR — Fourier-transform infrared spectroscopy;
MRI — magnetic resonance imaging;
MSNP — mesoporous silica nanoparticle;
NP — nanoparticle;
phen — 1,10-phenanthroline;
SNP — silica nanoparticle;
TEOS — tetraethyl orthosilicate.
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