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Abstract: Background: The silica-based nanomaterials are playing a major role to har-
nessing dual or multiple modalities in therapeutic and diagnostic applications. These sil-
ica-based materials are separately used as drug carrying substrate or contrast agents for 
magnetic resonance imaging (MRI). These materials are also used as a combined plat-
form for both drug delivery and MRI contrast agents either as a T1- or T2- or combined 
T1- and T2- contrast agents for MRI image enhancement. This article presents an over-
view on the recent development of the ordered mesoporous silica nanoparticles (MSNs) 
and unordered non-MSNs silica nanoparticles used as MRI contrast agents, and describes 
their biological evaluations viz. biocompatibility, bio-toxicity, in vitro and in vivo MRI 
cell imaging, and MRI image enhancement in animals. 

Methods: Since the development of the silica-based MRI contrast agents started to grow 
from mid-2000, this review narrowly focusses on the pertinent articles published during 
the period of 2007 to 2016. Apparently, a large number of research articles reported the 
dual applications of silica materials both as a drug carrier for controlled release of drug 
and as a potential contrast agent for MRI image enhancement. This review has taken a 
structured approach by separately describing the design, development and applications of 
the MSNs-based materials being ordered in structure and the unordered non-MSNs silica 
nanoparticles as MRI contrast agents. The MSNs particularly contain Gd-based materials, 
and the non-MSNs silica nanoparticles contain Gd-, Fe-, and Mn-based materials. The 
biological evaluations of the MRI contrast agents containing MSNs and non-MSNs silica 

nanoparticles are also discussed.  

Results: The review reveals extensive diversities and complexities being involved in de-
veloping these materials. It discusses the types of contrast agents being developed; ex-
aminations of these materials for possible MRI contrast agents; their functionalities and 
mechanisms; in situ and in vivo MRI in cells and animals; and, a range of biological 
evaluations. The development of MRI contrast agents containing the non-MSNs such as, 
nanocomposites, nanocapsules and core-shell structured materials were associated with 
designs of enormous complexities where different synthetic techniques were applied such 
as, functionalising, grafting, tethering, coating and conjugating with polymers. Thus the 
properties of these developed materials significantly differed from each other. All the de-
veloped MRI contrast agents showed good biocompatibility, cell viability, and cell or 
cancer targeting specificity.  

Conclusion: Most of the commercially available MRI contrast agents representing the sil-
ica-based nanoparticles are found to be T1 contrast agents however, a few T2 contrast agents 
were also approved for clinical applications. The perspectives, insights and critical reflec-
tions on the stability, limitations, relaxivity and toxicity of the MRI contrast agents and, cur-
rent and future developments of this area of research are presented. Thus, it is anticipated 
that the future researchers will be benefitted from the discussions presented in this review in 
understanding of the significance of these materials; a myriad range of complexities being 
involved in their developments; various implications; and, the future directions towards the 
development of more sophisticated silica-based MRI contrast agents.  
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1. INTRODUCTION 

 The silica-based materials have been exten-
sively utilised over the last 15 years in therapeutic 
and diagnostic applications. The mesoporous silica 
nanoparticles (MSNs) are generally less toxic in 
nature relative to other nanoparticles, and these 
materials have ordered structure with homogenous 
pore network, high surface area, pore volumes, 
and silanol-containing surfaces. The MSNs have 
been mostly used in the controlled release of drugs 
and bioactive compounds [1-6]. Both the MSNs 
and the unordered non-MSNs silica nanoparticles 
have also been used quite extensively in the MRI 
diagnostic applications as an effective vehicle for 
the development of MRI contrast agents [7-17]. 
Although the silica materials are mostly biocom-
patible however, their surface areas, porosities, 
stability, degradation and other properties viz. 
charge, size, shape, and morphology differ quite 
noticeably from one material to other. The silica-
based contrast agents are found to have developed 
using different techniques such as, impregnating a 
suitable MRI contrast agent into the mesoporous 
channels of the MSNs or by conjugating the con-
trast agent to a silica surface or by coating the con-
trast agent with silica materials using various 
methodologies. The silica-based materials can be 
functionalised by polymers that contain either hy-
drophilic or hydrophobic moieties. The introduc-
tion of polymer-shells to silica materials helps to 
improve colloidal stability, favours chemo-ligation 
to targeting moieties, and improves the blood cir-
culation lifetimes [18].  

Apart from the silica nanoparticles, a range of 
other materials have also been utilised in the de-
velopment of MRI contrast agents. Among them 
polymeric materials, more specifically, the hyper-
branched polymers or dendrimers are most com-
mon [19-22]. In this instance, various liposomes 
have also been considered [23], but the utility of 
these materials in developing MRI contrast agents 
is not widely explored compared to polymers. Re-
cently, a range of organic-inorganic hybrid materi-
als such as, metal-organic-frameworks (MOFs) are 
also gaining considerable attention to develop new 
and sophisticated MRI contrast agents [24, 25].  

The MRI is a powerful non-invasive imaging 
technique [26-28] which is based on the ability of 
detecting the reorientations of nuclear spin in a 
magnetic field [29]. It is used to differentiate the 
diseased tissues from the normal tissues based on 

the differences of their NMR signals of the water 
protons which are caused by different water densi-
ties or nuclear relaxation rates [26]. The signal in-
tensity of MRI collected from different body tis-
sues may vary with the content of water protons 
present in the tissue, and with the longitudinal (T1) 
and transverse (T2) relaxation times of those pro-
tons [30]. The MRI contrast agents enhance the 
relaxation rate of water protons within the blood 
pool [14, 31]. The MRI measures the characteris-
tics of hydrogen nuclei of water, and their signal 
intensity depends on the amount of water being 
present in the image area. In many instances, due 
to low densities of water or if the difference in 
spin-state populations is very small, then the MRI 
becomes insensitive as it is generally used for the 
detection of highly abundant water protons [29]. 
Hence to improve the quality of the captured MRI 
images which can provide adequate contrast be-
tween the normal and the diseased tissues, an addi-
tional contrast agent is required to administer us-
ing variable doses to accelerate the rate of relaxa-
tion of the water molecules in close proximity to 
the contrast agent [32] which improves the MRI 
image contrast by locally increasing the nuclear 
relaxation rates [33]. The MRI produces three di-
mensional images with a high degree of spatial 
resolution of the tissues containing water [31], and 
provides a soft tissue contrast with a larger pene-
tration depth [29]. The MRI is more useful in 
musculoskeletal, cardiovascular, vascular, neuro-
logical and oncological imaging, various parts of 
the body or functions and diseases [34], and ex-
aminations of pancreas and brain scanning [30, 35, 
36]. The MRI contrast agents are divided into two 
classes: T1 agents and T2 agents. A T1 (a positive 
contrast) agent shortens the longitudinal relaxation 
time (T1) of water protons, and this can brighten 
the surrounding regions where the agent is present. 
The T2 (a negative contrast) agent reduces the 
transverse relaxation time (T2) of water protons, 
and produces darkened spots in the surrounding 
tissues where the agent is reached [30]. Currently 
both types of MRI contrast agents (T1 and T2) are 
commercially available. But these materials suffer 
from major drawbacks as the relaxivity of these 
contrast agents drop significantly at the higher 
magnetic field [14, 30, 34] reducing their effi-
ciency. 

It is apparent that the research on the develop-
ment of silica-based MRI contrast agents started to 
grow from mid-2000 with a steady increase. A 
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Fig. (1). Profile of research progression in the applications of silica-based materials as MRI contrast agents (Num-

ber of publications in y-axis versus year of publications in x-axis). 

 
large number of research reported the dual applica-
tions of silica materials both as a drug carrier for 
controlled release of drug and as a potential con-
trast agent for MRI image enhancement. A search 
on SciFinder database using the search key “silica-
based contrast agents in magnetic resonance imag-
ing” revealed 59 published articles that spanned 
from 2007 to 2016. Based on this data, the re-
search profiles within this period of time are pre-
sented through a column chart in Fig. (1). The Fig. 
(1) depicts the trend of research on the develop-
ment of silica-based materials as potential MRI 
contrast agents that progressed over this particular 
period of time showing a growth at a slower pace. 
Given the fact that there is a chronic shortage of 
highly efficient MRI contrast agents, it is expected 
that in the near future this research will gain a rea-
sonable momentum to reduce the gap of increasing 
market demand.  

In every year millions of MRI examinations are 
carried out all around the globe using millions of 
doses of the MRI contrast agents, and 35% of all 
clinical MRI diagnostic examinations are per-
formed using an intravenous injection of a contrast 
agent [34]. Thus it is evident that there is a clear 
demand for more suitable and improved MRI con-
trast agents which can be effective at the high 
magnetic field. These materials are required to 
have a high relaxivity that can be used at a low 

dose concentration to avoid health risk hazards or 
toxicity. These materials should provide a good 
bio-distribution and systemic circulation with a 
safer option of administering them via oral or in-
travenous injections. Thus the new emerging sil-
ica-based contrast agents may contribute to meet 
such increasing requirements of the MRI contrast 
agents with a low cost. Currently a range of Gd-, 
Fe- and Mn-based MRI contrast agents (T1 and T2 
agents) are commercially available for clinical 
MRI scanning [30, 34, 37, 38]. The relaxivity of 
these clinically approved compounds are presented 
in Table 1 that can be helpful as a reference for the 
future development of silica-based MRI contrast 
agents.  

Based on the past research that took place over 
the last one decade, this article presents an over-
view on the design, development and applications 
of both ordered-MSNs and unordered non-MSNs 
silica nanoparticles as MRI contrast agents. The 
article describes the biological evaluations on the 
utilised silica materials such as, biocompatibility, 
bio-toxicity, in vitro and in vivo MRI cell imaging, 
and MRI image enhancement in animals after in-
jecting the contrast agents. This review reveals a 
significant diversities with enormous complexities 
being involved in developing these materials 
which cover the areas of designs and syntheses; 
types of silica materials being used; types of MRI 
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contrast agents being developed; examinations of 
the ordered-MSNs and unordered non-MSNs silica 
nanoparticles for possible MRI contrast agents; 
and, their functionalities and mechanisms. This 
review also discusses in situ and in vivo MRI in 
the cells and animals that used the silica-based 
MRI contrast agents, and a range of biological 
evaluations performed on the ordered-MSNs and 
the unordered non-MSNS silica nanoparticles as 
MRI contrast agents. It was observed that the bio-
logical evaluations of the silica materials being 
developed were not performed in all instances, 
thus only the selected articles that described their 
biological studies are reviewed. The perspectives, 
insights, critical reflections, current and future de-
velopments are presented which may be helpful to 
future advancements and developments of new 
and efficient silica-based MRI contrast agents. 
 
Table 1.  The relaxivities of commercially available 

MRI contrast agents being used in the 

clinical applications [30, 34, 37]. 

Product (Trademark) r1 (mM
-1

s
-1

) r2 (mM
-1

s
-1

) 

Dotarem
®

 4.2 - 

ProHance
®

 4.4 - 

Gadovist
®

 5.3 - 

Magnevist
®

 4.3 4.5 

Omiscan
®

 4.6 - 

OptiMARK 5.2 - 

MultiHance 6.7 - 

Primovist 7.3 - 

Feridex
®

 (Ƴ-Fe2O3 core) 10 104 

Mn-DPDP 2.8 3.7 

 

2. REVIEW ON THE DESIGN, DEVELOP-
MENT AND APPLICATIONS OF THE SIL-
ICA-BASED MRI CONTRAST AGENTS 

The following sections focus on the recent de-
velopment of the silica-based ordered-MSNs and 
unordered non-MSNs silica nanoparticles as MRI 
contrast agents through design, synthesis and char-
acterisation, and discuss their applications as po-
tential MRI contrast agents.  

2.1. Ordered-MSNs Based MRI Contrast 
Agents 

The MSNs are ordered in structure, and these 
materials have been extensively used in catalysis, 
adsorption, separation, sensing, drug delivery, 
manufacturing of advanced nanostructured materi-
als, and optoelectronics [39-44]. The most widely 
utilised MSNs are SBA-15, MCM-41 and MCM-
48. The ordered structure of the MSNs offer sig-
nificant advantages as these materials have a large 
and uniform pore sizes which are typically in the 
range of 2-30 nm in diameter. These materials 
have a high surface area and pore volume with 
thicker but well-defined pore topologies [2-4]. The 
abundant silanol-containing surfaces of the MSNs 
help to functionalise these materials [5]. The 
MSNs are applied as support materials especially 
for proteins or biomolecules during the fabrication 
of biosensors or biocatalysts [43, 45, 46], and in 
the applications of adsorption and catalysis [47]. 
These materials offer great advantages as their 
pore structures and surfaces can be tuned and 
functionalised in a facile manner. A range of guest 
molecules including biomacromolecules can be 
occluded within the mesopores of MSNs using 
various synthetic techniques viz. dispersing, im-
pregnating, grafting, tethering or in situ reactions 
[2, 41-45, 48-50] to utilise them for various par-
ticular applications. The MSNs show low toxicity 
during their degradation in a biological environ-
ment. Although the unmodified MSNs may exert 
some toxicity due to the interactions between their 
surface silanols and the cellular membranes, how-
ever, the exerted toxicity may be reduced by func-
tionalising or coating the nanoparticles with a suit-
able polymer or polymer-shell [1].  

Evidently it is found in the literature that almost 
all the MSNs being used to develop MRI contrast 
agents principally used lanthanide-based, particu-
larly, the Gadolinium containing materials, and 
these materials are discussed.  

In one example, a combined therapeutic and di-
agnostic platform for both drug delivery and MRI 
image contrast enhancement was developed by 
Huang et al., using an ordered MSNs [51]. They 
prepared a MCM-41 type MSNs of 80-120 nm di-
ameters and then functionalised with luminescent 
GdVO4:Eu

3+
 phosphor via a Pechini sol-gel 

method. The GdVO4:Eu
3+

 was well crystallised on 
the surface of silica and it was then successfully 
loaded (16.82%) onto the MSNs. The doxorubicin 
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(DOX) drug was impregnated into the GdVO4: 
Eu

3+
@MSN where 14% DOX loading was 

achieved, and the DOX could be released in a pH 
dependent manner. When the loading of DOX was 
increased, it blocked and quenched the lumines-
cence emission of Eu

3+
. The T1 relaxation time of 

the GdVO4:Eu
3+

@MSN was measured in the 
aqueous dispersions using an inversion recovery 
sequence that contained different Gd

3+
 concentra-

tions. The measured longitudinal relaxivity (r1) 
was 0.57 s

-1
 mM

-1
. However, a positive signal en-

hancement was observed in the T1-weighted se-
quences when the Gd

3+
 concentration was in-

creased (Fig. 2) indicating the potential of the 
GdVO4:Eu

3+
@MSN to be useful as an effective T1 

contrast agent [51]. 
 

 

Fig. (2). (a) Relaxation rate r1 (1/T1) versus various 

molar concentrations of GdVO4:Eu
3+

@MSN disper-

sions at room temperature using 0.5 T MRI magnet. (b) 

T1 weighted images of various molar concentrations of 

Gd
3+

 in GdVO4:Eu
3+

@MSN. Reproduced with permis-

sion [51]. 

 

In another example, Vivero-Escoto and co-
workers [52] developed 3 different types of 
(MCM-41)-based MRI contrast agents that were 
termed as, Gd-MSNs, PEG-Gd-MSNs and AA-
Gd-MSNs. Their synthesised MSNs were first 
grafted with aminopropyltriethoxysilane (AP-TES) 
to obtain AP-MSNs. A Gd-complex was synthe-
sised by a multistep procedure, and then the com-
plex was impregnated into the AP-MSNs to obtain 
Gd-MSNs. The total loading of Gd-chelate into the 
Gd-MSNs was 0.332 mmol g

-1
. The Gd-MSNs 

were then functionalised with MeO-PEG (5K) 

carboxylic acid through a 1-ethyl-3-(3-dimethyl- 
aminopropyl) carbodiimine (EDC)-mediated cou-
pling reaction to obtain PEG-Gd-MSNs. The 
amount of PEG coating into the PEG-Gd-MSNs 
was 6.2 wt.%. The PEG-Gd-MSNs were then fur-
ther functionalised by grafting an anisamide (AA) 
containing AA-PEG (5K)-triethoxysilane deriva-
tive to obtain AA-Gd-MSNs. The amount of the 
incorporated anisamide into the PEG-MSNs was 
2.7 wt.%. This anisamide (AA) acted as a targeting 
group to cancer cells that overexpressed sigma re-
ceptors. The in vitro T1-weighted MRI relaxivities 
of the Gd-MSNs were measured using a 3T MR 
scanner before and after the coating with MeO-
PEG (5K) carboxylic acid. Both longitudinal (r1) 
and transverse (r2) MRI relaxivity of the Gd-MSNs 
and the PEG–Gd–MSNs were linearly increased as 
the concentration of Gd was increased. On a per 
mM Gd

3+
 basis, the Gd-MSNs showed r1=19.0 and 

r2=46.8 mM
-1 

s
-1

, and the PEG-Gd-MSNs showed 
r1=25.7 and r2=56.0 mM

-1 
s

-1
. The increased relax-

ivities of the PEG-Gd-MSNs were attributed to the 
increased water penetration through the pores of 
the MSNs due to the hydrophilic moieties incorpo-
rated into that MSNs.  

Wang and co-workers [53] reviewed a range of 
MSNs that were used by other researchers both as 
MRI T1- and T2- contrast agents. When the con-
trast agents were embedded into the MSNs at vari-
able dose concentrations using various techniques, 
these materials showed success in the enhance-
ments of both T1-weighted or T2-weighted MRI 
image contrasts. In one similar example, Taylor  
et al., [15] developed an Gd-chelates containing 
ordered-MSNs that displayed the capability both 
as T1 and T2 contrast agents. They synthesised hy-
brid mesoporous silica nanospheres (MSNs-Gd) 
where the Gd-Si-DTTA chelates were grafted onto 
the MSNs (MCM-41) via a siloxane linkage. 
These prepared nanospheres were able to carry a 
large payload of the Gd centres with an enhanced 
water accessibility of the Gd-chelates through the 
nanochannels of the MSNs-Gd. Consequently, 
these materials showed a high efficiency both as a 
T1 contrast agent for intravascular MRI and as a T2 
contrast agent for MRI imaging of soft tissues 
when applied at a higher dosages. The values of 
longitudinal (r1) and transverse (r2) relaxivities 
showed that on a per millimolar Gd basis, the r1 
relaxivities were 28.8 mM

-1
 s

-1
 at 3 T and 10.2 

mM
-1

 s
-1

 at 9.4 T, and the r2 relaxivities were 65.5 
mM

-1
 s

-1
 at 3 T and 110.8 mM

-1
 s

-1
 at 9.4 T, re-
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spectively. Recently, a biodegradable MSNs was 
developed by Kempen and co-workers [54] as a 
theranostic tool that contained Gadolinium, mes-
enchymal stem cells (MSC), and an insulin-like 
growth factor (IGF). This developed MSNs dis-
played both drug delivery and ultrasound or MRI 
imaging capabilities, and hence these materials can 
be used for cardiac stem cell therapy. The synthe-
sised MSNs with 4.1 nm pore size contained 3.1 x 
10

6
 Gd atoms per MSN with an estimated average 

weight per MSN was 2.2 x 10
-14

 g, and the calcu-
lated limit of the detection via MRI was 15.6 
μg/mL.  

Guo et al., [55] developed a MRI contrast agent 
based on MSN-dendron-Gd where an old genera-
tion peptide-dendron was conjugated to the MSNs 
via a Cu(I)-catalysed azide-alkyne cyclo-addition 
reaction, and then the Gd(III) chelates were at-
tached to the surface of dendrons. The nanoprobe 
particles exhibited a regular spherical shape with a 
uniform particle size and good dispersity. This  
developed MRI contrast agent displayed its r1 
value as 60.6 mM

-1 
s

-1
 which is more than one or-

der of magnitude higher than the commercial con-
trast agent, DTPA-Gd (5.6 mM

-1 
s

-1
). The signifi-

cant increase of relaxivity was due to the increase 
of water exchange rate between the Gadolinium 
chelates and the peripheral water molecules as the 
periphery of the developed materials was enriched 
with hydrophilic functionalities. Moreover, the 
developed materials also contributed to an increase 
in the rotational correlation time that led to further 
increase the relaxivity.  

In another example, Kalluru and co-workers [56] 
developed a lanthanide-doped mesoporous silica 
frameworks (EuGdOx@MSF) loaded with doxoru-
bicin drug which simultaneously showed its anti-
cancer property and a bimodal diagnostic abilities 
for both fluorescence and MRI. The EuG-
dOx@MSF materials having an average particle 
size of 150 ± 50 nm was further functionalised with 
the NH2-PEG-folate moiety to target and bind with 
the folate receptors present on the cellular mem-
brane of cancer cells. The saturation magnetization 
value of EuGdOx@MSF was about 0.07 emu g

−1
. 

After injecting the EuGdOx@MSF-PEG-folate 
substance into the B16F0 melanoma tumour im-
planted C57BL/6J mice, the measured in vivo T1-
MRI showed approximately two fold of increase in 
the T1-MRI contrast compared to the result found 
from the clinically used Gd (III)-DTPA complex. 

2.2. Unordered Non-MSNs Silica Nanoparticles 
as MRI Contrast Agents 

Apart from the MSNs which are ordered in 
structure with uniform porosities, other non-MSNs 
type of silica-based materials are also found useful 
in the biomedical applications. These materials are 
quite diverse in their structures and properties. In a 
broader range, these materials include silica xero-
gels, silica hybrids, silica microspheres, silica mi-
cro-particles, emulsified silica, silica beads, and 
silica bioactive glasses or bio-ceramics. Although 
these silica-based materials are mostly biocom-
patible like the ordered-MSNs, however their 
structures, surface areas, porosities, stability, deg-
radation, and other properties e.g., charge, size and 
morphology markedly differ from one material to 
other. The stability and degradation of these mate-
rials are not widely examined. Unlike the common 
preparation techniques that are employed for the 
MSNs, a range of sol-gel process driven tech-
niques and methods are applied to prepare these 
non-MSNs silica-based materials [6]. Despite the 
differences in their preparation techniques, and the 
diversities and properties they display, these mate-
rials have shown enormous success in the particu-
lar biomedical applications compared to the 
MSNs. 

A variety of non-MSNs silica nanoparticles be-
ing used for the development of MRI contrast 
agents have been reported showing a significant 
variation from one nanoparticle to another in their 
preparation techniques, and achieved variable ca-
pabilities of MRI image enhancements. Following 
discussions focus on the non-MSNs silica 
nanoparticles that were developed using variety of 
metal containing contrast agents, and these are 
categorised as follows.  

2.2.1. Gd-based MRI Contrast Agents 
A range of Gd-based silica nanoparticles dis-

played their abilities both as T1 and T2 contrast 
agents. In one example, Wartenberg et al., [57] 
demonstrated a range of silica nanoparticles that 
could act both as T1 and T2 contrast agents. The 
authors prepared water-accessible Gd

III
 complex 

containing silica nanoparticles using a sol-gel 
method where mono-aqua [Gd(ebpatcn) (H2O)] 
complex was incorporated into the nanoparticles. 
These nanoparticles (Gd NPs) were highly stable 
in water over a pH range of 7-8, and displayed an 
exceptionally high relaxivities of r1 (84 s

-1
 mM

-1
 at 
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0.8 T) and r2 (227 s
-1 

mM
-1

 at 11.5 T) at 298 K. A 
range of Gd-ebpatcn embedded silica nanoparti-
cles were prepared in different sizes such as, 
NPGd25, NPGd50 and NPGd60 (diameter = 25, 
50 and 60 nm) by a reverse micro-emulsion proce-
dure. Among them the NPGd25 particles showed 
significantly higher relaxivity on a per-Gd basis 
than the larger nanoparticles which was considered 
to be an ideal candidate for the development of 
dual T1 and T2 MRI contrast agents. A random dis-
tribution of the Gd

III
 complexes was occurred in-

side the silica matrix due to non-covalent incorpo-
ration of the [Gd (ebpatcn) (H2O)] complex, which 
allowed the metal complexes to freely rotate inside 
the silica structure, and it caused both electrostatic 
and hydrogen-bonding interactions to occur. The 
Gd

III
 complexes allowed the accessibility of water 

molecules to the Gd
3+

 ions, and at the same time, 
the mobility of the Gd-complexes was restricted as 
they were confined in the silica matrix. Thus it 
was attributed that the water molecules inside the 
nanoparticles could be slowed down in the pores 
because of the binding to the slowly moving com-
plexes or could experience geometrical restraints 
of the proximate pore walls. These structural and 
dynamic properties resulted in remarkably high 
values of the relaxivities of water protons for both 
r1 and r2. The hindered motion of the outer- and 
inner-sphere water molecules associated with the 
water permeable nature of the silica matrix sug-
gested the presence of a different mechanism of 
paramagnetic relaxation of the [Gd (ebpatcn) 
(H2O)] complex.  

In another example, Chen and co-workers [9] 
synthesised mono-dispersed magnetic nanocap-
sules using a stable iron-nanocore and a meso- 
porous silica-shell where the ellipsoidal hematite 
was controllably encapsulated into the silica ma-
trix followed by a partial etching and reduction of 
the hematite core. The iron-core displayed longer 
stability with a high saturation magnetization 
value. The silica coating on the magnetic core pre-
vented the iron nanoparticles from aggregation. 
The hollow space between the iron core and the 
mesoporous silica-shell was exploited by loading 
both DOX and a T1-weighted MRI contrast agent 
(Gd-DTPA) at pH 5. The total loading of Gd-
DTPA in the nanocapsules was 11.5% (w/w). To 
facilitate the pH responsive DOX release, the 
nanocapsules were further coated in an alternate 
fashion by the polyelectrolyte layers of biocom-
patible poly-L-lysine (PLL) and sodium alginate 

(AL). The AL and PLL were alternately adsorbed 
onto the nanocapsules by electrostatic interaction 
between the amino groups of PLL and the car-
boxyl groups of AL. The nanocapsules showed an 
average length and width of 420 and 110 nm. The 
iron-core was consisted of an iron nanocylinder of 
85 nm in length and 60 nm in diameter. The 
mesoporous silica with a pore-size distribution of 
2.4 nm contained silica-shell of �18 nm thickness, 
and the outer coating of the polyeletrolytes was �8 
nm thick. The saturation magnetization of the 
Fe@SiO2 and (Fe/DOX/Gd-DTPA)@SiO2@AL/ 
PLL nanoparticles were 204 and 198 emu/g, re-
spectively. The nanocapsules displayed the capa-
bility to work as both T1- and T2-weighted MRI 
contrast agents due to the presence of ferromag-
netic α-Fe core and paramagnetic Gd-DTPA. The 
relaxivities of the nanocapsules measured by 4.7 T 
MRI instrument were 8.6 mM

−1
 s

−1
 (r1) and 285 

mM
−1

 s
−1

 (r2). The T1 relaxivity coefficient (r1) of 
the nanocapsules (8.6 mM

−1
 s

−1
) was higher than 

the relaxivity of the free Gd-DTPA (5.5 mM
−1

 s
−1

). 
This increased relaxivity was attributed to the re-
laxivity contribution from the iron-core and, the 
interactions between the Gd-DTPA and the polye-
lectrolytes. The release behaviour of the encapsu-
lated Gd-DTPA from (Fe/DOX/Gd-DTPA)@ 
SiO2@AL/PLL nanocapsules was examined at pH 
5.0 which evidently showed a low and slower re-
lease of Gd-DTPA compared to DOX. This was 
due to stronger interactions that occurred between 
the Gd-DTPA and the carboxylic groups within 
polyelectrolytes. However, after 48 hours no sig-
nificant release of Gd-DTPA was observed at pH 
7.4 [9]. Recently, Lee and Yi [58] demonstrated a 
different approach by synthesising the Gd (III)-
chelated silica nanoparticles via a polyelectrolyte 
capping method. Their developed nanoparticles 
displayed dual-mode of diagnostic capability by 
both MRI and fluorescence imaging. The anionic 
poly(acrylic acid-co-maleic acid) was used as 
polyelectrolyte to chelate the Gd (III) ions, and the 
surrounding RITC-labelled silica nanoparticles 
were subsequently embedded with the polyethyle-
neglycol (PEG) conjugated polyethyleneimine co-
polymer. The effect of T1 contrast enhancement of 
the Gd-chelated silica nanoparticles was examined 
using a 9.4T micro-imaging instrument. The 
measured longitudinal MRI relaxivity (r1) of the 
Gd-silica nanohybrids was 28.1 mMs

−1
. The pres-

ence of hydrophilic polycaboxylic groups in the 
polyelectrolyte facilitated the diffusion of water 
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molecules closer to these particles which evidently 
reflected in the enhanced T1 contrast of the cap-
tured MRI image.  

2.2.2. Fe-based MRI Contrast Agents 
There are some limitations of using the bare 

iron oxide nanoparticles as a contrast agent as 
these materials are extremely reactive and unsta-
ble. These can aggregate or non-specifically ad-
sorb onto proteins or other substances, and exert 
toxicity when these materials are directly exposed 
to biological systems. In order to overcome these 
issues, Darbandi and co-workers [11] developed 
silica-coated iron oxide nanoparticles (IONPs) at 
room temperature via a one-pot synthetic tech-
nique using a water-in-oil micro-emulsion, and 
they subsequently modified the surface using or-
ganosilane reagents. Their synthesised nanocom-
posites showed uniform size where the mean di-
ameter of the IONPs and silica-coated nanocom-
posites were 6.3 and 13.3 nm respectively, and the 
BET surface area of the silica-coated & silica-
coated and functionalised IONPs were 221 and 
217 m

2
 g

-1
, respectively. The nanocomposites con-

tained microporous and blocked-microporous 
structures in both silica-coated and silica-coated 
with amine-functionalised IONPs. The measured 
zeta-potentials indicated that the amine functional 
groups were mostly located at the top of silica-
shell that blocked the micropores and facilitated 
the materials to gain colloidal stability. After the 
hydrolysis of TEOS, the addition of 3-amino- 
propyl tris(methyloxy)silane (APS) facilitated the 
grafting of amine groups onto the silica surface of 
nanoparticles with a high density that led to block 
the micropores, and caused to increase the magni-
tude of zeta potential with a reversal of polarity. 
The as-synthesised nanocomposites were investi-
gated by an NMR relaxometric instrument at 0.47 
and 1.41 T. The relaxation rates R1 (1/T1) and R2 
(1/T2) were obtained as a function of iron millimo-
lar concentration of the nanoparticles, and the R1 
and R2 relaxation rates were linearly varied with 
iron concentration. The IONPs-SiO2 showed relax-
ivities as r1 1.6 - 7.9 and r2 166.3 - 202.5 s

-1 
mM

-1
 

and the IONPs-SiO2–NH2 as r1 1.2 - 6.5 and r2 
146.1 - 174.9 s

-1 
mM

-1
. Thus both the silica-coated 

and silica-coated surface-functionalised nanocom-
posites showed an enhanced MRI signal with a 
slight variation. The NMR Dispersion (NMRD) 
analyses also showed a good signal enhancement 
in both samples which were independent of the 

functionalization of the surface of nanoparticles. 
However, due to surface functionalization of the 
IONPs, a slight decrease of the apparent specific 
saturation magnetization and an increase of water-
proof diameter of the IONPs-SiO2-NH2 nanocom-
posite was evident. In another example, Iqbal and 
co-workers [38] prepared homogeneous and 
mono-dispersed super paramagnetic iron oxide 
nanoparticles (SPIONPs) of 4 nm diameters by a 
thermal decomposition of an iron-oleate complex, 
and then functionalised by a silicon dioxide shell 
using a reverse micro-emulsion method. The reac-
tion temperature and the reaction time were the 
essential parameters to control the size of 
SPIONPs. The SiO2 was used to modify the sur-
face and to improve the stability of the as-
synthesised SPIONPs. The as-synthesised magnet-
ite nanoparticles showed a weak saturation mag-
netization (Ms = 34.5 emu g

-1
) which was attrib-

uted to smaller magnetic moment and spin-canting 
effect. When the SPIONPs were coated with silica, 
these materials displayed good r1 relaxivity of 1.2 
mM

-1 
s

-1
 and r2 relaxivity of 7.8 mM

-1 
s

-1
 which 

made it an ideal candidate for an effective contrast 
agent for MRI. The large surface area with five 
unpaired electrons of Fe and a low magnetization 
effectively helped to increase the relaxation time. 

The folic acid (FA) can selectively bind to fo-
late-receptor (FR), and overexpresses in many 
human tumours such as, cancers of breast, ovary 
and myeloid cells of hematopoetic lineage. There-
fore, conjugating the FA to super paramagnetic 
Fe3O4 nanoparticles is found to be a common 
strategy to prepare a tumour-targeted MRI contrast 
agent for cancer diagnostics. Based on this concept 
Gu et al., [12] synthesised a high magnetic frac-
tion containing silica-coated super paramagnetic 
Fe3O4 composite particles (Fe3O4-SiO2). The size 
of Fe3O4-SiO2 composites and Fe3O4 aggregates 
were 100-120 nm and 80 nm. The FA was conju-
gated to Fe3O4–SiO2 composite to attain a tumour-
targeted MRI contrast agent. The conjugation of 
FA was performed by an amide reaction between 
the carboxyl group of FA molecule and the surface 
amino group of 3-aminopropyltriethoxysilane 
(APS)-modified Fe3O4–SiO2 composite. Thus the 
resultant Fe3O4-SiO2-FA acted as a folate receptor-
mediated tumour-targeting super paramagnetic 
MRI contrast agent. The iron content of the Fe3O4-
SiO2-FA composite particles was 652 mg Fe/L. 
The relaxivity values were calculated through a 
curve fitting of the data of 1/T2 relaxation time 
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Fig. (3). a) T2-weighted MR images of Fe3O4, Fe3O4 @HSiO2, and H
+
-Fe3O4@HSiO2 with different concentrations 

from a 9.4 T MRI system containing 1% sodium alginate gel. b) Measurements of r2 relaxivity for A) Fe3O4, B) 

Fe3O4 @HSiO2, and C) H
+
-Fe3O4 @HSiO2. Reproduced with permission [16]. 

 
(ms

-1
) versus iron concentrations (mM). The satura-

tion magnetic intensity of Fe3O4 nanoparticles and 
Fe3O4-SiO2-FA composite particles were 61.48 
emu g

-1
 and 29.75 emu g

-1
, respectively. This de-

crease in magnetization value was originated from a 
lower magnetite mass ratio present in the Fe3O4-
SiO2-FA conjugated nanoparticles than that in the 
Fe3O4 nanoparticles due to the aggregation of Fe3O4 
nanoparticles and the coating with SiO2. The pattern 
of magnetization of the nanoparticles was S-like 
curves with near zero magnetic hysteresis loops. 
The T2 relaxation rate of the Fe3O4-SiO2-FA was 
0.101 x 10

6
 mol

-1
s

-1
 which indicates that the Fe3O4-

SiO2-FA composite particles had adequate super 
paramagnetic properties to become an ideal MRI 
contrast agent. 

A range of silica-based materials have been re-
ported that were considered as a combined plat-
form for drug delivery and MRI imaging. As an 
example, magnetic iron oxide coated in hydro-
genation silica (Fe3O4@HSiO2) was reported [16] 
as a multifunctional material for both drug deliv-
ery and MRI contrast agents. The Fe3O4@HSiO2 
displayed an accurate targeting, higher drug (Col-
chicine-COLC) loading, pH controllable drug re-
lease, strong MRI image contrast enhancement, 

and an outstanding permeability under a magnetic 
field. The ability of magnetic response of the 
Fe3O4@HSiO2 material was dependent on the con-
tents of Fe3O4 and the morphology of the nano- 
particles. After modifying with sodium alginate, 3 
nanoparticles were prepared such as, Fe3O4, 
Fe3O4@HSiO2 and H

+
-Fe3O4@HSiO2. These 

nanoparticles were probed to capture in vitro T2-
weighted MRI images using a spin-echo based mi-
cro-imaging. The Fe3O4@HSiO2 core-shell nano- 
particles exhibited very poor MRI contrast en-
hancement compared to Fe3O4 and H

+
-Fe3O4 

@HSiO2. The r2 values of Fe3O4, Fe3O4@HSiO2 
and H

+
-Fe3O4@HSiO2 were 44.8, 10.5 and 53.9 

mM
-1 

s
-1

,
 
respectively (Fig. 3). The crystal mor-

phology of the core Fe3O4 affected the MRI re-
laxation enhancement. The significant increase in 
relaxivity of H

+
-Fe3O4@HSiO2 was attributed to 

the split of nanospheres into smaller crystals which 
increased the dispersibility of the nanoparticles, 
and effectively increased the contact area with wa-
ter. Thus it was able to control the magnetic spin 
by changing the morphology of the nanoparticles, 
which is a critical factor for modulating the spin-
spin relaxation processes of the protons of water 
surrounding the nanoparticles.  
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Tanka and co-workers [59] exemplified a dif-
ferent approach by preparing multiple-SPIO-
containing silica-coated and imidazolium-tethered 
core/shell type nanoparticles as negative MRI con-
trast agents using a reverse-micelle sol-gel tech-
nique. These nanoparticles showed a significant 
improvement of the proton relaxivity of water. 
When the etching treatment was employed, the 
average diameter of these particles were reduced 
from 41 nm to a maximum 24 nm, and the iron 
content in the particles was significantly increased. 
And due to the inclusion of imidazolium com-
pound, the dispersion of the particles was im-
proved. The proton relaxivity (r2) of SPIO parti-
cles calculated from the T2 measurements showed 
that the sensitivity to create a negative contrast 
was improved at least 7 times larger (r2 = 179 to 
1395 Fe mM

-1 
s

-1
) than that of the sample without 

any treatments. After the etching, the multicore 
SPIO particles displayed much clear contrast even 
at 3.5 μg/mL of iron concentration. In another ex-
ample, Taboada et al., [28] synthesised 4 different 
mono-dispersed iron oxide containing micro-
porous silica core/shell nanocomposite particles 
using a supercritical fluid technology. These nano-
composites were formed within a diameter of 100 
nm, and displayed a high magnetization value to 
be useful for an effective T2 contrast agent. These 
nanocomposite particles contained magnetic cores 
formed by the grouped maghemite nanoparticles 
with diameters between 20 and 60 nm. The super-
critical extraction enabled to dry the materials and 
to extract any unreacted reagents out of the proc-
essing vessel. The supercritical drying did not in-
duce sintering or particle growth, which could af-
fect the ferromagnetic behaviour at room tempera-
ture. The MRI relaxivity measurements at 37ºC 
showed that all the nanocomposite materials had 
longitudinal relaxivities (r1) similar to the values 
of water. This is because the protons in the media 
did not have access to inner magnetic core. How-
ever, the transversal relaxivity (r2) showed signifi-
cantly higher values compared to both as-
synthesised maghemite nanoparticles and com-
mercial Endorem

TM
 materials. It was attributed 

that the nanocomposite sample that showed the 
highest r2 value (326 s

-1
 mM Fe

-1
) had the largest 

magnetic nucleus that induced a larger magnetic 
inhomogeneities and, thus it caused a faster de-
coherence in the hydrogen spins. 

2.2.3. Mn-based MRI Contrast Agents 
The Mn-based MRI contrast agents are gaining 

increasing attention due to their inherent abilities 
and favourable NMR characteristics, and as such, 
these materials have been used for particular ap-
plications in the controlled release of drugs or as 
MRI contrast agents. Recently the FDA approved 
a Mn-based T1-contrast agent, Mangafodipir (man- 
ganese di-pyridoxyl di-phosphate, Mn-DPDP) 
which is now commercially available [30]. Al-
though the Mn-based silica nanoparticles are ideal 
for T1 contrast agents, however a range of Mn-
based silica nanoparticles are also reported to be 
suitable for both T1 and T2 contrast agents.  

In one example, Kim et al., [27] synthesised 
mesoporous silica-coated hollow manganese oxide 
nanoparticles (HMnO@mSiO2) that showed a sig-
nificantly higher r1 relaxivity over other existing 
manganese oxide nanoparticle-based contrast 
agents, and these developed materials were capa-
ble of MRI cell tracking using a positive contrast. 
The HMnO@mSiO2 nanoparticles were stable 
both in water and PBS solution for over a month 
without forming any aggregation. Due to the pres-
ence of negative charge on the silica surface, the 
HMnO@mSiO2 nanoparticles displayed good col-
loidal stability. The BET surface area and pore 
volume of the HMnO@mSiO2 nanoparticles were 
181.3 m

2
g

-1
 and 0.38 cm

3
g

-1
. Due to have high po-

rosity and a large surface area-to-volume ratio, it 
enabled to gain a rapid access of water molecules 
to manganese-core through the nanopores of the 
HMnO@mSiO2 nanoparticles, and thus more Mn 
ions were exposed to water at the inner surface of 
the MnO core that led to achieve an efficient re-
laxation of water in the vicinity of the nanoparti-
cles. In case of diffusion, water diffused anisot-
ropically inside the mesoporous silica compared to 
isotropic diffusion in the surrounding environ-
ment, and the fastest diffusion was occurred along 
the channels of the mesoporous silica. The MRI 
measurement of HMnO@mSiO2 nanoparticles 
were performed in water using an 11.7 T MRI 
scanner. The result showed that the nanoparticles 
significantly shortened the T1 relaxation of the wa-
ter protons, and the calculated molar relaxivity 
was found to be 0.99 mM

-1 
s

-1
. In another example, 

Niu and co-workers [14] developed manganese-
based dual-mode contrast agents (DMCAs, i.e. T1 
and T2) which had a spherical particle type of 
morphology that consisted of core-shell structured 
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Fig. (4). (a) Longitudinal (1/T1) and (b) transverse (1/T2) relaxation rates of aqueous solutions of Mn-DMSSs. (The 

insets are T1-weighted and T2-weighted MR images of Mn-DMSSs with increased Mn concentrations 1-8: 0, 

0.0025, 0.0051, 0.010, 0.020, 0.031, 0.041, and 0.051 mM.) The experimental data was obtained on a 3.0 T MRI 

scanner. (Adapted with permission from [14], copyright © 2013 American Chemical Society). 

 
manganese-loaded dual-mesoporous silica spheres 
(Mn-DMSSs). The Mn-DMSSs was synthesised 
using an amphiphilic block copolymer (polysty-
rene-b-poly(acrylic acid), PS-b-PAA) and cetyl-
trimethyl ammonium bromide (CTAB) as dual-
templates. Then ultra-small manganese oxide 
nanoclusters were embedded in the pore channels 
of the DMSSs using a simple oxidation-reduction 
reaction. The hydrodynamic diameter of the mono-
dispersed Mn-DMSSs was 199 nm, and these ma-
terials did not aggregate in water. The Mn-DMSSs 
contained very high Mn

2+
 ions payload (approxi-

mately 9.14 × 10
7
). The performed in vitro MRI 

using a clinical 3.0 T MRI scanner revealed that 
the Mn-DMSSs simultaneously displayed T1-wei- 
ghted and T2-weighted MRI imaging capabilities 
(Fig. 4). These materials showed a high T1 relaxiv-
ity (r1) of 10.1 mM

−1 
s

−1
 and a moderately high T2 

relaxivity (r2) of 169.7 mM
−1 

s
−1

.  

The higher r1 value of Mn-DMSSs was due to 
highly dispersion of the ultra-small manganese 
oxide nanoclusters in the pores of the DMSSs 
along with an increased amount of the reduced Mn 
ions (Mn

2+
) and, the enhancement of diffusion rate 

of the water molecules inside the mesopores. The 
higher r2 value of Mn-DMSSs was attributed to the 
shortened T2 relaxivity time by the ultra-small 
manganese oxide nanoclusters in the DMSSs. Due 
to a high surface-to-volume ratio, the ultra-small 

manganese oxide nanoclusters exhibited higher 
magnetization values where a larger proportion of 
surface spins on the anti-ferromagnetic core were 
non-compensated. However, the increased r2 value 
was independent of the size of the Mn-DMSSs 
particles [14].  

3. REVIEW ON THE BIOLOGICAL EVA- 
LUATIONS OF THE SILICA-BASED MRI 
CONTRAST AGENTS ALONG WITH IN  
VITRO/IN VIVO IMAGING OF CELLS/ANI- 
MALS  

Following discussions focus on the biological 
evaluations along with in vitro and in vivo MRI 
imaging of the developed (ordered-MSNs and un-
ordered non-MSNs silica nanoparticles) MRI con-
trast agents, and various cells that interacted with 
these developed materials.  

3.1. Biological Evaluations of the Ordered-
MSNs Based MRI Contrast Agents 

The biological evaluations of the ordered-MSNs 
based MRI contrast agents are presented below 
where mostly the Gd-based complexes were em-
bedded with the MSNs. In one example, Huang  
et al., [51] examined the biocompatibility of their 
developed GdVO4: Eu

3+
@MSNs using a standard 3-

(4,5-dimethylthiazol-2-yl)2,5-diphenyl-tetrazoilum 
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Fig. (5). MR images of a nude mouse intravenously injected with PEG-Gd-MSN (0.080 mmol kg
-1

 Gd dose), focus-

ing on the urinary bladder (white arrow). The MR images were taken at different times: pre-contrast (a), 5 min (b), 

15 min (c), 30 min (d), and 45 min (e). The enhanced contrast in the bladder was apparent after 15 min, indicating 

that the Gd-chelate biodegraded from PEG-Gd-MSNs by the reducing agents in the blood was quickly cleared 

through the renal pathway. Reproduced with permission [52]. 

 
bromide MTT cell assay on the L929 fibroblast 
cells. After 24 h of incubation of the cells with 
GdVO4:Eu

3+
@MSNs, these materials did not show 

any cytotoxicity at a higher composite concentra-
tion (200 μg mL

−1
) against the L929 fibroblast 

cells. After the GdVO4:Eu
3+

@MSNs materials were 
labelled with the fluorescent dye (fluorescein iso-
thiocyanate - FITC), the SKOV3 ovarian cancer 
cells were incubated at various time intervals and, 
the extent of SKOV3 cell-uptakes was measured by 
a flow cytometer. The results showed that the 
GdVO4:Eu

3+
@MSNs-FITC composites were taken 

up by the SKOV3 cells, and the cell-uptake was 
increased with the incubation time. When the FITC-
tagged GdVO4:Eu

3+
@MSNs materials were incu-

bated with the A549 lung adenocarcinoma cells, the 
cell-uptakes were also evident from the performed 
confocal laser scanning microscopy study. As the 
incubation time was increased, these particles effec-
tively crossed the membrane and were localised in 
the cytoplasm [51]. In another example, Vivero-
Escoto and co-workers [52] incubated their PEG 
(5K) and anisamide-targeted PEG (5K) functional-
ised MSNs with the AsPC-1 cells. The in vitro MRI 
of these functionalised and cell-incubated MSNs 
displayed good biocompatibility and cancer-
targeting specificity. The in vivo contrast enhanced 
MRI of the PEG-Gd-MSNs was carried out in a 
female nude mice using a 3T scanner with a 2D 
spin-echo pulse sequence protocol. The PEG-Gd-

MSNs was injected via the tail vein of the mice at 
various time intervals using at a dose of 0.080 mM 
kg

-1
 Gd. After 15 minutes of post injection, a strong 

MRI enhancement was observed in the urinary 
bladder of the mice, which indicated that the in-
jected Gd (III) chelates were cleaved from the 
MSNs, and excreted out (Fig. 5). 

Taylor et al., (15) performed an in vitro MRI 
imaging using an immortalised murine monocyte 
cell line. Their results showed a significant MRI 
image enhancement of the labelled monocytes 
compared to the control sample of unlabelled 
monocytes. Based on their employed MRI pulse 
sequence, the labelled cells displayed a significant 
positive signal enhancement in the T1-weighted 
image as well as a negative signal enhancement in 
the T2-weighted image (Fig. 6).  

Their MTS cell viability assays showed that the 
MSN-Gd nanoparticles were not toxic to the 
monocyte cells as more than 85% of the cells were 
viable after incubating with 100 μg of MSN-Gd 
per 5000 cells for 26 h. The in vivo MRI was also 
performed on a DBA/1J mouse upon a tail vein 
injection of 2.1 μmol/kg of MSN-Gd of the body 
weight. In 15 minutes post injection, a significant 
T1-weighted enhancement was observed in the 
aorta of the mouse. When the mouse was injected 
at the tail vein using 31 μmol/kg of MSN-Gd of 
the body weight, a significant loss of the MRI 
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Fig. (6). Overlaid DIC and fluorescence image of monocyte cells incubated with (a) no MSN-Gd-1 and (b) 4 μg of 

MSN-Gd-1 (5 x 10
-5

 cells in 2 mL medium) (60 x magnification). (c) T1-weighted MR images of monocyte cell pel-

lets incubated without MSN-Gd (left) and with 0.3 mg of MSN-Gd for 5 x 10
6
 cells in 3 mL of media (right). (d) 

T2-weighted MR images of monocyte cell pellets incubated without MSN-Gd (left) and with 0.3 mg of MSN-Gd for 

5 x 10
6
 cells in 3 mL of media (right). (Adapted with permission from [15], copyright © 2008 American Chemical 

Society). 

 

 

Fig. (7). (a) Pre-contrast and (b) post-contrast (2.1 μmol/kg dose) T1-weighted mouse MR image showing aorta sig-

nal enhancement. (c) Pre-contrast and (d) post-contrast (31 μmol/kg dose) mouse MR images showing liver signal 

loss due to T2-weighted enhancement. (Adapted with permission from [15], copyright 
©
 2008 American Chemical 

Society). 

 
signal was observed in the liver of the DBA/1J 
mouse 1 hour post injection, which was indicative 
of the ability of the MSN-Gd to enhance T2-
weighted images (Fig. 7). The loss of the MRI sig-
nal in the liver of mouse was attributed to the 
phagocytosis of the MSN-Gd by the liver macro-
phage cells. 

Kempen and co-workers [54] reported that 
when the mesenchymal stem cells (MSC) were 
labelled with their synthesised MSNs nanoparti-
cles, the imaging detection was able to record up 
to 9000 cells. When the MSC cells were imaged 
using a T1-weighted MRI, a linear relationship was 
observed with a good correlation coefficient be-
tween the number of cells and the imaging signal. 
After incubating the MSC cells with the MSNs, 

the cells were grown in a complete media. The re-
sults showed a cell viability of 30-50% higher 
compared to those grown in the serum-free incom-
plete media. And during the first 5 days of growth, 
there was no change in the cell proliferation as the 
silicic acid concentration was highest in the media. 
The presence of the IGF increased the cell sur-
vival. As the MSNS were located both on and in-
side the stem cells, the IGF was delivered in a sus-
tained manner to the surface membrane of cells 
where the IGF receptors were located, and thus it 
promoted the cell survival. No cytotoxicity was 
observed at a concentration of 250 μg/mL. There 
was no discernible decrease in the metabolic activ-
ity or increase in the apoptosis. The biodegrada-
tion of the MSNs nanoparticles inside of cells as 
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was monitored by the TEM showed that the 
nanoparticles took up to 3 weeks to degrade, and 
subsequently these materials were cleared from the 
cells.  

Guo et al., [55] performed an in vivo T1-
weighted MRI using a BALB/c mouse model by 
administering their MSN-dendron-Gd nanoprobe 
via an intravenous injection which showed no ob-
vious abnormal signs associated with the animal 
toxicity that could be detected. The in vitro cyto-
toxicity of the MSN-dendron-Gd nanoprobe and 
the non-functionalised MSNs evaluated using the 
CCK-8 assay on the 293-T, L02, HeLa and C2C12 
cells showed that at a low concentration within the 
measured concentrations (10 to 75 mg mL

-1
), the 

cell viabilities were more than 80% of the nano-
probe and the non-functionalised MSNs they used. 
The MSN-dendron-Gd nanoprobe also showed no 
significant toxicity to the growth of the mice used. 
Their histological tests revealed no noticeable 
pathological changes in liver, spleen, lung and 
kidney of the mice they used.  

Kalluru and co-workers [56] reported that when 
the HeLa cells were incubated with their devel-
oped EuGdOx@MSF-DOX materials, these cells 
internalized the materials well. However, due to 
the excitation of the NIR light as applied, the for-
mation of singlet O2 caused the cellular deaths to 
occur due to a combined chemo-photodynamic 
therapeutic effects. The histological study revealed 
that when the EuGdOx@MSF-DOX materials 
were treated with mice and then exposed to 980 
nm NIR light irradiation, the necrosis from the tu-
mour tissue was clearly observed, whereas no 
other noticeable damages were observed in either 
liver or spleen of the mice they used.  

3.2. Biological Evaluations of the Unordered 
non-MSNs Silica Nanoparticles Containing 
MRI Contrast Agents 

3.2.1. Gd-based MRI Contrast Agents 
Although the Gd-based MRI contrast agents are 

the most widely utilised materials however, there 
is always a concern that if the Gd ions from the 
complex are released to biological environment, 
these materials can cause a significant hazards as 
the free Gd

3+
 ions are toxic in nature [29]. In one 

example, Chen and co-workers [9] studied the cell 
viability of all their materials including the materi-
als containing Gd-chelate, and tested them using 

MCF-7 breast cancer cells. It revealed that the in-
dividual iron nanocore (Fe), silica (SiO2), empty 
nanocapsules (Fe@SiO2), and PLL/AL multilay-
ers-coated nanocapsules (Fe@SiO2@PLL/AL) 
showed no significant toxicity up to a concentra-
tion of 1000 μg/mL. The Fe@SiO2@PLL/AL 
nanocapsules showed a higher cytotoxicity than 
the nanocapsules without any PLL/AL coating or 
free-DOX. The toxicity of (Fe/DOX/Gd-DTPA) 
@SiO2@AL/PLL was significant compared to 
both (Fe/DOX/Gd-DTPA)@SiO2 and free-DOX at 
a concentration of 0.18 μmol/L and above. In an-
other example, Lee and Yi [58] transfected their 
Gd-silica nanohybrid nanoparticles into the human 
alveolar basal epithelial cells (A549), and then 
probed into both MRI and fluorescence imaging. 
A good linear and positive image enhancement 
(T1) was evident with respect to the concentration 
of the nanoparticles they used. The bio-distribution 
of the nanohybrids was examined by intravenously 
injecting the Gd-silica nanohybrid solution 
(2mg/ml) into a mice, and then separating various 
organs after the animal was sacrificed. After 6 
hours of injection, a wide distribution of the Gd 
concentration was recorded in different parts of the 
body. The Gadolinium was mostly accumulated in 
the kidney, pancreas and lung within the concen-
tration range of 0.17-0.23 μg/g. During 6 hours of 
injection, a small portion of the residual PEGy-
lated hydrophilic particles were distributed in the 
liver as the PEGylated silica nanoparticles were 
not effectively filtered out by the reticuloendothe-
lial system. It was predicted that these materials 
might have conjugated to the serum proteins. 

3.2.2. Fe-based MRI Contrast Agents 
The Fe-based nanoparticles are widely utilised 

in the development of T2 contrast agents. These 
materials may impart toxicity when these are ex-
posed to a biological system. Thus the developed 
silica-based Fe-containing MRI contrast agents 
require an extra precaution to make their applica-
tions viable. In one example, Iqbal et al., [38] per-
formed the in vivo MRI of their silica-coated 
SPIONPs on a mice by injecting the nanoparticles 
through the tail vein. A positive enhancement of 
the MRI signal intensity was observed at different 
time intervals in various parts of the body such as, 
heart, liver, kidney and bladder, and these injected 
nanoparticles were completely excreted out of the 
body. When the silica-coated SPIONPs were incu-
bated for 24 hours with the MCF-7 and HeLa 
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Fig. (8). H&E stained histopathological evaluation micrographs of major organs of the healthy mice as a control 

and after 15-day post-injection of silica-coated ultra-small magnetite nanoparticles. Reproduced with permission 

[38]. 

 
cells, a good cell viability was observed for both 
MCF-7 and HeLa cells (90%) at all concentrations 
of Fe of the nanoparticles they used. The extent of 
protein adsorption on the surface of NPs and their 
biological fate were investigated using a fetal bo-
vine serum (FBS) containing media. It was found 
that a very small number of positively charged 
proteins from the FBS media were attached to the 
surface of the SPIONPs@SiO2. The small amount 
of protein adsorption was attributed to the electro-
static interaction between the negatively charged 
NPs and the positively charged protein of the 
plasma serum. After injecting the silica-coated 
SPIONPs, the histological analyses were per-
formed to assess the in vivo toxicity on various 
organs of the healthy mice (Fig. 8). The results 
showed that there were no significant pathological 
differences, alterations, injury or damage in the 
tissues or other lesions such as, inflammatory, ne-
crosis, or pulmonary fibrosis [38].  

Zhang et al., reported [16] that when the 
Fe3O4@HSiO2 nanoparticles were incubated with 
the HepG2 cells, these materials showed no cyto-
toxicity against the HepG2 cells, and displayed 
good biocompatibility and magnetic targeting per-
formance. Under a magnetic field, the COLC-
loaded Fe3O4@HSiO2 (Fe3O4@HSiO2-COLC) 
displayed a higher inhibition of tumour cells than 
the free-COLC. The Fe3O4@HSiO2-COLC sho- 
wed much stronger growth inhibition on the 
HepG2 cells under the magnetic field compared to 
the condition of using no magnetic field. When the 

Fe3O4@HSiO2-COLC was subjected to an external 
magnetic field, the nanoparticles showed higher 
toxicity, and the cell viability was decreased with 
the increase of the incubation time of the 
Fe3O4@HSiO2–COLC with the HepG2 cells. At 
0.5 Tesla magnetic field, the Fe3O4@HSiO2-
COLC particles were up-taken and subsequently 
these materials were localised in the endosomes of 
the HepG2 cells. It was predicted that the induced 
magnetic field facilitated the Fe3O4@HSiO2-
COLC materials to easily enter into the tumour 
tissue which effectively killed the tumour cells in a 
dose dependent manner. The in vivo MRI was per-
formed at a variable magnetic field on the HepG2 
cells as these were incubated with the H

+
-

Fe3O4@HSiO2 that contained different iron con-
centrations. At 0.5 Tesla magnetic field, a rapid 
and efficient magnetic targeting significantly dark-
ened the MRI images. The T2 values obtained both 
at 0 and 0.5 Tesla magnetic field were decreased 
when the iron concentration was higher [16]. In 
another example, Taboada and co-workers [28] 
performed the cytotoxicity tests using a MTT as-
say on their nanocomposites using a fibroblast cell 
line (NIH3T3) after 12 hours of treatment of the 
nanocomposites with the cells. No toxic effects of 
the nanocomposites were evident within the con-
centration range they used (<1mM Fe). The pure 
silica nanoparticles showed no toxic effects below 
the concentration of 1.2 mg mL

-1
. However, the 

as-synthesised iron oxide nanoparticles showed a 
mild toxic effect below 5 mM concentrations. 
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Fig. (9). Simultaneous T1 and T2 imaging of a SD rat liver on a 3.0 T MRI scanner. (a) In vivo T1- and T2-weighted 

MR images and (b) the corresponding signal intensity of SD rat liver before and after intravenous injection of Mn-

DMSSs nanoparticles with a dose of 0.5 mg Mn kg
-1

 at different time points (5 and 15 min). The standard deviation 

of signal intensity is derived from a group of the ROI (n = 3). (Adapted with permission from [14], copyright © 

2013 American Chemical Society). 

 
3.2.3. Mn-based MRI Contrast Agents 

The normal liver tissues absorb or sequester 
manganese more than the abnormal or cancerous 
tissues. The clinically approved Mn-DPDP con-
trast agent is particularly applied to liver in the 
clinical MRI [30, 35, 36]. The Mn-based unor-
dered non-MSNs silica nanoparticles being devel-
oped either as T1 or both T1 and T2 contrast agents 
were extensively examined for biological evalua-
tions. In one example, using either an electropora-
tion or a simple incubation approach, Kim et al., 
[27] labelled their HMnO@mSiO2 nanoparticles 
with the mouse adipose-derived multi-potent mes-
enchymal stem cells (MSCs). The cytotoxic effects 
and cell viability were assessed using the MTS 
assay where more than 75% cell viability was ob-
served at 24 hours after the electroporation with 
the HMnO@mSiO2 nanoparticles at a concentra-
tion of 68.6 μg Mn/mL. A series of in vivo MRI 
imaging were performed over 14 days in the mice 
transplanted with both unlabelled- and labelled-
MSCs. A hyper-intense region at the transplanta-
tion site was appeared in the mice that was trans-
planted with the HMnO@mSiO2-labeled MSCs, 

which persistently provided in vivo sustained MRI 
contrast over the period of experimentation. But 
no hyper-intensity was observed in the mice trans-
planted with the unlabelled-MSCs. In another ex-
ample, Niu and co-workers [14] reported that their 
developed Mn-DMSSs materials exhibited negli-
gible cytotoxicity after 24 hours with >80% cell 
viability at a concentration of up to 200 μg/mL in 
the human liver carcinoma (HepG2) and the 
mouse macrophage (RAW264.7) cells. The confo-
cal laser scanning microscopy analyses confirmed 
that the Mn-DMSSs were internalized via an en-
docytosis process, and the materials were located 
both in the cytoplasm and cell membrane but not 
in the nucleus. Both time and dose-dependent up-
take mechanisms influenced the cell uptake proc-
ess. The in vivo MRI of the Mn-DSSs was per-
formed using a SD rat. In 5 minutes post-injection 
of the Mn-DSSs, the MRI signals of the rat liver 
were increased by 29% under a T1-weighted imag-
ing mode, but the signals were decreased by 28% 
under a T2-weighted imaging mode, which was 
attributed to the heavy accumulation of the 
nanoparticles in the mononuclear phagocyte sys-
tem of the rat used (Fig. 9).  
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4. PERSPECTIVES, INSIGHTS AND CRITI-
CAL REFLECTIONS ON THE STABILITY, 
LIMITATIONS, RELAXIVITY AND TOXIC-
ITY OF THE MRI CONTRAST AGENTS 

4.1. Stability of the MRI Contrast Agents 

The silica particles are non-toxic and amor-
phous in nature, and these materials are regularly 
used as food additives or as an essential compo-
nents of the vitamin supplements [60]. However, 
all the silica-based materials may not be necessar-
ily non-toxic due to their different chemical, struc-
tural and biological properties. It is also apparent 
that the silica-based materials are degraded in bio-
logical environments. During their degradation, 
these materials show low toxicity, and in most 
cases, these materials are easily excreted out of the 
body through the renal pathways. It is likelihood 
that many silica materials that obviously contain 
surface silanols may interact with the healthy cel-
lular membranes creating an unwanted hazards or 
side effects. However, by functionalising or coat-
ing the nanoparticles with a suitable polymer or 
polymer-shell can not only eliminate this problem, 
but also increase the colloidal stability and sys-
temic circulation of these materials.  

The paramagnetic materials are characterised 
by a weak magnetic susceptibility, where the sus-
ceptibility is the degree of response to an applied 
magnetic field. In the presence of a magnetic field, 
these paramagnetic materials exert weak magnet-
ism, and rapidly lose their magnetic property once 
the external magnetic field is removed [30, 34]. 
Currently all the commercially available T1 and T2 
MRI contrast agents that contain paramagnetic or 
super paramagnetic materials suffer from draw-
backs. Because the relaxivities of these materials 
decrease if a high magnetic field is applied. As a 
result it necessitates to administer a high dosages 
of contrast agents to gain the adequate contrast of 
the acquired MRI images. This excessive utilisa-
tion of the MRI contrast agents can cause more 
toxicity. Moreover, the high-field MRI scanners 
are increasingly becoming more common as they 
can significantly shorten the data acquisition time, 
improve signal-to-noise ratio, and can provide a 
higher spatial resolution. Thus the stability and 
degradation time for the exogenous silica-based 
MRI contrast agents are quite important. These 
contrast agents should be stable enough to com-
plete the imaging task, and at the same time, these 
materials should not be so stable that complicate 

their clearance from the body [54]. Both the Gd-
based T1 contrast agents and the iron oxide-based 
T2 contrast agents are not stable in the acidic envi-
ronment of stomach, and hence this situation pre-
vents these contrast agents from using in the oral 
administration. These materials can only be ap-
plied through an intravenous injection, and these 
materials can act in extracellular than in intracellu-
lar manner, which consequently limit their effec-
tiveness to become an ideal MRI contrast agents 
[34]. Thus an ideal MRI contrast agent should be 
stable enough consistent with the facilitation of the 
imaging experiment, is tissue-specific, less toxic 
with a longer shelf-life, and this material should 
have a reasonable clearing period [61]. In a practi-
cal sense, it is certainly a great challenge to de-
velop such type of suitable MRI contrast agents 
overcoming so many hurdles.  

4.2. Drawbacks of the Currently Available MRI 
Contrast Agents 

There are only 3 selective elements such as, Fe 
(III) (S = 5/2), Mn (II) (S = 5/2) and Gd (III) (S = 
7/2) are the most suitable to use for MRI image 
enhancements due to their stable oxidation states 
and as they contain a high number of unpaired 
electrons [30]. However, all the MRI contrast 
agents that have been developed using these 3 
elements have drawbacks. The Gadolinium is the 
most suitable and widely utilised element embed-
ded in the chelates or other imaging agents. The 
majority of the T1 contrast agents have been de-
veloped using the paramagnetic Gd

3+
 ion-chelated 

compounds using various low molecular weight 
polyaminopolycarboxylate ligands [62]. In order 
to enhance T1-relaxation of the protons of bulk 
water, the Gd is considered as an ideal candidate 
to be used in the development of MRI contrast 
agents as it has the characteristics of a high elec-
tronic spin, symmetric electronic ground state, and 
a slow electronic relaxation (10

-9
 s) [30]. However, 

in order to prevent any leaching of Gd in the bio-
logical environment, the stability of Gd-chelates or 
complexes are quite important as the Gd

3+
 ions are 

potentially toxic [29]. The commercially available 
T2 MRI contrast agents are based on the super par-
amagnetic iron oxide nanoparticles (SPIOs). Al-
though the SPIOs are non-toxic, but these materi-
als show higher sensitivity and these materials can 
penetrate into the cells. The image contrast pro-
duced by these materials are very poor compared 
to T1 contrast agents. The major drawbacks of the 
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T2 MRI contrast agents entail are: it is difficult to 
differentiate between the darkened spots produced 
by the accumulation of the T2 contrast agent, and 
the produced signals which are caused by bleed-
ing, calcification, metal deposits, or other artifacts 
from the background essentially complicate the 
imaging results, and hence it becomes difficult to 
make their correct interpretation. Thus it is found 
that the applications of the T2 MRI contrast agents 
are limited to use only in the image-guided drug 
delivery and to monitor the surgical procedures 
[34]. When the SPIOs-based negative contrast 
agents are used in the imaging, the MRI cannot 
distinguish the signals and signal voids, and hence 
such type of negative MRI contrast agents are lim-
ited by the partial volume effects, which make it 
difficult to tracking the cells in vivo [32]. Moreo-
ver, the MRI imaging that uses the T2 contrast 
agents requires a longer acquisition time [30, 34]. 
In the biological environment although iron is an 
essential element however, the complexes pro-
duced from the iron exhibit the most high-spin Fe 
(III) with a low to modest thermodynamic stabil-
ity, and kinetically these materials are much 
weaker. Due to these reasons it is possible that the 
free Fe

3+
 ions will be released in vivo from the 

complexes it embedded with and, such a release of 
the ions from the complexes can impart a high cel-
lular toxicity [30]. The contrast agents made of 
Mn-based complexes have the Mn

2+
 ions incorpo-

rated into the complex which are likely to be re-
leased in vivo due to their trans-metallation with 
the Zinc (II) [30]. In the biological environment, 
the exposure of Mn

2+
 ions at a higher concentra-

tion can lead to exert neurological, cardiovascular, 
reproductive and developmental toxicity [63].  

4.3. Relaxivity of the Silica-based MRI Contrast 
Agents 

The quality of MRI image mainly depends on 
three nuclear magnetic resonance parameters such 
as, proton spin-density, nuclear spin-lattice relaxa-
tion time, T1 and spin-spin relaxation time, T2 
[33]. The MRI image contrast is produced by the 
differences in the strength of the MRI signal at dif-
ferent locations within the tissue or sample. The 
image contrast is dependent upon the relative den-
sity of the excited nuclei of the water protons, and 
on the differences in relaxation times of those nu-
clei such as, T1, T2 and T2*. The T2* relaxation 
time is the time constant for the observed free in-
duction decay (FID), and it is always shorter than 

T2. The MRI contrast agents generally work when 
these are able to alter the relaxation parameters 
such as, T1, T2 and T2* i.e., shorten these relaxa-
tion times. The paramagnetic materials are gener-
ally used to primarily decrease the T1 value, and 
the super paramagnetic/ferromagnetic materials 
are used to decrease the T2 value [34, 38, 61]. The 
type of pulse sequence being used in the MRI scan 
may also affect the MRI image contrast [34]. The 
relaxivity of the MRI contrast agent which is used 
to enhance the MRI image contrast is the measure 
of its efficacy, and it is expressed as the concentra-
tion-normalised amount of increase in the longitu-
dinal or transverse relaxation (1/T1 or 1/T2) rate 
per millimole of the agent (mM

-1
 x s

-1
) [30] being 

used. The MRI contrast agents are evaluated on 
the basis of their proton longitudinal and trans-
verse relaxivities (r1p and r2p), and the r2p/r1p ratio 
determines the action of that contrast agent on the 
MRI image. For r2p/r1p < 2 the contrast agent is 
positive or T1-relaxing, and this type of contrast 
agent is generally composed of paramagnetic 
compounds. In case of r2p/r1p > 2 the contrast agent 
is negative or T2-relaxing, and such behaviour is 
usually found in those contrast agents that contain 
super paramagnetic materials [33]. 

The longitudinal relaxation time (T1) and trans-
verse relaxation time (T2) of the proton spins and 
their densities determine the MRI signal intensity. 
The protons that have a more rapid longitudinal 
relaxation time relax back faster to their equilib-
rium state, and these provide a higher net electro-
magnetic signals with a brighter MRI images. The 
generation of the T2-weighted MRI signals are 
based on the rate of transverse relaxation (1/T2) 
where a faster transverse relaxation leads to a 
rapid de-phasing of the individual spins, and hence 
these may provide a reduced signal intensity. The 
efficiency of a MRI contrast agent in modifying 
the relaxation rate is expressed by the longitudinal 
(r1) or transverse (r2) relaxivity value, which is de-
fined as the slope of a plot of 1/T1 or 1/T2 vs. con-
centration. The T1-weighted contrast agents, such 
as the Gd-chelates, provide an increased signal in-
tensity that lead to achieve T1-weighted imaging 
with a positive image enhancement. The T2-
weighted MRI contrast agents such as, super par-
amagnetic iron oxide nanoparticles, provide a 
negative image enhancement [29]. When the MRI 
contrast agents contain Gd ion, it helps to increase 
both 1/T1 and 1/T2 of these materials. However, 
these contrast materials are generally used in the 



Design, Development and Applications Current Nanomedicine, 2018, Vol. 8, No. 1    21 

T1-weighted imaging (a positive enhancement), 
where the 1/T1 effect is greater than their 1/T2 en-
hancement. In contrast, the Fe containing MRI 
contrast agents such as, super paramagnetic 
nanoparticles, lead to a substantial increase in the 
1/T2 value (a negative enhancement), and hence 
these materials facilitate to visualise the T2-
weighted images [31, 62].  

The relaxivity values of the commercially 
available MRI contrast agents [30, 34, 37] are 
summarised in Table 1. These tabulated data can 
serve as a benchmark for further development of 
the MRI contrast agents both as chelate-complexes 
and silica-based MRI contrast agents.  

The major factors influencing the relaxivity of 
an effective MRI contrast agent include: (a) num-
ber of water molecules coordinated to the par-
amagnetic metal ion of the contrast agent, and 
their exchange rate; and (b) rotational correlation 
time and electronic relaxation rate of the coordi-
nated paramagnetic metal ion (e.g., Gd) present in 
the contrast agent. The modulation of the longitu-
dinal (T1) or transverse (T2) relaxation times of the 
surrounding bulk water protons by the coordinated 
metal ions improve the quality of MRI images be-
ing acquired. The local concentration of the par-
amagnetic metal ions may only affect the T1 re-
laxation rate at a very low concentration of the 
MRI contrast agent, and these affected T1 may in 
turn lead to a T2 modulation [31].  

The Gadolinium containing MRI contrast 
agents are versatile and these materials have the 
most advantages to become effective contrast 
agents as the Gd metal ion is the most paramag-
netic element. Moreover, a variety of complex 
ligands can be incorporated therein. These com-
pounds consist of a paramagnetic metal core, 
which can form complexes with the strongly 
chelating ligand. These complexes contain one in-
ner-sphere water molecule that can rapidly ex-
change with the outer-sphere water molecules and 
in turn, these can simultaneously relax the sur-
rounding water protons [31]. The most extensively 
utilised MRI contrast agents are Gd-based com-
pounds due to their excellent NMR characteristics. 
As a result, a significant number of Gd-based 
chelates have been approved by the regulatory 
authorities (see Table 1), and these materials are 
commercially available for clinical use [30, 34, 
62]. 

The relaxivity of the chelates or contrast agents 
rely on the contributions from both the inner-
sphere and outer-sphere relaxation mechanisms, 
and such contributions are strongly correlated to 
the structure and dynamics of the MRI contrast 
agents in solution [34]. In order to develop an ef-
fective MRI contrast agent, the T1 contrast agent 
for example, it is necessary that the water mole-
cules from the surroundings are able to exchange 
with the inner-sphere water molecules of that con-
trast agent. These water molecules should reside 
on the metal sites on and off providing a mecha-
nism to significantly shorten the T1 relaxation time 
of the water protons, and hence it can increase the 
intensity of the magnetic resonance signal of the 
protons. Since an effective T1 contrast agent is 
able to enhance the T1 relaxation of the bulk water, 
thus at least one water molecule is required which 
is directly coordinated to the paramagnetic metal 
centre that may contribute to the inner-sphere T1 
relaxation [31].  

4.4. Toxicity of the MRI Contrast Agents 

When the silica materials are harnessed to de-
velop MRI contrast agents, it is important to care-
fully consider a myriad range of variables viz. 
types of materials, their sizes, shape, surface, 
charge, coating, dispersion, agglomeration, aggre-
gation, concentration and matrix [64]. The other 
aspects that require considerations are, biocom-
patibility, bio-toxicity, in vitro and in vivo cytotox-
icity and their assessments with an appropriate 
correlation; bio-distribution, effects or impacts of 
the silica particles on the blood-brain barrier, and 
understanding the mechanism of the cellular up-
takes, immune responses, and metabolisms. It is 
also important to consider that many paramagnetic 
and ferromagnetic materials may exert severe tox-
icity which make their uses as inappropriate to in 
vivo biological applications [34].  

The size-dependant quantum effect influences 
the physico-chemical and biological properties of 
the silica nanoparticles which greatly differ from 
their corresponding bulk materials [64]. If the 
sizes are maintained within 50-300 nm, the silica-
based materials can offer benefits and these can 
significantly avoid toxicity. The living animals and 
the plant cells can easily internalize these materials 
through a facile endocytosis process without caus-
ing any significant cytotoxicity [65]. The immu-
nological response and the chance of trapping or 
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accumulation of these materials in various parts of 
the body can be reduced, and these residuals can 
be easily cleared through the normal excretion 
route [60]. The large-sized silica materials are ei-
ther unable or poorly engulfed by the mammalian 
cells via an endocytosis process which may cause 
these materials to be accumulated inside the body 
parts [66] such as, liver and kidney. If the particle 
size of the silica materials is larger than 1 micron, 
it may limit their biological applications [67] as 
the cells cannot internalize them. The use of the 
small particles or nanomaterials (e.g., silica 
nanoparticles) have an additional advantage as 
these materials generally display their decreased 
tumbling rates that help to achieve an increased 
relaxivities [29]. 

5. CURRENT & FUTURE DEVELOPMENTS 

The research prospect of the development of 
sophisticated silica-based MRI contrast agents is 
enormous, and this area of research is gaining its 
momentum. In near future, it is most likely that 
many researchers will be devoted to design and 
develop a combined platform of silica-based mate-
rials which can serve both for cell targeted drug 
delivery and MRI diagnosis either as a T1 or T2 or 
both T1 and T2 contrast agents. To achieve that 
goal, the silica particles will need to be conjugated 
to the affinity ligands, peptides, oligonucleotides, 
antibodies, drugs and bioactive compounds, by 
binding them to the targeted cell surface markers, 
which will allow the silica particles to be effi-
ciently internalized into the cells. After the 
conjugation of the targeted moieties to silica 
materials, it may enhance the loading and the 
delivery of drugs, and effectively may help detect 
particular cells or tissues (e.g., cancer) by MRI. 
Importantly whether the silica particles are taken-
up into the cells or merely accumulate in the 
tumour/tissue needs to be efficiently distinguished 
for the specific cell targeting, tumour cell, for 
example [31]. This review presented some ex-
amples of such type of combined utilities using a 
single silica-based material platform.  

Apparently many silica-based MRI contrast 
agents being developed are found to have modified 
by introducing linear polymers than branched 
polymers. These modifications may contribute to 
reducing the relaxivity due to an increased motion 
of that contrast agent. In such case, if any linear 
copolymer are judiciously used that can form less-

flexible micelle-like structures in solution, then it 
may help to overcome this problem of exhibiting 
low relaxivity [31]. The inherent causes of relaxiv-
ity or the relaxivity mechanisms of the silica-based 
(MSNs or non-MSNs) MRI contrast agents made 
of various metals are not clearly understood or in-
vestigated yet. Thus it is expected that future re-
searchers will pay attention to uncover these facts.  

Although the silica-based materials display 
good degradation, low toxicity and these can eas-
ily excreted out of the body of animals, however, it 
is not well established yet as to what extent their 
degradation occurs nor are found enough evalua-
tive data that could predict their degradation pro-
file in the long run. It is quite rare to find any long-
term biological evaluations or the cell tracking 
studies of the silica nanoparticles that are per-
formed beyond the limit of 3-4 weeks [54]. Thus 
in future, the longitudinal biological, toxicological, 
and cell studies of the MRI contrast agents that use 
both ordered-MSNs and unordered non-MSNs sil-
ica nanoparticles may help to understand their vi-
ability for real-life biological applications, particu-
larly when the human trials will be considered. 

Many researchers have already shown success 
when they used MOFs materials as an effective 
vehicle for both drugs/bioactive compounds and 
MRI contrast agents [24, 25, 68]. Although the 
MOFs are quite different with respect to structure 
and properties than the silica nanoparticles, how-
ever, it becomes evident that researchers have 
been successfully tailored the MOFs with or with-
out using silica to harness dual or multiple modali-
ties in the therapeutic and diagnostic applications 
such as, target specific drug delivery and/or diag-
nostics (e.g., MRI contrast enhancement and fluo-
rescence imaging). For example, Taylor and co-
workers [69] reported their success on functional-
ising their synthesised nanoparticles with a target-
ing peptide which effectively showed a selective 
cell uptakes, and at the same time, due to the 
modification of their nanoparticles, the MRI con-
trast of the acquired MRI images was improved. 
They synthesised manganese-based nanoscale 
metal-organic-frameworks (MOFs), and then 
coated with a thin shell of amorphous silica, which 
were then functionalised with a targeting peptide, 
c(RGDfk). The cyclic peptide, c(RGDfk) has the 
ability to target angiogenic cancer cells (e.g., hu-
man colon cancer cells, HT-29) by binding to the 
up-regulated αvß3 integrin. After incubating the 
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Fig. (10). Polymer-modified Gd metal-organic framework nanoparticles as a nanomedicine construct for targeted 

imaging and treatment of cancer. (Adapted with permission from [32], copyright © 2009 American Chemical Soci-

ety). 

 
human colon cancer cells (HT-29) with their modi-
fied MOFs nanoparticles, the in vitro MRI imag-
ing of the HT-29 cells showed a selective uptakes 
of the targeted nanoparticles, and enhanced the 
MRI image contrast. In another example, Rowe  
et al., [32] reported their Gd-based MOFs nano- 
particles that were tailored with a targeting peptide 
ligand, GRGDS-NH2 (H-glycinearginine-glycine-
aspartate-serine-NH2) and an antineoplastic drug, 
methotrexate (MTX). The successful implementa-
tion of this design allowed their MOFs to exhibit 
cancer cell targeting, bimodal imaging (both MRI 
and Fluorescence imaging) as well as disease 
treatment capabilities (Fig. 10). The cell growth 
inhibition studies were performed using the FITZ-
HSA tumour cells. Using the fluorescence imaging 
it was demonstrated that these Gd-MOFs nanopar-
ticles containing the targeting moiety, GRGDS-
NH2, showed an active targeting towards the 
FITZ-HSA tumour cells, which overexpressed 
αvß3-integrins, and effectively showed a dose-
dependent treatment ability against the FITZ-HSA 
cancer cells. As the αvß3 was highly expressed on 
the surface of the proliferated endothelial tumour 
cells, it served as a useful biomarker for both the 
detection of angiogenesis and the assessment of 
anti-angiogenic treatments [31].  

Recently Baeza and co-workers [70] reviewed 
and summarised a range of targeting ligands, cell 
membrane receptors, and the corresponding tar-
geted cell lines for the MSNs used by other re-

searchers. Thus it can be anticipated that in near 
future a range of other useful biomarkers like the 
c(RGDfK) or the GRGDS-NH2 will be evolved. 
Eventually these newly developed biomarkers will 
be successfully applied to the silica materials (or-
dered-MSNs and unordered non-MSNs silica 
nanoparticles), and hence these materials can ef-
fectively contribute to the improvement of the fu-
ture targeted drug delivery and MRI imaging of 
both silica particles and cells.  

Finally, it is essential that in order to develop a 
novel silica-based MRI contrast agent, these mate-
rials should have an increased thermodynamic sta-
bility, and are able to facilitate favourable rate of 
excretion. These materials should exert low toxic-
ity, possess inherent lipophilic characteristics, dis-
play good target-specific bio-distribution, and ef-
fectively increase the relaxivity [31] displaying an 
enhanced MRI image contrast.  

CONCLUSION 

Most of the commercially available MRI con-
trast agents are T1 contrast agents, and a few T2 
contrast agents were approved for clinical applica-
tions. This review reveals that the MSNs-based 
contrast agents mostly used the Gd-based materi-
als, and these materials were utilised for dual mo-
dalities in therapeutics and diagnostics. Although 
the Gd-based materials have been used to develop 
T1-contrast agents, however some materials dis-
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played both T1 and T2 image enhancements, and 
cell targeting capabilities. The development of 
MRI contrast agents based on the unordered non-
MSNs silica nanoparticles have been manifested 
by complex designs such as, nanocomposites, 
nanocapsules, core-shell structured materials etc. 
where various synthetic techniques were applied 
such as, functionalising, grafting, tethering, coat-
ing, and polymer conjugation. These applied syn-
thetic techniques were significantly varied from 
one-pot to multiple stages of synthesis, hence the 
properties of the materials significantly differed 
from one developed contrast agent to another. The 
Gd-based contrast agents showed either T1 or 
combined T1 & T2 or a dual mode of diagnostic 
(MRI and fluorescence imaging) capabilities. A 
significant number of Fe-based contrast agents 
have been developed using the unordered non-
MSNs silica nanoparticles. The magnetization of 
the Fe-based silica nanoparticles have been quite 
extensively studied, and all these developed con-
trast agents showed T2-image enhancement capa-
bilities. The Mn-based contrast agents showed 
both T1 and dual-mode (i.e., both T1 and T2) image 
enhancement capabilities.  

This review reveals that quite a large number of 
newly developed silica-based MRI contrast agents 
showed a wide range of r1 and r2 relaxivity values 
due to their diversities and the complexities being 
involved in their developments. In some cases, 
some of the developed silica-based MRI contrast 
agents displayed their relaxivities (r1 and r2) far 
beyond the values [9, 11, 14, 15, 52, 55, 57-59] 
presented in Table 1 depending on how these ma-
terials were designed and developed.  

All the developed MRI contrast agents based on 
both the MSNs and the unordered non-MSNs sil-
ica nanoparticles showed good biocompatibility, 
cell viability, cell/cancer targeting specificity, and 
these materials were up-taken by the specific cells. 
The in vitro and in vivo MRI of the developed 
MRI contrast agents showed good image en-
hancements (both T1- and T2-weighted images), 
and the injected contrast agents into the mice were 
smoothly cleared out of the body. The in vivo MRI 
was performed in various body parts of the mice to 
ascertain the accumulation profile of the nanopar-
ticles being used. The in vivo MRI of the mice 
transplanted with the mesenchymal stem cells 
where the Mn-based MRI contrast agents were in-
jected, showed promising outcomes. 
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