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Nanogels are nanosized crosslinked polymer networks capable of absorbing large quantities of water.
Specifically, smart nanogels are interesting because of their ability to respond to biomedically relevant

changes like pH, temperature, etc. In the last few decades, hybrid nanogels or composites have been

developed to overcome the ever increasing demand for new materials in this field. In this context, a hybrid

refers to nanogels combined with different polymers and/or with nanoparticles such as plasmonic,
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magnetic, and carbonaceous nanoparticles, among others. Research activities are focused nowadays on
using multifunctional hybrid nanogels in nanomedicine, not only as drug carriers but also as imaging and

theranostic agents. In this review, we will describe nanogels, particularly in the form of composites or

www.rsc.org/chemsocrev hybrids applied in nanomedicine.

1. Introduction

Nanogels are nanosized hydrogel particles that combine the
properties of both hydrogels and nanomaterials." Like hydrogels,
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they show high water content, tunable chemical and physical
structures, good mechanical properties, and biocompatibility.>
The nanoscale mainly provides a large surface area for bio-
conjugation, long time of circulation in blood, and tunable size
from nanometers to micrometers with the possibility of being
actively or passively targeted to the desired site of action, e.g.,
tumor sites.® The sum of these properties plus the presence
of an interior network for the encapsulation of biomolecules
makes nanogels ideal candidates for their application in nano-
medicine.”” Nanomedicine is the application of nanotechnol-
ogies to the medical field as drug delivery systems, imaging and
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sensing agents, theranostic materials, among others. Smart
nanogels have attracted much attention for their application
in medicine due to their capacity to respond to diverse medically
relevant stimuli® like pH,” temperature,®** ionic force,'* redox
environment,"? etc., by changing their volume, refractive index,
and hydrophilicity-hydrophobicity."*

In recent years, the development of advanced or hybrid
nanogels with multifunctionality and novel properties has been
of interest in many research fields ranging from materials
science to nanomedicine.'®'® Hybrid nanogels can be classified
based on their different properties. For the purpose of this review,
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we divided the hybrid nanogels into two categories: nanomaterial-
nanogel and polymer-nanogel composites and we use @ in the
nomenclature of the nanomaterial-nanogel composites mean-
ing that the new component is hybridized with the nanogel.
Nanomaterial-nanogel composites have also been synthesized
by incorporation of nanosized materials such as plasmonic,"”*®
magnetic,”>' and carbonaceous nanoparticles,” like carbon
nanotubes,”>*! graphene,” and fullerenes.*® These materials
are of great interest in nanomedicine due to their applicability
for imaging,”” guided therapy,'® triggered drug release,”® and
hyperthermia,*® among others. Furthermore, polymer-nanogel
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Fig. 1 Hybrid nanogels and their application in nanomedicine.

composites include interpenetrated networks (IPNs) and core-
shell particles. The advantage of hybridizing the nanogels
with other polymers and not only copolymerizing them is that
each component maintains its original properties. The core-
shell strategy is especially useful for targeting therapy*® while
the interpenetration allows the development of multiresponsive
nanogels®! and the control of the release profile.*” Several reviews
about synthesis and characterization of nanogels have been
published.***7® In this review, we will focus on the description
of different hybrid nanogels and their application in the nano-
medicine field (Fig. 1). In addition, it is hoped that this review
will promote further design and development of new hybrid
materials as well as deeper studies for shortening the path to
their clinical application.

2. Nanomaterial-nanogel composites

The possibility of combining the properties of organic and
inorganic components in one material widens their applications
in different fields like materials science. However, the so-called
hybrid inorganic-organic materials are not physical mixtures
but intimately mixed systems. The resulting properties, such as
nanostructure, degree of organization, etc., not only depend on
their components’ nature but also on the synergy between
the components. These inorganic-organic composites can be
classified according to the nature of the interactions between
the components into (a) class I systems where no covalent bonds
are formed between the organic and inorganic components and
only weak interactions are present such as hydrogen bonding,
van der Waals, or electrostatic forces and (b) class II where strong
chemical bonds such as covalent or Lewis acid-base bonds are
present.’”*® Without any doubt, these new generations of
hybrid materials will open up new possibilities for application

This journal is © The Royal Society of Chemistry 2015
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in different areas of nanomedicine such as, for example, optical
sensing,”® on demand drug delivery,” imaging,"" and hyperthermia
therapy.*®

In this section different nanomaterial-nanogels and their appli-
cation in nanomedicine will be described, including plasmonic®,
magnetic@, and carbonaceous material@nanogels.

2.1. Plasmonic@nanogels

Photothermal therapy (PTT) and photodynamic therapy (PDT) are
currently the most promising techniques for treating cancer.*?
This is because of the possibility of engineering devices in
the nanometric scale that present photothermal transductors
(PTs) with absorption in the biological window. Near infrared
irradiation (NIR) is known as a biological window since it is hardly
absorbed by water and blood cells and can penetrate deeply into
the body. PDT is based on PTs that can use NIR light to produce
reactive oxygen species which induce tissue destruction. On the
other hand, PTT makes use of specific PTs that can effectively
transform NIR light into local heat, surpassing the traditional
hyperthermia methods such as hot-water bath or heated blood
perfusion.®® Nanogels composed of PTs and different polymers are
ideal nanodevices for PTT because of their controlled size and
architecture, biocompatibility, degradation ability, physical proper-
ties, accumulation in tumors, loading capacity, and postsynthetic
modification."* Moreover state-of-the-art drug delivery systems
have emerged that make use of thermoresponsive polymers
that can swell or shrink with the temperature in combination
with PTs.** The local heat produced by PTs upon exposure to
specific radiation causes the transition of the thermoresponsive
polymer and expels the drug retained in it.

Gold nanoclusters have proven to be useful agents for PTT
after they were shown to have an absorption in the NIR region
four times higher than conventional photo-absorbing dyes.
More specifically, gold nanorods (AuNRs) have been extensively
explored due to their aspect ratio that enables efficient NIR
light absorption. Photoexcitation of metal nanostructures
causes local heating which is useful for PTT. Magnetic nano-
particles (Section 2.2) can also generate local heating when they
are exposed to an alternating magnetic field (AMF) acting as
magnetic transductors.*>*® Some of the most employed PTs
like gold nanoparticles (AuNPs) as well as magnetic and silver
nanoparticles (AgNPs) also have the advantage of acting as a
contrast agent for bioimaging. All these properties favor the use
of plasmonic hybrid nanogels as theranostic agents in chemo-
and thermotherapy as well as in in vitro or in vivo imaging.*’
Table 1 summarizes recent examples that are discussed in the
following sections and highlights the potential of the plasmonic
NPs@nanogels as theranostic agents.

2.1.1. Gold@nanogels. AuNPs of different shapes internalized
in nanogels have been widely explored. The synthesis of these gold
nanocomposites can be mainly achieved by two approaches:
(a) pre-synthesis of plasmonic nanoparticles and posterior seed
polymerization of the nanogel or internalization into it,**™' or
(b) in situ generation of nanoparticles inside the nanogel.>*>*

Gold hybrid nanogels (Au@NGs) have been reported as rele-
vant bioimaging devices. Siegwart et al>> described uniformly

Chem. Soc. Rev., 2015, 44, 6161-6186 | 6163
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Table 1 Plasmonic hybrid nanogels as theranostic agents
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Plasmonic NPs Polymer Stimuli Application Theranostic agent Ref.
AuNPs PEG NIR light Imaging (internalization) AuNPs 55
AuNPs PEAMA-PEG Caspase-3 Imaging (FRET, internalization) FITC 56
AuNPs PAA NIR light Imaging (biodistribution) Au Nanoclusters 57
AuNPs PEAMA-PEG NIR light Hyperthermia AuNPs 58
AuNRs Pluronic NIR light PTT and PDT Ce6 59
AuNPs Polyamine X-rays RF hyperthermia — 60
AuNPs-MnO,NRs Chitin Radiofrequency RF hyperthermia AuNPs-MnO,NRs 61
AuNPs PNIPAmM-IPN Temperature Hyperthermia - drug delivery 5-FU 62
Au nanoclusters P(NIPAm-co-AA) Temperature Hyperthermia - drug delivery DOX 63
AuNRs PNIPAm NIR light-temperature Hyperthermia - drug delivery — 64
AuNRs PNIPAmM NIR light-temperature Hyperthermia - drug delivery DOX 65
Au-AgNRs PAA-aptamers NIR light Hyperthermia - drug delivery DOX 66
Au-AgNPs PS-PEG NIR light Hyperthermia - drug delivery Curcumin 67
AgNPs P(NIPAm-co-AA) pH Imaging - drug delivery Dipyridamole 69
AgNPs P(NIPAm-co-DMAEA) pH Imaging - drug delivery Insulin 70

crosslinked poly(ethylene glycol) (PEG) based nanogels synthe-
sized by atom transfer radical polymerization (ATRP) in which
AuNPs were entrapped. Cell uptake and internalization of these
nanodevices have been studied in human umbilical vascular
endothelial cells (HUVECs) and human mesenchymal stem
cells (hMSCs) validating an endocytosis mechanism. A similar
approach by Oishi et al.>*® made use of the fluorescence resonance
energy transfer (FRET) between AuNPs and fluorescein isothio-
cyanate (FITC) in a PEGylated Au@NG. A caspase-3-responsive
system was designed to monitor the cancer response to therapy.
A pronounced fluorescence was observed when the activated
caspase-3 in apoptotic cells cleaved the Asp-Glu-Val-Asp peptide
that resulted in the release of the FITC and dequenching of its
fluorescence. The biodistribution of poly(acrylic acid) (PAA)
nanogels with AuNPs formed in situ was recently studied in
H22 tumor-bearing mice.>” Gels mainly accumulated in the
liver and spleen because of their capture by phagocytic cells of
the reticuloendothelial system (RES) of these organs.

Au@NGs are interesting not only for bioimaging by employing
the optical properties of the gold, but also for other applications.
In the last decade, the use of nonspherical AuNPs as PTs in
Au@NGs enabled their advantageous application in PDT and PTT.
PEGylated poly-[2-(N,N-diethylamino)ethyl methacrylate] (PEAMA)
core nanogels with AuNPs post-synthesized by reduction of Au(m)
ions reported by Nakamura et al.>® showed high biocompatibility
and remarkable photothermal efficacy. PTT in response to
514.4 nm light was achieved in HeLa cells, killing only the cells
in the laser area with low ICs, values depending on the gold
concentration of the nanogel. One of the most relevant examples
in this field is the PPT and PDT synergistic combination from
Kim et al.>® with Pluronic based nanogels loaded with AuNRs as
the PTT agent and chlorin e6 (Ce6) as the photosensitizer.
In vitro SCC7 cell line and in vivo SCC7 tumor bearing mice
remarkably enhanced the combination of PTT and PDT. But
even more interestingly, the tumor decreased in size when the
PDT was applied before PTT. When PTT was applied first the
combined therapy was not so effective as with just PTT. This
comparative study therefore revealed a more convenient way
to the use of photo-therapies. The radiosensitizing potential
of gold containing nanogels enhancing the biological effect of

6164 | Chem. Soc. Rev., 2015, 44, 6161-6186

X-irradiation was studied with PEGylated polyamine nanogels
containing AuNPs.®® This report proved that these devices
enhanced the cell radiosensitivity because of the induction of
apoptosis and the inhibition of DNA double-strand break repair
by Au@NG mediated endoplasmic reticulum stress. A combi-
nation of chitin nanogels with AuNPs and MnO, rods was also
used for radiofrequency (RF) assisted hyperthermia.® Au@NGs
showed better results in the ablation of T47D cancer cells than
the bare nanogels. Au@NGs formed by thermoresponsive polymers
controlled by PTs were used as smart drug delivery systems in
combination with hyperthermia. Thus, these nanogels are thera-
nostic systems with drug delivery, hyperthermia, and bioimaging
capabilities. Poly(N-isopropylactylamide) (PNIPAm) is a thermo-
responsive polymer with a lower critical solution temperature
(LCST) of around 32 °C which is suitable for medical applications.
PNIPAm based nanogels were reported in combination with
AuNPs in a core-shell fashion.®” Au@PNIPAm nanogels were
employed in cell imaging trespassing cellular barriers to enter
the cytoplasm. 5-Fluorouracil (5-FU) served as a model anti-
cancer drug to test the viability of HeLa cells upon exposure to
515 nm laser. Cell death increased significantly in the drug
loaded systems in comparison to non-loaded ones, which
demonstrated the higher therapeutic efficacy of the combined
chemo-photothermal treatments. P(NIPAm-co-AA) nanogels with
incorporated gold nanoclusters were employed as a doxorubicin
(DOX) delivery system.®® In this case, the dual thermo- and
pH-responsive systems were decorated with tumor targeting
peptides like (CRGDRCPDC)-SH (iRGD) that showed good results
in HUVECs and extravascular tumor cells (B16). More convenient
PTs like gold nanorods (AuNRs) were studied as building blocks in
nanogel based drug delivery systems. Kawano et al.** proved that
silica coated AuNR core-shell PNIPAm hybrid nanogels underwent
phase transition and accumulated in NIR irradiated target sites.
A similar system was used as a NIR guided DOX delivery system.®®
After NIR irradiation the accumulation in the tumor following
systemic administration was enhanced with almost a total tumor
growth inhibition as well as lung metastasis (Fig. 2).
Gold-silver nanorods (Ag-AuNRs), which can absorb NIR
photons more efficiently than spherical gold and silver nano-
particles but combining their basic properties, were used as PTs

This journal is © The Royal Society of Chemistry 2015
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in polyacrylamide based nanogels, crosslinked by complemen-
tary DNA strands. Nanogels were functionalized with DNA
aptamers for specific tumor cell targeting.®® DOX was loaded
into DNA aptamers that responded upon local heating by NIR
irradiation of the PT releasing the drug. Studies in CCRF-CEM
cells and in the Ramos cell line as the control demonstrated low
cytotoxicity of the nanogels as well as high specificity for tumor
cells after NIR irradiation. Bimetallic gold-silver nanoparticles
were also reported in core-shell polystyrene/PEG based nano-
gels.” Au-Ag@NGs were able to encapsulate drugs like curcumin
that has pro-apoptotic effects. Upon NIR light exposure, the
release of drug could be triggered by thermoresponsivity of the
outer PEG shell to local temperature increase. In vitro compara-
tive study of these systems in B16F10 cells revealed an enhanced
effect of chemo- and thermotherapies.

2.1.2. Silver@nanogels. AgNPs present interesting properties
that encouraged various research groups to incorporate them into
nanogel architectures.®® AgNPs have well-known antimicrobial prop-
erties as well as optical properties for potential biodiagnostic
imaging. In the core-shell Ag@NGs of P(NIPAm-co-AA) reported by
Wu and Zhou® the AgNP core acted as an optical identification code
for tumor cell imaging, while the P(NIPAm-co-AA) gel shell served as
the drug carrier with a high loading capacity of dipyridamole as a
model drug. Because of the pH response of the P(NIPAm-co-AA)
shell, the physicochemical environment of the AgNPs changed.
This alteration affected the optical properties of the core and also
modified the mesh size of the gel. This phenomenon was used to
regulate the drug release behavior in the B16F10 cell line. A similar
approach was applied to deliver insulin by employing a AgNP core
and a pH-responsive nanogel shell of poly(4-vinylphenylboronic
acid-co-2-(dimethylamino)ethyl acrylate) [p(VPBA-co-DMAEA)].”

2.2. Magnetic@nanogels

Within nanomaterial-nanogel composites, magnetic nano-
particles have attracted interest because of their application

This journal is © The Royal Society of Chemistry 2015
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(A) Hybrid nanogel synthesis and (B) NIR laser induced targeted therapy using the hybrid nanogel. Reprinted with permission from ref. 65.

as PTs and in imaging. In the past, the most common metho-
dology for preparing superparamagnetic iron nanoparticles
(SPION)”" consisted of reduction and coprecipitation of ferrous
and ferric salts in aqueous media in the presence of stabilizers.
This procedure has led to several commercial products like
Feridex® (Ferumoxides),”>”® Resovist® (Ferucarbotran),”*”® and
Ferumoxtran-10® (Combidex).”*”*”® As their biodistribution
depended on their size and surface modification, much effort
has been made in developing magnetic nanomaterials with
increased colloidal stability under physiological conditions. More-
over, the research focus was on improving contrast properties
while lowering cytotoxicity, maintaining longer blood half-life,
improving biocompatibility, and enhancing tissue/organ targeting
ability as well as pharmaceutical efficacy due to surface function-
alization.”” Today, to accomplish the requirements for safer and
more efficient nanostructure-based contrast agents, the developed
materials have become more complex such as nanoclusters,”®
polymersomes,”®®® nanocomposites,**®*®* and nanogels.?*™*?
Considering the obtained impressive biodistributions and remark-
able magnetic resonance imaging (MRI) properties, the following
section presents recent developments of hybrid nanogels for
magneto-transducers (MTs) and MRI.

MTs like SPIONs were used as an alternative to PTs. As an
example, y-Fe,O; magnetic NPs were internalized in poly(vinyl
alcohol-b-N-vinylcaprolactam) [P(VA-b-VCL)] based nanogels for
glucose-, pH-, and thermo-responsive release of DOX.** AMF
induced heating could be generated because of the super-
paramagnetic properties of the SPIONs that accelerated the drug
release performance of the system. Chiang et al. also reported
the use of AMFs to enhance drug release® from hybrid hollow
nanogels formed with PEG, AA, and PNIPAm, and crosslinked
by photo-initiated polymerization of 2-methacryloylethyl acrylate
(MEA). The DOX loaded nanogels exhibited accelerated drug
release in response to pH reduction and hyperthermia. Magnetic
properties of the nanogel were employed not only for AMF

Chem. Soc. Rev., 2015, 44, 6161-6186 | 6165
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therapy but, moreover, for guided transport toward the target
and MIR. Enhanced in vitro cytotoxicity against HeLa cells in
comparison with free DOX demonstrated the great potential of
the multimodal theranostic system capable of combining
hyperthermia and chemotherapy (Fig. 3).

MRI is a widely known noninvasive imaging technique
that achieves notable high spatial and temporal resolution. It
displays contrast by tracking changes in water proton density
and longitudinal (T;) or transversal (T,/T,*) relaxation times of
protons in normal and diseased tissues.’® Since their first use
as MRI contrast agents 30 years ago,”” iron oxide nanoparticles
have gained much attention because of their ability to drama-
tically shorten T,/T,* relaxation times and therefore produce a
decreased signal intensity in T,/T,* weighted MR images. With
their specific accumulation in the liver, spleen, and bone marrow,
their high magnetization, high contrast visualization compared to
conventional paramagnetic T; contrast agents, they have exerted a
large impact on the field of molecular and bio-imaging.”®

In spite of a multi-modal approach for magnetic nanogels,
Kim et al.®” developed a self-fluorescent and, at the same time,
high-relaxivity T,-weighted MRI contrast agent for both MRI
and optical bio-imaging. The formulation was achieved by
electrostatic assembly and crosslinking of poly(y-glutamic acid)
(y-PGA) coated manganese iron oxide (MnFe,O,4) nanoparticles
with the positively charged polyelectrolyte poly(r-lysine) (PLL).
During the ionic gelation process, glutaraldehyde was added to
the mixture which provided structural integrity to the nanogel

6166 | Chem. Soc. Rev., 2015, 44, 6161-6186

and involved the formation of a self-fluorescent chemical bond.
These fluorescent bonds were generated by the crosslinking of
PLL with the glutaraldehyde monomer. Finally, PEG was con-
jugated to the surfaces of the MnFe,0,@PGA-PLL(PEG) nano-
gels. The r, value, which is known as relaxivity, is the reciprocal
of the T, relaxation time per unit concentration of metal ions.
This value was 382.6 (Fe + Mn) mM ' s~ * for the nanogel, two fold
higher as compared to the r, of conventional SPION contrast
agents such as Feridex® and Resovist® (Table 2). The remarkable
increase in r, resulted from the synergistic magnetism of the
multicore MnFe,O, nanoparticle satellites that were embedded in
the nanogels. Moreover, MnFe,0,@PGA-PLL(PEG) nanogels also
generated a strong fluorescence signal indicating that these
compounds can be used as an imaging technique in living tissues.
In vivo NIR fluorescence and MRI of the lymph node in a mouse
model highlighted the nanogel’s passive targeting ability to
successfully migrate from the injection site to the lymph node.
The results suggest that after the incorporation of therapeutic
moieties these systems could be a potent tool in theranostic
technology.

A similar approach in multi-modality was followed by Jiang
et al.’® when engineering pH and temperature sensitive mag-
netic nanogels conjugated with Cyanine 5.5-labeled lactoferrin
(Cy5.5-Lf) for MRI and fluorescence imaging of glioma in rats
(Fig. 4). In this study, citric acid coated SPIONs were incorpo-
rated in nanogels by free radical dispersion polymerization
with NIPAm and AA as environmental sensitive monomers,

This journal is © The Royal Society of Chemistry 2015
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and N,N’-methylenebisacrylamide (MBAAm) as the crosslinker.
After polymerization, the surface coating was achieved by
peptide coupling chemistry mediated conjugation of Cy5.5-Lf
providing both a dual imaging modality and a targeting ligand
for specific targeting of lipoprotein receptor-related protein
1 (LRP1) expressing cells. The obtained nanogels showed an
r, value of 142.7 mM ™! s7%, similar to that of Resovist®, and
revealed pH and temperature sensitiveness for enhanced targeting
modalities. In fact, SPION@NIPAmM-AA-Cy5.5-Lf nanogels were
hydrophilic and swollen under physiological conditions (pH 7.4,
37 °C), which could prolong the blood circulation time, but became
hydrophobic and shrunken in the acidic environment of tumor
tissues (pH 6.8, 37 °C). As a result, they could be more easily
accumulated in tumor tissue and internalized by tumor cells.
Cellular uptake studies on both rat C6 glioma cells (high LRP1
expression) and human umbilical vein endothelial (ECV 304) cells
(no LRP1 expression) interestingly revealed that the cellular uptake
of both SPION@NIPAmM-AA-Cy5.5-Lf nanogels and NIPAm-AA nano-
gels at pH 6.8 was significantly higher than that at pH 7.4. These
results suggested that the nanogels’ hydrophilic/hydrophobic
transition and their change in size would increase their cellular
uptake, as well as improve their internalization in malignant
tissues. SPION@NIPAmM-AA-Cy5.5-Lf nanogels were applied in vivo
and their imaging properties were evaluated in rats bearing
C6 glioma with both MRI and fluorescence imaging technique.
As a result, histopathological analyses obtained significant
targeting ability for SPION@NIPAmM-AA-Cy5.5-Lf nanogels on
gliomas both in vitro and in vivo.

Even though such impressive investigations have been per-
formed as mentioned above, SPIONs generally provide some
conceptual disadvantages that may limit their advanced clinical
use. On the one hand, T, contrast agents are negative contrast
agents that can lead to signal-decreasing effects. As a result, the
obtained dark signals could be mistaken for other pathogenic
conditions leading to images of lower contrast than T; con-
trasted images. On the other hand, the high susceptibility of T,
contrast agents might induce distortion of the magnetic field
in the neighboring tissues. This background distortion is the
so-called susceptibility artifact, which can yield obscure images
and ruin the background around the malignant tissue.”*® There-
fore, the most used clinical contrast agents are based on gadolinium
complex T, agents such as Magnevist (Table 2). Since these commer-
cially available T, agents provide a relatively short blood half-life and
low contrast efficiency due to low relaxivity values,” the scientific
community aimed to improve their clinical impact through nano-
technology.””*® As an example, Soleimani et al.”* recently developed
small nanogels (~10 nm diameter) based on poly(ethylene glycol)
methyl ether methacrylate (PEOMA) and N-2 aminoethyl) metha-
crylamide hydrochloride (AEMA) as monomers, and ethylene glycol
dimethacrylate (EGDMA) as the crosslinker. The nanogel’s surface
was decorated with an iso-thiocyanate derivative of the clinically
used chelate diethylenetriaminepentaacetic acid (DTPA) which
was able to complex gadolinium (Gd(m)) ions out of an aqueous
GdCl;-nanogel solution mixture. Compared with the clinical agent
Magnevist® (Gd(m)-DTPA),” the Gd(m) coated nanogels provided
a 4 fold enhancement in r; relaxivity (Table 2). The higher contrast

Chem. Soc. Rev., 2015, 44, 6161-6186 | 6167
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In vivo studies: MRI, optical imaging, and histopathological analysis of rats

bearing gliomas treated with saline as a control (upper row), SPION@NIPAmM-AA-Cy5.5-Lf nanogels (middle row), and NIPAm-AA nanogels (lower row),
respectively. Reprinted from ref. 90. Copyright (2013), with permission from Elsevier.

at the same dose in T; weighted MR images of C.B.-17 SCID
mice bearing MDA-MB-231 tumors achieved for nanogels indi-
cated an increased accumulation in the tumor due to enhanced
circulation in the vasculature.

A similar observation has been made in another approach
incorporating Gd(m) ions into a nanogel matrix by Lim et al.®
Here, GdCl; was coordinated to branched polyethyleneimines
(bPEI) through an inverse miniemulsion technique of Tween
80 stabilized water droplets in cyclohexane. The obtained
physically crosslinked nanogels (160 nm in diameter) were
subsequently modified with a Cy5.5 dye to yield nanogels with
a dual-imaging modality. Moreover, the labeled nanogels were
coated with linear poly(ethylene glycol) N-hydroxy succinimide
(PEG-NHS) as a stealth agent in order to increase the blood
circulation time. As expected, low cytotoxicity and high deform-
ability in terms of Young’s modulus were obtained, which
subsequently led to minimal filtration by the RES and therefore
increased passive accumulation in the tumor of a SCC7 tumor
bearing mouse. Interestingly, no enhanced T;-weighted MRI
contrast was observed (r; = 2.1 mM ' s~ 1), but the remarkable
r, value was 82.6 mM ™' s~ for T,-weighted MRI. As T, and T, are
known to rely on the number of Gd(m) ions or the size,"® the
dense multi Gd(m) complex, represented as nanogel, resulted in

6168 | Chem. Soc. Rev., 2015, 44, 6161-6186

a transverse relaxivity that lied in the range of SPIONSs. Finally,
these nanogels should be considered as potential candidates for
theranostic purposes since the bPEI core surface could be easily
modified with suitable drugs and bioactive molecules.

A study that tested different chelators for efficient Gd nanogel
formation was recently performed by Lux et al.'°* They designed
polyacrylamide (PAAm) based nanogels with different acrylic
DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid)
and DTPA based Gd(m) chelate complexes as crosslinkers.
Similar to the work of Soleimani et al.,’* r, relaxivities in the
range of 9.7-17.6 mM " s~ were obtained which were 3-4 fold
higher than the values of commercially available agents such
as Magnevist™ (Table 2). Since Gd(m) ions were embedded
by crosslinking in the nanogel matrix, DTPA-based nanogels
were more inert against transmetallation than Magnevist®,
suggesting that crosslinker chelates may represent an important
approach towards stable metal-chelating biomedical agents.
As this methodology appeared in two steps, namely, the acrylic
chelate Gd(m) complex formation followed by free radical
emulsion polymerization with PAAm, incorporation of the
crosslinkers into nanogels with a biocompatible and biodegrad-
able polymer backbone might be a promising perspective
towards clinical relevance.

This journal is © The Royal Society of Chemistry 2015
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