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Chapter 21
Surface Modification and Bioconjugation
of Nanoparticles for MRI Technology

M. Azam Ali and Mohammad Tajul Islam

Abstract Nanomaterials (NPs) with precise biological functions have considerable
potential for use in biomedical applications. Surface modification is one of the effec-
tive routes to impart such desired and precise biological functions to NPs. Introduction
of various reactive functional groups on the surface of NPs are required to conjugate
a spectrum of contrast agents (CAs), for the targeted imaging such as magnetic reso-
nance imaging (MRI). Current state in surface modification of NPs for preparing CAs
of MRI is summarized in this chapter. Chemistries involved in the bioconjugation and
surface modification are discussed. Chemical and bioconjugate reactions to transform
the surface of NPs such as silica NPs, gold NPs, and gadolinium NPs are highlighted.
Coating is another important approach to enhance the functionalities of CAs for MRI
application, therefore, light is thrown on the coating mechanism of organic polymers
including dextran, chitosan, and copolymers.
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1 Introduction

Imaging techniques, which detect lesion information (e.g., type, location, and stage)
offer tremendous opportunities both for clinical diagnostics and as a research tool
[1]. Among all existing imaging techniques, magnetic resonance imaging (MRI)
has emerged as one of the most powerful diagnostic tools in biomedicine primarily
due to its exquisite soft tissue contrast, high spatial resolution, lack of ionizing
radiation, unlimited signal penetration depth, and wide clinical applicability [2].
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Another advantage of MRI is that it can obtain real-time images of the internal
anatomy and physiology of living organisms in a noninvasive manner. Furthermore,
MRI provides information not possible to access with other imaging modalities.
Recently, three-dimension (3D) MRI has been shown to be much useful in the eval-
uation and diagnosis of brain and neural tissue anatomy using a single acquisition
technique. Therefore, it has been extensively used for imaging brain and central
nervous systems, for assessing cardiac function, and for detecting abnormal tissues
such as tumors [2].

An MRI is the collection of pixels or voxels representing the nuclear magnetic
resonance (NMR) signal intensity of the hydrogen atoms in water and fat of the
body area of living organisms being imaged. MRI scanner applies a strong magnetic
field around the area of the body to be imaged. The hydrogen nuclear spins are
aligned in the direction of the external magnetic field (Fig. 21.1a). Figure 21.1b
shows that when a resonant radiofrequency wave (5-100 MHz) is applied, some
protons with low energy absorb the electromagnetic energy and flip their spin. After
removal of the radio frequency, the protons gradually return to their normal spin.
Protons simultaneously release the energy in the form of radio waves during resum-
ing their original state, which are measured by receivers and made into the MR
images. Returning process of the protons to their original state is known as relax-
ation. Relaxation is measured in two directions, longitudinal and transverse, and
characterized by the time constants: spin—lattice relaxation time T1 or spin—spin
relaxation time T2, respectively [3, 4].

However, MRI’s inherent low sensitivity, little difference between normal and
abnormal soft tissues in relaxation time, and resulting contrast usually provides
poor anatomic descriptions, which hampers the visualization of subtle changes in
tissues. Therefore, additional supplements have been used for further improvement
of the contrast of imaging, and more accurate detection and diagnosis. The most
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Fig. 21.1 Schematic illustration of the mechanisms of MRI. (a) Protons precessing under an exter-
nal magnetic field By. (b) After the introduction of the RF pulse, protons are excited, with relaxation
occurring following removal of the RF pulse. And the graphical representation of T1 relaxation and
T2 relaxation. Reproduced from [3] with permission of Royal Society of Chemistry
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effective supplement is a chemical compound known as a probe or a CA. CA is
introduced to a living body prior to MRI scanning to enhance the signal difference
between the region of interest (disease) and the background (normal tissues). In
general, contrast agents can make the signal difference by modifying the water pro-
ton relaxation rates when present in micromolar concentrations, although recent
advances can produce nanomolar detection levels [5]. Moreover, the interrelation
between the contrast agent and the biological system often reveals biological and
functional information [2].

Merbach et al. [6] reported in their book in 2013 that approximately 35% of
clinical MRI scans took the assistance of CAs, although this is dependent on the
type of CA, which is expected to increase signal intensity and/or imaged perfor-
mances further with the emergence of novel and more effective CAs compared to
commercially available CAs at present. CAs can be categorized into four class
based on the MR mechanism to generate signal: T1, T2, PARACEST (paramagnetic
chemical exchange saturation transfer), and hyperpolarization [1]. T1 and T2 are
more commonly used CAs amongst these four. T1 contrast agents are known as
positive contrast agents since they increases the signal intensity in T1-weighted
images by shortening T1. On the other hand, T2 contrast agents reduces the signal
intensity in T2-weighted images and hence called negative contrast agent [4]. One
of the most common T1 CAs employed in clinical imaging is paramagnetic gado-
linium ion complex while superparamagnetic iron oxide nanoparticle (SPION) is
the typical example of T2 MRI contrast agent [2]. Unfortunately, CAs are not free
from limitations. Being small molecules CAs shows limited efficacy. As a result, to
obtain desired contrast relatively high dose of CAs is required [7]. To overcome this
limitation, CAs were incorporated into nanoparticles via bioconjugation (Fig. 21.2).
Nanoparticle acts as a carrier for the CAs and improve the relaxation time thereby
efficiently amplify the contrast signal at locations of interest.

The synthesis of NPs requires an organic solvent or a complex aqueous mixture,
which is unfortunately not compatible with direct biomedical use. Therefore,
surface modification is essential to get colloidal stable NPs at physiological pH as well

Fig. 21.2 Schematic
representation of a
lipid-based nanoparticle, contrast agent
which binds to a cell-
surface receptor. The
nanoparticle carries
contrast agents (green), a
payload of drug (blue), and 1L
is equipped with targeting

ligands (red) for specific

receptor recognition. receptor
Reproduced from Nicollay
et al. (2013) with
permission of Wiley
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as targeting abilities and additional functionalities that demonstrate biocompatibility
to the body tissues. The initial surface functionality can be introduced during syn-
thesis of NPs. Otherwise the surface layer can be modified after synthesis either by
chemical modification of the initial ligand or by complete ligand exchange. Hundreds
of thousands of CAs such as gadolinium ions or iron oxides can be loaded per
nanoscale CA structure. Furthermore, surface modification of nanoscale CAs can
introduce various functionalities, such as targeting ligands for tumor targeting, dyes
for multimodal imaging and drugs for constructing therapeutic nanoplatforms [3].
In this chapter, we introduce and report the recent developments of surface modifica-
tion of various CAs including bioconjugation of nanoparticles for MRI technology.

2 Surface Modification Chemistry

2.1 Covalent Linkages

Covalent linkage is one of the strong and stable bonds formed between functional
groups found on the NP surface and conjugated ligands. Usually, these functional
groups such as amino, carboxylic acid, and thiol groups are added to the NP surface
via its polymer coating. Both the type and number of functional groups on each NP
can be controlled during the coating of polymers. Functional groups are present
either on the body of the natural or synthetic polymers chain (such as chitosan,
dextran, PEI) or at their terminal ends (such as PEG). At the same time, total num-
ber of reactive groups can also be customized by adding specific number of binding
sites per polymer chain. For example, superparamagnetic iron oxide nanoparticles
(SPIONS), 38 nm, in particular have been extensively investigated as novel mag-
netic resonance imaging (MRI) CAs which coated with dextran have been reported
with 62 reactive amino groups per NP [8]. While a larger SPION (64 nm) coated
with PEG was reported to have 26 reactive amino groups per NP [9]. These same
chemical groups are also found on the targeting, optical, or therapeutic agent to be
covalently attached. To link the functional groups a host of chemistries are avail-
able, which are subdivided into direct reaction (Table 21.1), click chemistry
(Table 21.1), and linker strategies (Table 21.2).

2.1.1 Direct Nanoparticle Conjugation

Direct reaction strategies are particularly suitable for small molecule conjugation.
As listed in Table 21.1, functional groups such as amine, sulfhydryl, aldehyde,
carboxyl, and active hydrogen functional groups present at the NP surfaces can be
directly bonded or linked to reactive ligands by a number of reactions schemes,
for example Mannich reaction, Michael addition, Schiff-base condensation and
epoxide opening. A linkage reaction between the functional groups and ligand can also
be possible, which is facilitated with the help of catalysts. In one notable study [8],
146 different small molecules were conjugated to 10-kDa dextran-coated
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Table 21.1 Direct nanoparticle conjugation
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monocrystalline magnetic NP in array format to impart water solubility, conjugat-
ability, biocompatibility, and chemical diversity. On an average, 60 small molecules
(MW < 500 Da) with the chemical functional groups of primary amines, alcohols,
carboxylic acids, sulthydryls, and anhydrides were attached per 38-nm nanoparticle.
Fourteen compounds showed significant uptake into cancer cells (up to 160 x 10°
nanoparticles per cell for the most efficient compounds) for early detection of
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Table 21.2 Linker chemistry conjugation
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pancreatic cancer. The authors concluded that the efficacy of prepared materials
might be attributed to the multivalent nature of the surface molecules (60 ligands
per nanoparticle). However, the efficiency of these chemistries varies with the func-
tional groups. Functionalized NPs obtained from direct conjugation methods are
prone to intercalating or cross-linking, with the exception of amine functional
groups. Specifically, disulfide linkage formation between NPs may be the reason for
the cross-linking. Another reason might be binding amongst multiple NPs and a
single ligand containing multiple amino functional groups. Moreover, there is a
need for initial modification prior to conjugation since biomolecules are not natively
reactive with NPs. Modification of biomolecules involves the risk of loss of biocom-
patibility and bioactivity. However, Schellenberger et al. [10] reported that only
precise, limited modifications can be possible without losing the bioactivity.
Therefore, care should be taken during chemical modification to limit the loss of
biofunctionality and bioactivity. Unfortunately, glutaraldehyde, a common direct
conjugation agent, has limited applicability for biomolecule-NP attachment as it
denatures proteins and peptides. Tetraethylene glycol (TEG)-based phosphonate
ligands were introduced in stable superparamagnetic iron oxide nanoparticles via
both direct conjugation and ligand exchange process. The direct conjugation has
found less toxic to cell whereas ligand exchange process lead to NP with greater
magnetic properties [11] that illustrate effective performance for MRI imaged.

2.1.2 Click Chemistry

Sharpless et al. in the year 2005 developed “click” chemistry to generate substances
by joining small units together with heteroatom links (C—X-C) [12]. Table 21.1
shows Cu-catalyzed azide—alkyne chemistries. The intention of the development of
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click chemistry was to give an easier route for conjugations between bioactive
surfaces and less harsh environment to biomolecule ligands [13]. Click reactions
have several advantages such as they are fast, efficient, take place in aqueous envi-
ronment at relatively neutral pH (mild reaction conditions). Bonds formed by click
chemistry are water-soluble and obtained biocompatible linkages are electronically
similar to amide bonds [14]. This method of attachment offers several unique fea-
tures over other direct conjugation strategies. Specific conjugation at the desired
location(s) on the reactive moiety is obtained as azide and alkyne reactive groups
are highly specific to each other, and do not react with most functional groups. In
addition, bonds formed by click chemistry are highly stable whereas amide bonds
and disulfide linkages formed by other direct conjugation techniques are prone to
cleavage by hydrolysis and reduction, respectively. Moreover, there is a very little
risk of cross interaction among moieties at the NP surface. This is because of the
rigidity of formed linkages, which helps to maintain conformation of reacted moi-
eties in place. Thanks to those features for which production of highly oriented
linkages, capable of optimal reaction activity and efficiency, is possible. Therefore,
click chemistry is considered as a desired technique where orientation and stability
of linkages are particularly important [15]. Click chemistry was implemented with
SPIONs under mild reaction conditions with a reaction time of 5-8 h. Orthogonal to
thiol- and amine-containing targeting motifs were effectively bound with NP at an
efficiency of >90%, and the resultant linkages were stable in the complex in-vivo
environments of the blood and tumor milieu [16]. However, there are some drawbacks
of click chemistry in its implementation. Cu catalyst is required to advance the reac-
tion, which may disturb the biocompatible nature of the formed linkage. A number of
disorders such hepatitis, neurological disorders, kidney diseases, and Alzheimer’s dis-
ease were found to be linked with the excessive Cu consumption [14]. To minimize
this proper purifications are required to remove all of the catalyst from magnetic
nanoparticle (MNP) solutions before use. Another issue is biodegradation. The highly
stable linkages formed may render nonbiodegradability to MNP.

2.1.3 Linker Chemistry

Covalent linkage by linker chemistry can control the molecular orientation of bound
ligands, which is very important to protect the functionality of targeting ligand.
Cleaving of linkers selectively is possible for some applications such as ligand
quantification, controlled release of drugs. Amine or carboxylic acid functionalized
SPION surfaces have been modified with heterobifunctional molecules such as
iodoacetyl, maleimide, pyridyl disulfide, and thionyl chloride followed by the reac-
tion with reactive ligands as shown in Table 21.1. In this approach, usually a linker
molecule is used to link or bind the functional group of a SPION surface with the
sulfhydryl (SH) of a biomolecule. Cystine amino acid residues are suitable target
for reaction in case of biomolecules containing proteins and peptides. If reactive
cystine amino acids are not present, terminal primary amine groups can be thiolated
with heterofunctional linker such as N-succinimidyl-S-acetylthioacetate [17].
Alternatively, a free sulthydryl group can be grafted to chlorotoxin through
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modification with Traut’s reagent (2-mercaptoethylamine-HCl reagents) [18].
However, in the latter case to avoid any risk of undesired cross-linking prior to reac-
tion with NPs, the introduced sulfhydryl group initially needs to be protected.

Oligonucleotide based molecules such as siRNA biomolecules containing sulf-
hydryls was synthesized and conjugated to SPIONs via linker chemistry. In brief,
Cy5.5 succinimide ester was conjugated with SPION followed by another conjuga-
tion with a heterobifunctional cross-linker, N-succinimidyl 3-(2-pyridyldithio) pro-
pionate [19].

Complex biological molecules or biomacromolecules with multiple reactive
sites can be suitably conjugated using linker chemistry method. To improve the
MRI probe for efficient detection of gene expression, SPIONs were linked with
targeting ligands using both linker chemistry and direct conjugation by Hogemann
et al. [20]. In linker chemistry method, SPIONs with a cross-linked dextran coat
were conjugated to transferrin (Tf) through the linker molecule N-succinimidyl
3-(2-pyridyldithio)propionate. Direct conjugation was carried out by oxidative acti-
vation of the dextran coat with subsequent reduction of Schiff’s base. The compari-
son study revealed that conjugation using linker chemistry provided approximately
four-times Tf molecules attached per SPION. The resulted SPION showed 10 times
more enhancement of binding and uptake by cells, and 16 times better for imaging
gene expression. Higher number of active Tf proteins at the NPs surface obtained by
linker chemistry provided better control over the binding sites used in ligand conju-
gations. Another advantage of linker chemistry is it minimizes the risk of adverse
effect on bioactivity of the protein as relatively a milder reactive condition of this
chemistry limits the oxidative conditions.

Disulfide linkages and reaction byproduct produced by Pyridyl disulfide (PD)
heterobifunctional linkers are cleavable and quantifiable, respectively. Quantification
enables the possibility of evaluation of reaction efficiency. Schellenberger et al. [21]
demonstrated this utility in the preparation of SPIONs conjugated with annexin V
by PD linker molecule. If the application medium is reducing environment then
other stable linkers such as iodoacetyls or maleimides should be used as the bonds
formed via PD linker chemistry are sensitive to reducing environments.

Amide linkages are obtained through N-ethyl-N'-(3dimethylaminopropyl)-
carbodiimide hydrochloride (EDAC)/N-hydroxysuccinimide (NHS) linkers where
SPIONs decorated with carboxylic acid groups covalently bonded to biomolecules
bearing primary amines. This approach has been used in the attachment t-Boc-
protected folic acid [22] to SPIONSs. Figure 21.3 shows another example of EDAC/
NHS linker chemistry for the linking of aptamers with SPION [23]. EDAC/NHS
can effectively attach molecules that have only one amino group. However, in case
of multiple amines it is difficult to control the binding orientation of ligands, often
resulting into inactivation of the ligands. Therefore, sulfhydryl-based linker chem-
istry is the preferred conjugation technique for the attachment of peptides, proteins,
antibodies, and enzymes to amino-decorated SPIONs.

There are some drawbacks of linker chemistry such as complexation of covalent
bond formation between NPs or ligands, which needs stepwise NP modification
prior to ligand attachment. Some linker chemistries have low yield due to the long
reaction times and purifications between each step.



21  Surface Modification and Bioconjugation of Nanoparticles for MRI Technology 413

Hozc\ /‘fCOH E %\./%

// \ EDC!NHS /

HO.C

\ £ s \eCe,
/ Doxorubicin / ./ ﬂ

Fig. 21.3 Schematic illustration of the TCL-SPION-Apt bioconjugate system. Adapted from [23]
with permission of Wiley

Table 21.3 Physical interaction attachment
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2.2 Physical Interactions

Physical interactions found in conjugation are mainly electrostatic, hydrophilic/
hydrophobic, and affinity interactions that largely occurred onto the NPs surfaces
(Table 21.3). These physical interactions offer several advantages. It allows for the
design of very small targeted particles (<20 nm) on the basis of anionic nanoparticles.
This surface modification and coupling techniques overcome the main disadvantages
of SPIONs compared to gadolinium based probes. Other advantages of this coupling



414 M. A. Ali and M. T. Islam

technique include rapid binding, high efficiencies, and highly economic as no need for
intermediate modification steps. Electrostatic interactions were found to be highly
sufficient in complexing of plasmid DNA onto SPIONs. SPIONs were coated with
cationic polymers of polyethylenimine (PEI) to be used as complexation agents for
negatively charged plasmid DNA molecules [24]. The conjugate (SPION-PEI) is
capable of assembling plasmid DNA into NPs with diameters ~100 nm and protecting
the DNA from nuclease degradation. Highly efficient cells transfection with low tox-
icity was observed from the SPION-polyplexes. In addition, the T2 relaxation time of
water was enhanced [25]. Electrostatic interactions were successfully applied to bind
cationic proteins to an anionic SPION surface. The electrostatic attraction took place
between the strongly positively charged peptide protamine and the anionic citrate
shell of the electrostatically stabilize SPIONs [26].

Jain et al. [27] investigated the drug delivery and MRI properties of oleic acid-
coated iron-oxide and pluronic-stabilized MNPs. Doxorubicin and paclitaxel drugs
were loaded (alone or in combination) in MNPs with an efficiency of 74-95% and
the drug release was sustained. Incorporated drugs showed marginal effects on phys-
ical (size and zeta potential), and magnetization properties of the MNPs. Hydrophobic
interactions were the physical interaction force between the hydrophobic layers of
drug and MNPs. However, hydrophobic interactions make NP sensitive to environ-
mental conditions, decrease the T1 relaxation of MNPs slightly, and bring low con-
trol over molecular orientation of bound ligands. As a result, attachment of targeting
ligands through these strategies is unattractive. On the other hand, affinity interac-
tions, which is another form of physical interaction, can effectively bioconjugate
targeting ligands to SPIONs [28]. Table 21.3 shows that SPION surfaces modified
with streptavidin can be specifically bound to biotinylated molecules. The linkage
formed is the strongest and highly stable of all noncovalent linkages chemistries.
Unlike hydrophobic and electrostatic interactions, environmental conditions such as
changes in pH, salinity, or hydrophilicity do not affect the affinity binding. Using this
strategy Gunn et al. [29] produced high-affinity multivalent display of targeted
SPIONSs for immunotherapy applications.

3 Surface Chemistry Dependent on NP Material

The main chemistries developed for surface functionalization of silica NP, gold NP,
quantum dots, and carbon nanotubes are summarized here. The most important
reactions and recent highlights are mainly reported below, with a focus on the
relationship between nanomaterial composition and functionalization method.

3.1 Silica NPs

One of the most widely used methods for the surface functionalization of NPs is
silica coating. Silica NPs have gained interest for bioimaging application due to
their straightforward and size-controlled synthesis, chemical and physical
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stabilities, large surface area, hydrophilic surface, and well-defined surface
chemistry. The same physicochemical properties also make them suitable as a
protecting shell material for a wide number of nanomaterials. Such silica shells
protect NPs against chemical and biochemical degradations, release of toxic ions,
and activation of immune response along with hydrophilic, biocompatible and
chemically active surfaces.

As-synthesized silica NPs possess highly hydrophilic surfaces, this is due to
due to the presence of the silanol (Si-OH) groups on the surface of the particle,
which make them one of the friendliest nanomaterials for biomedical applications
including bioimaging. Furthermore, these silanol groups can chemically react
with various reagents to render the silica hydrophobic. However, desired surface
functional groups are required for the conjugation of contrast agents to the surface
as well as inside the pores of silica NPs. The cocondensation process during the
preparation of silica or post-synthesis surface modification is used to introduce
reactive functional groups such as a primary or a secondary amino, carboxyl,
hydroxyl, alkyl halogen, or azide group [30]. As-synthesized silica nanoparticles
contain ample hydroxyl groups, which can be conjugated with isocyanates to
form urethanes or carboxylic acids to form esters. Thiol-functionalized silica NPs
can be obtained from the condensation of 3-mercaptopropyltriethoxy silane or its
analogues with silanol groups on the surface of silica NPs. Thiol functionalized
silica NPs can be further conjugated with gold nanoparticles, or biomolecules
such as proteins, antibodies, peptides, polymers by reductive addition, disulfide
coupling, or maleimide reaction. Thiol and maleimide functionalized molecules
react with thiol groups on the surface of silica nanoparticles to form redox-active
disulfide bonds, and thioether bonds, respectively [31]. Silica NPs can also be
functionalized by introducing azide groups followed by click chemistry with
alkyne substituted molecules.

Applications of silica NPs in bioimaging are vast due to their ability to accom-
modate MRI contrast agents and drug/DNA molecules to their adaptable surface and
pores [32]. Chemical modifications of the surface of silica NPs can be conveniently
chosen during the incorporation of various contrast agents. Various probes can be
conjugated to silica NPs and efficiently delivered in different cell lines or injected
in vivo [33]. Silica NPs can be coated with a dense layer of paramagnetic and
PEGylated lipids in absence of coupling agent. The silica nanoparticles carrying a
quantum dot in their center and were made target-specific by the conjugation of mul-
tiple avp3-integrin-specific RGD-peptides to enable their detection with both fluo-
rescence techniques and MRI [34]. Figure 21.4 shows that higher signal intensity
for the pellet of cells incubated with the RGD-conjugated Q-SiPal.Cs (the bright
white circle) was obtained as compared to the control cell pellets (gray circles).
The differences in relaxation rate R1 (1/T1) clearly demonstrate the effective and
specific targeting of this NPs agent to angiogenically activated endothelial cells
(Fig. 21.4b). Core—shell-structured mesoporous silica nanoparticles was also
synthesized to decrease T2 relaxation [35].
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Fig. 21.4 (a) T1 weighted MRI of the different cell pellets revealed specific uptake of the targeted
nanoparticles. (b) Difference in relaxation rates (R1) of the targeted and untargeted cell pellets
compared to the relaxation rate of the control cell pellet. The differences in relaxation rate reflect
the concentration of contrast agent in the untargeted and targeted cell pellets. Reprinted with per-
mission from [34]. Copyright (2008) American Chemical Society

3.2 Gold NPs

Colloidal gold nanoparticles are highly suitable for bioimaging owing to their
brilliant color and size-and-shape-dependent tunable surface plasmon. Other
promising properties of gold NPs for bioimaging are the straightforward synthesis,
well-defined surface chemistry, nontoxic nature, and the large one- and two-photon
absorption cross sections. Optical and electronic properties of gold nanoparticles
for bioimaging applications can be tuned by modifying their surface chemistry and
aggregation state.

As-synthesized gold NPs do not have many types of surface capping ligands and
functional groups. Therefore, gold NPs need to be decorated with desired functional
groups via ligand exchange reactions and chemical modifications for enabling them
for MRI applications. Usually the surface of as-synthesized gold NPs contains alkane
thiols capping ligands. Giersig and Mulvaney [36] first reported that thiol plays an
important role to facilitate the exchange reaction since it has high affinity for gold.
The Au-S bond is relatively strong (H = 253.6 kJ/mol), though it is not as stable as the
Si—O covalent bond (H = 799.6 kJ/mol) [37]. This makes the functionalization task
easy by ligand exchange but colloidal stability overtime under highly saline conditions
or in a biological environment is limited. Colloidal stability seems to be closely related
to the ligand packing [38]. To overcome this limitation with multiple thiol groups have
been synthesized on ligands to get more stable form, such as dihydrolipoic acid
(DHLA) [39] or thioctic acid [40]. Multiple binding points provide increased stabil-
ity allowing for more densely packed ligands where sulfur anchoring groups are
structurally constrained [41]. Diazonium salts chemistry is another possible option,
however, the drastic conditions of the in situ diazonium formation limits it potential
application [42]. Gold can be coated via a reduction of gold precursors on SPIONs
of selected sizes as seeds [43]. In addition to core—shell structures, gold coating on
SPIONs with heterostructures are widely used in medical practice (Fig. 21.5) [44].
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Fig. 21.5 Schematic illustration of bifunctional Au-Fe;O, nanoparticle synthesis. Amino-
functionalized Fe;O,4 nanoparticles [(a), simplified as (b) for the convenience of illustration] were
first modified by Boc-L-cysteine to have surface thiol groups [(c), simplified as (d)]. Gold nanopar-
ticles were the conjugated onto the surface of Fe;O, nanoparticles to form the expected Fe;0,—Au
bifunctional nanoparticles [(f), simplified as (e)]. Reprinted with permission from [44]. Copyright
(2007) American Chemical Society

3.3 Gadolinium NP

One promising new direction in the development of MRI contrast agents involves the
labeling and/or loading of nanoparticles with gadolinium (Gd). Gadolinium ion (Gd**)
and calcium ion (Ca*") have very similar ionic radius although former has higher posi-
tive charge. Ca**-requiring proteins such as calmodulin, calsequestrin, and calexitin
cannot distinguish (Gd**) and (Ca*). Consequently, Gd** would quickly bind to Ca*
channels [45]. Free or unchelated gadolinium ions have toxic effect on most
biological systems and cannot be administered to a patient in their aqueous form.
Potential toxicity of the gadolinium ions can be suppressed by binding them with a
strongly coordinating ligand for clinical examinations. Currently approved gadolin-
ium-based CAs for clinical MRI are given in Fig. 21.6. These existing forms of
gadolinium ions can directly constitute NPs for MRI CAs. Gadolinium ion can also
be used as a chelate incorporated into the nanocarriers.

There is a range of polymeric micelles designed to develop gadolinium-based
nanoscale CAs for MRI. The most commonly polymeric micelles is developed by
conjugating the gadolinium chelates to the hydrophilic layer, which modifies the
relaxivity properties favorably. Nanoscale micelles based on poly(L-glutamic acid)-



418 M. A. Ali and M. T. Islam

@qg;lo

4]

Gadopentetate dimeglumine Gadodiamide Gadobenate dimeglumine
(Gd-DTPA) (Gd-DTPA-BMA) (Gd-BOPTA)
Gadoversetamide
(Gd-DTPA-BMEA)
0 Q 0 0
Hodk, 20 DOk
LN S AN - T AN
G| ol | d
K G "¢ < *Q_
Gadoxetate disodium Gadoteridol Gadobutrol Gadoterate meglumine
(Gd-EOB-DTPA) (Gd-HP-DO3A) (Gd-BT-DO3A) (Gd-DOTA)

Fig. 21.6 Chemical structure of currently marketed gadolinium-based MRI CAs. Reproduced
from [3] with permission of Royal Society of Chemistry

Fig. 21.7 Schematic

model of the micellar
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b-polylactide block copolymer was produced with paramagnetic Gd** ions chelated
to their shell. The metal chelator p-aminobenzyldiethylenetriaminepenta(acetic acid)
(DTPA) was used to readily conjugate to the side chain carboxylic acids of poly(L-
glutamic acid). The resulting DTPA-Gd chelated spherical micelles (Fig. 21.7)
exhibited significantly higher spin—lattice relaxivity than a small-molecular-weight
MRI CA [46]. A suitable chelating agent such as 1,4,7,10-tetraazacyclododecane-1,
4,7,10-tetraacetic acid mono (N-hydroxysuccinimide ester) (DOTA-OSu) was used
as an active chelating agent to conjugate gadolinium ions with a block copolymer,
PEG-b-poly(L-lysine). After conjugation to all primary amine groups of the lysine
residues through DOTA moieties, a polymeric micelle was obtained. The polymeric
micelle-based MRI CA exhibited enhanced permeability and retention effect. A con-
siderable amount of the polymeric micelle CA accumulated at solid tumors which
doubled the MRI signal intensity [47].

Gadolinium can be prepared as hydrogel to be used as a CA in MRI. Gadolinium
based nanohydrogel CA was prepared by incorporating Gd chelating cross-linkers into
self-assembled pullulan nanogels to avoid repeated administration of CA and improve
signal-to-noise ratios [48]. Effective and biosafe CA was prepared by attaching multiple
Gd chelates to mesoporous silica nanoparticles (MSNs). The Gd* chelates were
attached to the surface of dendrons via click chemistry. Resultant CA showed an
approximately 11-fold increase in the relaxivity and enhancement of MR images [49].
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3.4 Iron Oxide NPs

Typically, interaction between CAs and surrounding water protons typically
originates and enhancement of MRI, which shorten the longitudinal (T1) or trans-
verse (T2) relaxation time of nearby water molecules. Usually, T1 CAs are applied to
increase signal intensity, resulting in a positive contrast enhancement (brighter image)
in T1-weighted MRI, whereas T2 CAs can decrease signal intensity, providing a nega-
tive contrast enhancement (darker image) in T2-weighted MRI. Iron oxide NPs are
generally considered safer than Gd-based CAs because iron is found in the human
body, mostly stored as ferritin in the blood. Five unpaired electrons make Fe** a
promising candidate for T1 CAs. Enhanced T1 contrast effects from small-sized
iron oxide NP are obtained due to the presence of a large number of Fe** ions on the
surface, which suppress T2 relaxation by their small magnetic moment [50].

The surface of iron oxide is rapidly oxidized by air so synthesized iron nanopar-
ticles are not stable under aerobic atmosphere. Moreover, as synthesized, unmodi-
fied iron oxide NPs are not stable in vivo condition. Therefore, iron oxide NPs need
to be coated. For instance, iron (Fe) core can be stabilized by controlling the surface
oxidation using an oxygen transfer agent (i.e., trimethylamine N-oxide) [51].
Additionally, coating protects against iron oxide core agglomeration, provides
chemical handles for the conjugation of targeting ligands, and avoids nonspecific
cell interaction. A number of ways, including in situ coating, postsynthesis adsorp-
tion, and postsynthesis end grafting, can achieve coating [52]. Uniformly encapsu-
late coated cores are achieved in case of in situ and post synthesis modification with
polysaccharides and copolymers whereas brush like extension anchored to the NP
surface by the polymer end groups are obtained by grafting polymers (e.g., PEG).
Alternatively, shell around the iron oxide core can be obtained using liposome and
micelle-forming molecules for coating. Coating thickness and hydrophobicity are
important as magnetic properties of the CAs are greatly affected by them [52, 53].
Thicker coatings can lower R2 relaxivities [53] and higher relaxivities can be
obtained with hydrophilic coatings [54].

Iron oxide NPs can be made soluble in an aqueous solution using hydrophilic
ligands with various anchoring groups, including carboxylic acids, catechol-based
molecules (e.g., dopamine) [55], and bisphosphonates [56]. Silanization can be used
for iron oxide materials. Iron oxide NPs was coated with a mixture of
3-aminopropylsilane (APS) and PEG-silane of different lengths by a ligand exchange
reaction [57].

3.5 Quantum Dots

Quantum dots (QDs) is one of the most attractive nanomaterials in the biomedical
fields due to their size-dependent tunable optical and electronic properties.
Cell imaging is the main biological application of QDs. QDs can be categorized
into two groups based on their cell biological applications such as nonspecific, and
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cell-specific. Cell-specific and nonspecific mainly depend on the property of
molecules recruited to the surface of QDs. Nonspecific extracellular and intracel-
lular labeling can detect and image any cell type whereas biomarker specific tar-
geted cell labeling is required for the detection and imaging of cancer cells and
tumor milieu [58]. QDs are synthesized in the organic medium and are finished with
highly hydrophobic aliphatic ligands such as alkyl phosphines, alkyl phosphine
oxides, aliphatic amines, and aliphatic carboxylic acids. Therefore, ligand exchange
reactions and surface modifications are necessary to make them suitable for biological
applications.

Functionalizing semiconductor QD with biomolecules has some major challenges
such as chemical instability in aqueous solutions, photo etching, toxicity due to the
leaching out of cadmium ions, and unstable photoluminescence [59]. Surface coating
with amphiphilic ligands or polymers can provide water soluble QDs. Ligand
exchange, electrostatic adsorption, or covalent attachment are used for coupling
small molecules or biomolecules to functional groups of polymer [60]. In another
approach, Paquet et al. [61] produced biofunctionalized QDs by associating polyhis-
tidine tags with Zn atoms present on the QD surface. Conjugation of growth
hormones and antibodies with QDs is required for targeted labeling of cells. Low-cost
alternatives such as hyaluronic acid and folic acid are also investigated [58].

3.6 Carbon Nanomaterials

Nowadays, carbon nanomaterials are emerging as an interesting class of nanostruc-
tures for biological imaging due to their favorable optoelectronic properties such as
NIR fluorescence, photoluminescence and unique Raman signature [62]. Carbon
nanotubes (CNT), graphene, carbon dots, and nanodiamonds are the main members
of carbonaceous nanomaterials although some novel structures have been recently
cited such as carbon nanohorns and nanoonions [63, 64]. However, as synthesized,
these structures are hydrophobic and not biocompatible. Therefore, covalent or non-
covalent conjugation of hydrophilic molecules to them is prerequisite to enable them
for biological applications. In case of noncovalent conjugation which is mainly n—x
stacking, and hydrophobic interactions, the optoelectronic properties of the function-
alized carbon nanomaterials are not affected. Sonication with amphiphilic molecules
or surfactants helps to disperse carbon nanomaterials. However, the resulting suspen-
sions are toxic and thus generally not compatible with in vivo application. PEG-
based surfactants are preferred for in vivo applications. In case of covalent conjugation
of carbon nanomaterials, stable suspensions in water are possible to obtain.
Cycloaddition and oxidation reactions have been tried to impart various functional
groups to sp? carbon atoms. For example, oxidation by nitric acid generates carboxyl
groups on the ends of CNTs, which can further react with a variety of functional
groups. In addition, in situ reduction of aryl-diazonium salts or Diels—Alder cycload-
dition, among other organic reactions, can be used to conjugate dyes, biomolecules,
ligands, drugs, or other nanomaterials [65].
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4 Organic Surface Coatings

4.1 Poly Ethylene Glycol (PEG)

Poly ethylene glycol (PEG) is a frequently used biocompatible linear synthetic
polyether [66]. A low-molecular weight PEG is a clear, colorless, and viscous
liquid. It is highly soluble with water and mostly soluble with alcohol and other
organic solvents. Low-molecular weight PEG relatively low toxicity, which exhib-
ited a good potential, and used in many cosmetic, nutraceutical, and pharmaceuti-
cal applications. Moreover, PEG can be prepared with a wide range of terminal
functional groups as derivatives [67]. PEG along with its derivatives has been used
clinically as excipients in FDA approved pharmaceutical formulations [68]. Being
hydrophilic in biological fluids, PEG coating improve dispersity and blood circula-
tion time of SPIONs [69]. PEG-coated (or PEGylated) SPIONs are not readily rec-
ognized by the reticuloendothelial system, hence, commonly regarded to as “stealth”
nanoparticles [70]. This makes them suitable for target-specific cell labeling after
modification with targeting ligands [71]. However, the same characteristic limits
their use in imaging macrophages or other RES-related cells [72].

PEG polymers with molecular weight below 100,000 Da show amphiphilic char-
acteristic and are soluble in water as well as in many organic solvents such as meth-
ylene chloride, ethanol, toluene, acetone, and chloroform. A variety of chemistries
requiring the use of either aqueous or organic solvents are suitable for assembling at
the SPION surface. For example, PEG can be coated onto SPIONs either by aque-
ous precipitation [73], or by grafting in the organic solvent (toluene) via a silane
group [22]. Grafting in the organic solvent yielded a heterobifunctional PEG that
have two ends. On end can be covalently attached to the SPION surface and the
other end can be functionalized with targeting ligands, imaging reporter molecules,
or therapeutic agents [18]. However, a PEG shell does not favor the uptake of
SPIONSs by most cells. Modification of the SPIONs with hyaluronic acid (HA) that
act as a targeting moiety can solve this problem [74]. A recent study reported that
different terminal groups of PEG could be used for fluorescence-MR dual-modality
imaging guided cancer photothermal therapy [75].

4.2 Dextran

Dextran is a glycan composed of glucose subunits with a molecular weight ranging
from 10 to 150 kDa. Its polar interactions (chelation and hydrogen bonding) provide
a high affinity for iron oxide surfaces [76]. It is biocompatible as a result many of the
clinically approved SPION preparations are dextran coated [77]. Molday and
Mackenzie [78] first demonstrated the in situ coating preparation in 1982. Since then,
different forms of dextran polymers such as carboxydextran and carboxymethyl
dextran have been coated on SPIONs with varying hydrodynamic sizes [52].
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Conventional dextran coatings are based on hydrogen bonding, which makes
the polymer prone to detachment. However, cross-linked iron oxide (CLIO) can be
a solution where coated polymers after SPION attachment are cross-linked using
epichlorohydrin and ammonia [79]. Dextran coated CLIO nanoparticles were found
to be a suitable platform for the synthesis of multifunctional imaging agents [80].
Although CLIOs improve circulation half-life in blood with no acute toxicity [81]
due to the use of epichlorohydrin and their nonbiodegradability make them unsuit-
able for using in a clinical setting [82]. A multistep process using silane chemistry,
which offer covalent bonding between dextran and SPION, can be an alternative of
cross-linking [83].

4.3 Chitosan

Chitosan is a cationic, hydrophilic, and biodegradable natural polymer. It is derived
by deacetylation of chitin obtained from the shells of crustaceans. Its large abun-
dance in nature, ease of functionalization, biological activities, biocompatibility,
high charge density, low toxicity toward mammalian cells, and ability to improve
dissolution have made it a popular material for many biological applications [84].
Although chitosan and its derivatives have been used to develop polymeric nanopar-
ticles through electrostatic complexation for decades [85], their use in magnetic
nanoparticles is recent [86]. Direct and in situ coating of chitosan onto SPIONS is
not easy as they are sparingly soluble at pH levels necessary to precipitate SPIONs
[84]. However, chitosan-coated SPIONs was produced by adsorbing chitosan physi-
cally onto SPIONs coated with oleic acid which gave spherically shaped SPIONs
with a diameter of 15 nm [87]. Chitosan-coated SPIONs can be used as gene deliv-
ery carrier in addition to CA due to the cationic nature of the chitosan that allows
complexation with genetic material. For example, Bhattarai et al. [86] loaded
anionic adenovirus vectors through electrostatic interactions on chitosan-coated
SPIONs. These SPIONs showed enhanced gene transfection property. Moreover,
chitosan possesses both amino and hydroxyl functional groups, which can be used
for SPION functionalization with targeting, imaging, and therapeutic agents.

4.4 Liposomes and Micelles

Liposomes and micelles, spherical aggregates of amphiphilic molecules, are usually
biocompatible as they are lipid bilayer of lamellar phase. Being bilayer structure lipo-
somes can encapsulate SPIONs with resultant diameters ranging from 100 nm to
5 pm. Thus, liposome encapsulation can gather a certain number of MNPs for collec-
tive delivery to the target. For these reasons, liposome complexes become an ideal
platform for delivery of contrast agents in MRI [88]. Liposomes and micelles coating
can be done in two ways: postsynthesis incorporation or by in situ synthesizing. In the
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first approach, water-soluble SPIONs can be attached to the aqueous center of the
liposome [89], or alternatively, micelles can be coated around the structure to get
hydrophobic SPIONs [90]. Second approach provides uniform NPs with a diameter of
15 nm where SPIONSs can be precipitated in the liposomal core [91].

SPION coating with either liposomal or micellar structures has advantages over
direct synthesis such as simple and easy surface modification, convenient encapsu-
lation of pharmaceuticals inside the amphiphilic substructures, and chelation and
protection of pharmaceuticals from the body until degraded in target cells [92].
However, there is a risk of coating agglomerates rather than discrete SPION cores in
micellar or phospholipid structures, leading to poor physicochemical and magnetic
properties [93].

4.5 Copolymers

Copolymers allow taking advantage of the distinct functionalities obtained from its
constituents. Copolymer obtained by joining PEI and PEG polymers, can both form
complex DNA to facilitate cell transfection (PEI functionality), and enable molecular
targeting of cancer cells (PEG functionality) [94]. The advantages these copolymers
provide can be applied to SPION coatings. For instance, a DNA delivering nanovec-
tor was developed, recently, by coating SPION with a copolymer of PEG-g-chitosan-
2-PEI [95]. This study demonstrated that PEG, chitosan, and PEI polymers grafted
together enabled the NP for DNA complexation, stabilization for in vivo use, and
gene transfection. A unique pH-sensitive coating with a hydrophobic center layer
was prepared using triblock PEG-poly(methacrylic acid)-poly(glycerol monometh-
acrylate) copolymer on SPIONS in situ. Coated NP was capable of encapsulating
drug molecules and preferentially releasing the therapeutics in the acidic environ-
ment of the cellular endosome [96]. Similar copolymers were attach to the SPION
surface by layer-by-layer deposition directed by matching of electrostatic interac-
tions [97], hydrophilic/hydrophobic interactions [98], and covalently grafting poly-
mer layers to base coatings [99].

5 Conclusion

Surface-functionalized NPs are extensively studied as CAs for MRI. This chapter
mainly focuses on the surface modification of NPs such as silica NPs, gold NPs and
quantum dots, carbon nanomaterials, and organic polymer coating including dex-
tran, chitosan, PEG, copolymers through various bioconjugation reactions. Many
biological applications of nanomaterials including imaging CAs, drug and gene
delivery systems, biosensors, and nanomedicine share common functional groups,
which are typically attached onto the surface of nanomaterials via suitable chemical
or bioconjugation reaction to create nanofunctional nanodevices. However, that
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there are some challenges and limitations including toxicity and biocompatibility is
still a major issue to create nanomaterials using CAs for MRI application. Hence,
multimodal and multifunctional NPs fabricated by the conjugation of various target-
ing molecules and CAs are extensively investigated for MRI on the way to treat-
ment of cancer cells and tumors. Yet, controversial reports about toxicity and
pharmacokinetics do not permit the clinical applications. Therefore, arguments of
functionalized CAs that need to be addressed are biocompatibility, toxicity, in vivo
and in vitro targeting efficiency, bioavailability, and renal and hepatobiliary clear-
ance. The current scenario of research in the formulation and testing of CAs indicate
that we may not to wait long for the complete transformation of conventional medi-
cine into nanomedicine.
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