° NAT/O

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

" NIH Public Access
A 5 Author Manuscript

2 eSS

Published in final edited form as:
Narno Lett. 2012 January 11; 12(1): 22-25. doi:10.1021/nl202721q.

Compact Zwitterion-Coated Iron Oxide Nanoparticles for
Biological Applications

He Wei, Numpon Insin®, Jungmin Lee, Hee-Sun Han, Jose M. Cordero, Wenhao Liu, and
Moungi G. Bawendi”

Department of Chemistry, Massachusetts Institute of Technology, 77 Massachusetts Avenue,
Cambridge, Massachusetts 02139, U. S. A.

Abstract

The potential of superparamagnetic iron oxide nanoparticles (SPIONSs) in various biomedical
applications, including magnetic resonance imaging (MRI), sensing, and drug delivery, requires
that their surface be derivatized to be hydrophilic and biocompatible. We report here the design
and synthesis of a compact and water-soluble zwitterionic dopamine sulfonate (ZDS) ligand with
strong binding affinity to SPIONs. After ligand exchange, the ZDS coated SPIONSs exhibit small
hydrodynamic diameters (HD), and stability with respect to time, pH, and salinity. Furthermore,
small ZDS coated SPIONs were found to have a reduced non-specific affinity (compared to
negatively charged SPIONSs) towards serum proteins; streptavidin/dye functionalized SPIONs
were bioactive and thus specifically targeted biotin receptors.
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Superparamagnetic iron oxide nanoparticles (SPIONSs) have been used in-vitro and in-vivo
as contrast agents to improve the sensitivity of magnetic resonance imaging (MRI).1 Their
defining characteristics are a high saturation magnetic moment, their relative chemical
stability, and their potentially minimized toxicity. Synthetic schemes for SPIONs with the
most uniform size distributions usually involve the use of organic solvents and result in
SPIONSs that are hydrophobic as synthesized. Exploring ligands that render these SPIONs
hydrophilic and bio-compatible has been essential for demonstrating their potential uses in
various biomedical applications.? Xu et al demonstrated that dopamine could serve as an
attractive ligand to render SPIONSs hydrophilic,® due to the strong interaction between
vicinal diol groups and iron oxide as well as the hydrophilicity of amide and carboxyl
groups. Coupling polyethylene glycol (PEG) groups to dopamine derivatives* can improve
the stability and reduce the surface charge of water-soluble SPIONSs, which in turn alleviates
nonspecific binding to proteins. Nevertheless, PEG-based ligands can significantly increase
the effective hydrodynamic diameter (HD) of bio-compatible nanoparticles (NPs), which
can restrict their access to confined spaces and prevent their renal elimination.> PEG-coated
NP dispersions can also be unstable in high-salinity buffers, resulting in aggregation.® There
remains a need for novel ligands that have a strong binding affinity to SPIONSs, yet minimize
their effective HD while retaining high aqueous solubility, biocompatibility with minimal
non-specific interactions, and long-term stability.
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We report here the design and synthesis of a compact and water-soluble zwitterionic
dopamine sulfonate (ZDS) ligand with strong binding affinity to SPIONSs. This ligand results
in bio-compatible SPIONs with minimized HDs, minimal non-specific interactions, and
stability with respect to time, pH and salinity. The ZDS ligand (Compound 2, Scheme 1a)
was designed with the following considerations in mind: (1) the dopamine moiety provides
strong coordination to the iron oxide surface, (2) the sulfonate group conveys high water
solubility, and (3) the combination of a quaternary amine group and the sulfonate group
provides the ligand with a zwitterionic character, enabling pH stability and minimizing non-
specific interactions with proteins. As shown in scheme 1, the ZDS ligand was synthesized
from commercially available dopamine via a simple two step reaction: first, the sulfonation
of dopamine was accomplished by ring opening of the 1,3-propane sultone, followed by
methylation of the amino group by addition of iodomethane (supporting information).
Hydrophobic SPOINs were synthesized from the thermal decomposition of Fe(CO)s in a
dioctyl ether solvent in the presence of native oleic acid ligands and trimethylamine N-oxide
oxidizing reagent.”8

Water soluble SPIONs were obtained by a two step ligand exchange process. The native
hydrophobic oleic acid ligand was first exchanged by 2-[2-(2-methoxyethoxy)ethoxy]acetic
acid (MEAA) ligand in methanol. The purpose of this first exchange is to increase the
solubility of the SPIONSs in the solvent mixture used in the second step. Next, in a
dimethylformamide/water mixed solvent, the MEAA ligand was replaced by ZDS,
dopamine sulfonate (DS, Compound 1, Scheme 1a), or mixtures of ZDS with thiol-
terminated catechol-derivative (TD, Compound 3, Scheme 1b) for bio-conjugations. The DS
ligand was utilized as a control with a charge similar to other small but negatively charged
ligands, such as 2,3-dimercaptosuccinic acid.®

The resulting water soluble ZDS ligand-exchanged SPIONs (ZDS-NPs) were stable and well
dispersible at high NP concentrations in phosphate buffered saline (PBS 1X, inset of Figure
1a). Transmission electron microscopy (TEM) further showed that the ZDS-NPs were nearly
monodisperse in PBS 1X with an inorganic particle diameter of 8.0 nm (Figure 1a).
Moreover, dynamic light scattering (DLS) measurement revealed that the ZDS-NPs had a
narrow size distribution (inset of Figure 1b) with a hydrodynamic diameter (HD) of ~10 nm,
indicating that the ZDS ligand contributes less than 1 nm to the overall radius. This size
increment is significantly smaller than for dextranl® or PEG-coupled ligands,*2 which can be
on the order of 30 to 200 nm. In addition, the HD of ZDS-NPs was insensitive to pH over
the pH range of 6.0 — 8.5, indicating good colloidal stability over physiological pHs (Figure
1b).

To study the in-vivo imaging potential of these NPs, we performed a serum binding test,
which compares the sizes of NPs incubated with fetal bovine serum (FBS) and PBS 1X,
respectively. We used high-performance liquid chromatography (HPLC) with a size-
exclusion column, with the retention times of NPs having an inverse relationship with the
sizes of NPs.11 In PBS 1X, both DS-NPs (Figure 2a, red lines) and ZDS-NPs (Figure 2a,
blue lines) were nearly monodisperse with a retention time of ~34 min. The size of DS-NPs
after incubation with 10% FBS was larger than the size of DS-NPs after incubation with
PBS 1X, showing a continuous distribution between 20 and 37 min; in contrast, the size
distribution of ZDS-NPs after incubation of 10% FBS was similar to the size distribution of
ZDS-NPs after incubation with PBS 1X. When the serum-to-NP ratio increased, DS-NPs
after incubation with 20% FBS strongly aggregated and thus showed a retention time at ~18
min (corresponding to ~9 mL, approximately the void volume of the column);12 in contrast,
although a small portion of ZDS-NPs after incubation with 20% FBS showed a retention
time at ~18 min (presumably caused by minor biological species of FBS that can bind to the
nearly neutral ZDS-NPs),13 most of the ZDS-NPs showed a continuous distribution between
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20 and 37 min. These data indicate that the negatively charged DS-NPs have a high non-
specific affinity towards serum proteins; particularly, DS-NPs showed a strong aggregation
in 20% FBS. Therefore, although DS ligands also give rise to water-soluble and small iron
oxide NPs, the negative charge from the sulfonate group on the DS ligands electrostatically
interacts with some of the proteins in FBS, and electrostatic interactions are thought to be
important for the binding between iron oxide NPs and bovine serum albumin, a major
component of FBS.14 In comparison with DS-NPs, ZDS-NPs showed a reduced non-specific
affinity towards serum proteins. ZDS ligands not only provide good solubility and a small
size to iron oxide NPs but also ensure their nearly neutral charge, which in turn decreases
the non-specific interactions between NPs and serum proteins. These data therefore suggest
that zwitterionic ZDS-NPs are more suitable than DS-NPs for in-vivo experiments and that
their electrically neutral (e.g. zwitterionic) nature is critical to their design.1>

The stability of NPs is also an important parameter for their biomedical applications. As a
result, these new NPs were studied by measuring the UV-Vis absorption over extended
periods of time. We found that the UV-Vis absorbance curves (Figure 2b), which reflects the
concentration of SPIONSs, were nearly identical over at least a 2 week period. Carpenter and
coworkers proposed?® that if SPIONs were only ligand exchanged by the simple dopamine
molecule, rapid degradation of SPIONs may occur, thereby forming iron(l11) oxyhydroxide.
However, we did not observe this phenomenon for either ZDS or DS coated SPIONS. In
addition, ZDS-NPs were stable for at least one month in PBS 1X at 4 °C (within the error
range of DLS measurements, all ZDS-NPs retained the same HD). In addition ZDS-NPs
were soluble even in saturated NaCl solutions, a consequence of combining the strong o-
dihydroxybenzene anchor group and the highly water-soluble sulfonate group. This is in
contrast to PEG-coated or single charge-stabilized nanoparticles which aggregate in
saturated NaCl solutions.® 17

Finally, our iron oxide NPs were functionalized with streptavidin and fluorescent dyes for
targeting and fluorescence imaging, respectively. In prior studies,® long-chain ligands such
as organic polymers were used for the water solubilization of iron oxide NPs (short-chain
ligands were generally not hydrophilic enough), hence the hydrodynamic diameter (HD) of
those biocompatible NPs was significantly larger than their inorganic diameter. In our
studies, a binary coating was designed, in which ZDS ligands provided water-solubility and
short-chain ligands offered functionality. As shown in Scheme 1b, this short-chain ligand
(TD ligand) consists of a catechol, a polyalkylene glycol, and a thiol. After ligand exchange
with a mixture of 85% ZDS ligand and 15% TD ligand (mol%), the resulting TD/ZDS-NPs
were conjugated by Alexa Fluor 488 maleimide dye (Dye, absorption peak = 488 nm,
emission peak = 520 nm) and streptavidin-maleimide (SA) via a standard thiol-maleimide
conjugation scheme. To demonstrate the functionalization of the TD/ZDS-NPs with
streptavidin, biotin-coated wells on strip plate were incubated with either pre-biotin-
saturated Dye-SA-TD/ZDS-NPs or Dye-SA-TD/ZDS-NPs (Figure 3a and b). Afterwards,
the sample solutions were removed and the biotin-coated wells were rinsed with PBS. By
measuring the resulting fluorescence of the wells, we found the signal intensity of Dye-SA-
TD/ZDS-NPs to be ~11 times higher than that of the pre-biotin-saturated Dye-SA-TD/ZDS-
NPs (Figure 3c). This data showed that the peptide-functionalized TD/ZDS-NPs may be
appropriate for targeting cell receptors for specific labeling.

In conclusion, by using a compact zwitterionic dopamine sulfonate ligand coating on robust
superparamagnetic iron oxide nanoparticles, we have developed aqueous iron oxide
nanoparticles which are water-soluble, compact, and easily functionalized. Due to their
zwitterionic nature, the ZDS-NPs have reduced nonspecific binding (compared to negatively
charged SPIONS) to serum proteins; moreover, the streptavidin functionalized TD/ZDS-NPs
labeled biotin specifically. These properties render the functionalized iron oxide
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nanoparticles suitable for in-vivo and in-vitro applications, where antibodies, peptides, or

aptamers could be conjugated to TD/ZDS-NPs for targeting and imaging,® and when

combined with metal-binding proteins, TD/ZDS-NPs could serve as MRI-based metal ion
20

Sensors.
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Figure 1.
a) TEM images of hydrophilic ZDS-NPs (Inset: photograph of ZDS-NPs dispersed in PBS

1X), b) Hydrodynamic Size of ZDS-NPs vs. pH(Inset: Size distribution of ZDS-NPs at
pH=7.5).
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Size-exclusion Chromatograms b) UV-Vis Spectrum
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Figure 2.
a) Chromatograms of SPIONSs in serum binding test (absorbance vs. retention time), b) UV-
Vis spectrum of ZDS-NPs with the increase of storage time
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Figure 3.

a) Schematic show of the incubation of pre biotin-saturated Dye-SA-TD/ZDS-NPs in a
biotin-plated well, b) Schematic show of the incubation of Dye-SA-TD/ZDS-NPs in a
biotin-plated well, and c) Fluorescent spectra of both biotin-plated wells
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Scheme 1.
a) Chemical structure and synthesis route of DS and ZDS Ligand and b) Chemical structure
of TD ligand (M.W.: ~850 g/mol, synthesis route in supporting information)
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