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Abstract

Hybrid nanostructures with unique optical and magnetic properties have attracted considerable
interest as effective mediators for medical imaging and therapy. An aqueous-based, self-assembly
approach to synthesizing hybrid plasmonic-superparamagnetic nanostructures is presented. The
building blocks of the hybrid nanostructure include plasmonic gold nanorods (AuNRs) and
superparamagnetic iron oxide nanoparticles (SPIONs). The AuNRs were functionalized via
carboxyl-bearing surface ligands, while the SPIONs were kept “bare” after synthesis via a
surfactant-free, thermal decomposition reaction in triethylene glycol. Hybrid SPION-studded
AUNR nanostructures were produced upon simple mixing of the components due to chemisorption
of the AuNRSs’ free carboxyl groups to the SPIONS’ surfaces. The reported synthesis strategy is
modular in nature and can be expanded to build hybrid nanostructures with a multitude of other
plasmonic nanoparticles. With tunable near-infrared absorption peaks and a sufficient number of
bound SPIONSs, the self-assembled hybrid nanostructures are suitable for biomedical imaging and
therapy applications.
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INTRODUCTION

Plasmonic and superparamagnetic nanostructures have played extensive roles in emerging
biomedical technologies. Exogenous nanoparticle contrast agents possessing optical
extinction cross-sections in the near-infrared (NIR) spectrum have been crucial to the
success of photothermal therapies,? molecular photoacoustic imaging,? and novel optical
detection strategies.® Similarly, superparamagnetic iron oxide nanoparticles (SPIONs) have
been employed as agents for magnetic resonance imaging (MRI) contrast,* contrast for
magneto-motive-based imaging modalities,®6 and novel thermal therapies.” In turn, the
endowment of simultaneous plasmonic and superparamagnetic properties on a single hybrid
nanostructure opens myriad opportunities for improving the functionality and efficacy of
novel therapeutic,8 molecular imaging,®11 and biosensing2 techniques.
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Reports in the last several years have detailed the synthesis of an array of hybrid plasmonic-
superparamagnetic nanoparticles (HPSNPs), including HPSNPs with core-shell 13-17
dumbbell,18 and cluster-likel® morphologies that are composed of both plasmonic and
superparamagnetic materials. HPSNPs have also been fabricated by “bottom-up” approaches
that join individually synthesized superparamagnetic and plasmonic nanostructures together
through conjugation chemistry,20-22 self-assembly,23-25 and liposomal packing.28 Ideally,
HPSNPs for biomedical applications should i) exhibit plasmon resonances in the NIR
optical window that yield NIR absorption and scattering cross-sections necessary for optimal
optical excitation of the HPSNPs in vivo, ii) possess a high magnetic volume fraction, and
iii) be functionalized with biocompatible coatings that limit immune system recognition of
nanostructures in vivo and allow for extravasation into pathologies with leaky vascular
networks via the enhanced permeability and retention effect.?’ As interest in HPSNPs
continues to rise, it is becoming evermore imperative that the materials community produce
hybrid nanostructures with tailorable magnetic and NIR optical properties via facile,
biofriendly synthesis reactions.

Herein, we report a simple, aqueous-based, self-assembly approach to the synthesis of
HPSNPs that eliminates the need for conjugation chemistry, organic surfactants with
aliphatic or hydrophobic tail groups, and/or hydrocarbon solvents (all of which have been
techniques or reagents employed in previously reported HPSNP
syntheses10:13-15.17,18,22.23,25) First, by exploiting SPIONS’ affinity for carboxylic acid (—
COOH) moieties,28:29 SPION-studded gold nanorods (SPION-AuNRS) are self-assembled
through the mixing of “bare” SPIONs with gold nanorods (AuNRs) whose surfaces are
functionalized with bifunctional poly(ethylene glycol) (PEG) chains with terminal -COOH
groups. The “bare” SPIONSs are stabilized by a coating of triethylene glycol (TREG) that is
easily displaced by the chemisorption of -COOH to the SPIONs’ surfaces. Multiple “bare”
SPIONSs are capable of chemisorbing to or “studding” the surfaces of the -COOH-
functionalized AuNRs (COOH-AuUNRs),28:29 ensuring that the hybrid nanostructure
maintains a large magnetic volume fraction and, consequently, a sufficiently high saturation
magnetization. Second, we demonstrate the modular nature and optical tunability of our self-
assembly synthesis strategy by additionally synthesizing SPION-studded gold nanoplates
(SPION-AUNPs) that absorb NIR light of longer wavelengths. This feature allows the
presented synthesis scheme to be easily adapted for constructing hybrid nanostructures with
other plasmonic nanoparticles. Finally, due to the stable nature of the chemisorption
interactions between the SPIONs and plasmonic nanoparticles in our HPSNPs, our self-
assembly approach to synthesizing HPSNPs represents a facile, non-toxic approach to
synthesizing HPSNPs appropriate for use in multimodal, biomedical technologies.

EXPERIMENTAL METHODS

The synthesis strategy for the SPION-AUNRS is illustrated in Scheme 1. First,
cetyltrimethylammonium bromide (CTAB)-coated AUNRs (CTAB-AuUNRS) were obtained
with a synthesis reaction adapted from a previously reported seed-mediated protocol.30 It
has been demonstrated that the physisorbed CTAB surfactant layer coating the AUNRS is
cytotoxic but can be replaced by ligands bearing thiol (-SH) groups that form thiolate bonds
with gold atoms on the nanorod surface.3! Therefore, a solution of CTAB-AuNRs with an
optical density (OD) between 13 and 15 was mixed with an equal volume of a 0.2 mM
solution of heterobifunctional -COOH and —SH terminated poly(ethylene glycol) (PEG)
chains (COOH-PEG-SH) with a molecular weight of 5000 Da. Replacement of the CTAB
surface layer not only improved the biocompatibility of the AUNRs, but also left the AUNRS
functionalized with free -COOH groups necessary for later forming the hybrid
nanostructure. In short, the formation of gold-thiolate bonds between the COOH-PEG-SH
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and CTAB-AuUNR resulted in the displacement of CTAB surface layers and the ultimate
PEGylation and -COOH-functionalization of the AUNRS’ surfaces.

Next, the “bare,” TREG-stabilized superparamagnetic iron oxide nanoparticles (TREG-
SPIONSs) were synthesized via a thermal decomposition reaction of 1 g iron (I11)
acetylacetonate (Fe(acac)s) in 20 mL TREG without a surfactant present and under an inert
argon atmosphere.32 Thermal decomposition reactions serve as ideal synthesis methods for
SPIONs on account of their ability to yield highly monodispersed SPION products of nearly
spherical species.2 However, such reactions require the use of solvents with boiling points
well over the 180°C, the melting point of Fe(acac)s. Consequently, high molecular weight,
toxic organic solvents are commonly employed in such syntheses.33 We chose TREG as the
solvent for SPION synthesis since it eliminated the need for toxic organic solvents during
synthesis, is a suitable high boiling point solvent, and serves as a reducing agent necessary
to induce decomposition of Fe(acac)s into free ferric and ferrous ions.32 Furthermore,
surfactants such as oleic acid are commonly used during SPION synthesis since they
chemisorb to the SPION surface and help control the nanoparticles’” growth, size, and
morphology.33 A surfactant-free method was chosen here since strongly adsorbed
surfactants substantially hinder the surface reactivity of SPIONs. TREG serves as a weak
stabilizing agent that can later be easily displaced by surfactants, polymers, and other
ligands expressing —COOH groups, which have a strong, well-characterized affinity for
ferrous ions.282% The TREG-SPIONSs are therefore referred to as “bare” on account of their
surfaces’ high, unhindered reactivity with -COOH groups.

Finally, for SPION-AuUNR synthesis, 100 pL of TREG-SPION solution was cleaned by
several centrifugation steps and washings with 1.5 mL of 1:1 ethanol and ethyl acetate
mixture, dried in nitrogen, and suspended in 2 mL of an aqueous hydrochloric acid (HCI)
solution (pH = 3.5). To this solution, 2 mL of COOH-AuUNR solution was added, and the
reaction mixture was sonicated for 5 minutes and allowed to react for 1 hr while vortexing at
500 rpm. Upon mixing, the carboxyl-terminated PEG chains provided by the COOH-AuNRs
served as chemisorption sites for the TREG-SPIONSs. The ratio of TREG-SPIONs to COOH-
AUNRs in the self-assembly reaction was sufficiently large to permit the TREG-SPIONS to
overwhelm the free COOH-AUNR surface area. If the TREG-SPION to COOH-AUNR ratio
was too low, obvious and nearly immediate aggregation resulted from the chemisorption of
multiple COOH-AuUNRs to the same TREG-SPIONSs (see Figure S1 in Supporting
Information). SPION-AuUNRs were separated from excess, unbound SPIONSs by light
centrifugation for 30 min at 1,500 g. The collected SPION-AUNR pellet was resuspended in
2 mL of deionized ultrafiltered (18.2 MQ-cm,) (DIUF) water. The morphologies of the
COOH-AuUNRs, TREG-SPION, and SPION-AuUNRs were analyzed with transmission
electron microscopy (TEM, Hitachi S5500 Scanning/Transmission Electron Microscope).
Superconducting quantum interference device (SQUID) magnetometry (MPMS SQUID
VSM, Quantum Design) was used to determine the superparamagnetic response of the
TREG-SPIONS, and extinction spectra of plasmonic and hybrid plasmonic-
superparamagnetic nanostructures were obtained via UV-Vis spectrophotometry (DU Series
600 Spectrophotometer, Beckman Coulter). Zeta potential measurements were obtained with
a Delsa Nano (Beckman Coulter).

RESULTS AND DISCUSSION

Representative TEM images of the COOH-AuUNRs and TREG-SPIONSs are shown in Figure
1A and Figure 1B, respectively. The TREG-SPIONs were roughly spherical in shape and
had a mean diameter of 7.5+1.2 nm, which was calculated with ImageJ software from a
sample population of 475 nanoparticles. As seen in Figure 1C, the TREG-SPIONs
successfully chemisorbed to the COOH-AuUNRS’ surfaces, yielding the desired hybrid
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SPION-AUNR nanostructures. As a control study, the same TREG-SPIONs were reacted
with AuNRs that had been PEGylated with methoxy-poly(ethylene glycol)-thiol (MPEG-
SH). Without free -COOH groups at their surfaces, it was not expected that the SPION-
AuNRs would form upon mixing of these mPEG-SH-coated AUNRs (MPEG-AuNRS) and
TREG-SPIONS. As evident from Figure 1D, TEM confirmed that without free -COOH
groups present, SPION-AuNRs do not form: only a mixture of mMPEG-AuUNRs and TREG-
SPIONS is present.

The TREG-SPIONSs exhibited a saturation magnetization of 58 emu per g of nanoparticles
according to SQUID magnetometry (see Figure 2A). As seen in the UV-Vis
spectrophotometry data of Figure 2B, the CTAB-AuUNRSs possessed plasmon resonances
within the NIR range, and PEGylation of the CTAB-AuUNRs with COOH-PEG-SH did not
significantly alter the NIR optical properties of the AUNRs. PEGylation resulted in a blue-
shift of the extinction peak between 20 and 40 nm (see the red and blue spectra in Figure
2B).

The extinction maximum observed for the SPION-AUNRSs collected by centrifugation
consistently exhibited a red-shift of approximately 25 nm with respect to the COOH-AUNRS
(see the blue and light purple spectra in Figure 2B). Other studies have reported red-shifts of
approximately 20 to 35 nm in extinction maximum upon studding plasmonic noble metal
nanoparticles with similarly-sized iron oxide nanoparticles.2%-24 Thus, in conjunction with
the TEM data presented in Figure 1, the 25-nm red-shift observed for the resuspended
nanoparticle pellet obtained from the reaction of COOH-AUNRs and TREG-SPIONs
indicates the presence of SPION-AUNRs. UV-Vis extinction spectra were also obtained
from the control study with mPEG-SH and are provided in Figure S2 in the Supporting
Information. The centrifuged product of the control study, which was expected to not
contain SPION-AuUNRs, exhibited a ~10-nm red-shift in extinction maximum with respect to
the extinction peak for mMPEG-AuNRs. We attribute this minor red-shift in extinction peak to
non-specific interaction between the mMPEG-AuUNRs and remaining TREG-SPIONSs in
solution. Lastly, upon their collection by microcentrifugation and resuspension in nanopure
water, a slight broadening of the extinction spectrum was observed. This broadening is
likely the result of minimal nanoscale aggregation between SPION-AUNRs as they are
forced closer towards other SPION-AuUNRSs during the centrifugation step (see Figure S4 in
the Supporting Information.

The colloidal stability of the cleaned TREG-SPIONs was essential to the successful
synthesis of the hybrid SPION-AuUNRSs. In the course of our experiments, we found that the
cleaned TREG-SPIONs were not highly dispersible in water. However, by suspending them
in an aqueous HCI or NaOH solution, the TREG-SPIONSs’ colloidal stability drastically
improved. Acidic, basic, and DIUF water suspensions of TREG-SPIONs were reacted with
aqueous suspensions of COOH-AUNRs, but the desired SPION-AuNRs only self-assembled
when TREG-SPIONSs in aqueous HCI solutions were used (see Figure S3 in Supporting
Information).

Studies have shown that “bare” SPIONSs synthesized by co-precipitation reactions become
positively charged in acidic solutions, suggesting that “bare” TREG-SPIONSs also become
positively charged in acidic solutions.28:29 This was confirmed by zeta potential
measurements. In aqueous HCI solution (pH = 3), TREG-SPIONSs had zeta potentials of
approximately 37 mV. Resuspended in the same HCI solution, COOH-AuUNRS possessed
zeta potentials of approximately —68 mV, revealing that there are free -COOH groups on the
surfaces of the COOH-AuUNRs that remain deprotonated during the self-assembly synthesis
reaction. Thus, the self-assembly of SPION-AuUNRs was facilitated by the HCI solution by
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creating an electrostatic attraction between positively charged TREG-SPIONs and
negatively charged COOH-AuNRs.

Our ligand-mediated, self-assembly approach is also modular in nature. Any plasmonic
nanoparticle that is capable of forming thiolate bonds with COOH-PEG-SH and remaining
stable in HCI solutions can be substituted for the COOH-AuNRSs. Therefore, our method
enables the synthesis of HPSNPs possessing practically limitless options of extinction
spectra. The modular feature of the presented HPSNP self-assembly-based synthesis was
demonstrated by mixing TREG-SPIONs with gold nanoplates (AuNPs) that had been
PEGylated with COOH-PEG-SH (COOH-AuNPs, see Figure 3A). Figure 3B shows a TEM
image of COOH-AuNPs with multiple TREG-SPIONs chemisorbed to their surfaces,
forming SPION-studded AuNPs (SPION-AuUNPs). The SPION-AuNPs maintained similar
plasmonic properties to the COOH-AuUNPs according to the extinction spectra shown in
Figure 3C. By synthesizing the SPION-AuNPs, we have demonstrated the modular feature
of our HPSNP synthesis method.

For many multimodal medical imaging applications, it is desirable for the plasmonic and
superparamagnetic components of an HPSNP to remain bound in vivo if the hybrid
nanostructure is employed as a dual imaging contrast agent. Under intense laser irradiation
or under exposure to extreme temperatures, the chemisorption interactions between the
COOH-AuUNR and TREG-SPIONSs or the gold-thiolate bonds anchoring the COOH-PEG-SH
to the AuNRs could be insufficiently strong to keep the SPION-AuNRSs intact.34 We have
silica-coated the SPION-AUNRSs, in a preliminary effort, using a modified Stéber method for
silica-coating AuNRs34 to demonstrate the feasibility of creating a more stable HPSNP (see
Supporting Information) that will remain intact under intense thermal conditions.
Additionally, this silica-coating study offers additional support to the claim that the TREG-
SPIONs do in fact chemisorb to the COOH-AuUNRSs: as seen in Figure 4; the silica-coating
reaction coats the SPION-AuNRs, rather than dissociating them and producing silica-coated
COOH-AUNRs and silica-coated TREG-SPIONS.

CONCLUSION

SPION-AuUNRSs were synthesized by the mixing of strategically functionalized plasmonic
AUNR and superparamagnetic TREG-SPION components and characterized through UV-
Vis spectrophotometry and TEM. Given their small size, NIR optical properties, and high
magnetic volume fraction, the SPION-AuUNRs can serve as HPSNPs for biomedical
applications. Our —COOH ligand-mediated self-assembly approach allows for the optical
tunability of the SPION-AuUNRs and presents a more facile approach for HPSNP synthesis
that does not require bioconjugation steps or toxic compounds. As demonstrated by the
synthesis of SPION-AuUNPs, the presented HPSNP synthesis method can be extended for
any plasmonic nanoparticle that readily forms metal-thiolate bonds with COOH-PEG-SH.
Thus, the HPSNPs produced from the proposed ligand-mediated, self-assembly synthesis
method are promising for employment in a host of multimodal biomedical imaging and
therapeutic applications requiring superparamagnetic and plasmonically active agents.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

NIR near-infrared

SPION superparamagnetic iron oxide nanoparticle

HPSNP hybrid plasmonic-superparamagnetic nanoparticle

SPION-AuUNR superparamagnetic iron oxide nanoparticle-studded gold nanorod

—COOH carboxylic acid

AuNR gold nanorod

TREG triethylene glycol

COOH-AuUNRs carboxylic acid-functionalized gold nanorods

CTAB cetyltrimethylammonium bromide

CTAB-AuNRs cetyltrimethylammonium bromide-coated gold nanorods

—SH thiol

oD optical density

PEG polyethylene glycol

COOH-PEG-SH heterobifunctional carboxylic acid and thiol terminated polyethylene
glycol

TREG-SPIONs triethylene glycol-stabilized superparamagnetic iron oxide
nanoparticles

Fe(acac)s iron (111) acetylacetonate

HCI hydrochloric acid

SQUID superconducting quantum interference device

TEM transmission electron microscopy

mPEG-SH methoxy-poly(ethylene glycol)-thiol

MPEG-AuUNRs MPEG-SH coated AuNRs

PBS phosphate buffered saline

NaOH sodium hydroxide

AuUNP gold nanoplate

COOH-AuUNP carboxylic acid-functionalized gold nanoplates
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SPION-AuUNP superparamagnetic iron oxide nanoparticle-studded gold nanoplate
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Figure 1.

TEM images of (A) COOH-AuUNRs, (B) TREG-SPIONSs, (C) a reaction mixture of COOH-
AUNRs and TREG-SPIONs showing SPION-AuUNR formation, and (D) a reaction mixture
of MPEG-AuUNRs and TREG-SPIONSs. The scale bar in each image represents 50 nm.
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Figure 2.

(A) The magnetization response of TREG-SPIONSs determined with SQUID magnetometry
and (B) the UV-Vis extinction spectra for (line a) 4x diluted CTAB-AuUNRs, (line b) 2x
diluted COOH-AuUNRs, (line ¢) 2x diluted cleaned TREG-SPIONSs in pH = 3.5 solution,
(line d) a 2x dilution of the reaction solution of TREG-SPIONs mixed with COOH-AuUNRs,
(line e) a 2x dilution of the SPION-AuUNRs collected by centrifugation and resuspended in
DIUF water, and (line f) a 1.3x dilution of the supernatant collected from the centrifuged
pellet of SPION-AuNRs.

Langmuir. Author manuscript; available in PMC 2014 February 26.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Truby et al.

Page 11

Extinction (a.u.)

300 450 600 750 900 1050 1200
Wavelength (nm)

Figure 3.

TEM images of (A) COOH-AuNPs and (B) SPION-AuUNPs in a reaction mixture of TREG-
SPIONs and COOH-AuUNPs (scale bars represent 75 nm) and (C) UV-Vis extinction spectra
for (line a) 30x diluted CTAB-AUNPs (OD = 30), (line b) 5.3x dilution of COOH-AUNPs,
and (line c) the reaction mixture of TREG-SPIONs and COOH-AUNPs.
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Figure4.
(a) Representative TEM image of a single SPION-AuUNR coated with a ~13 nm thick layer
silica. Scale bar represents 30 nm.
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Scheme 1.

Flow Diagram of the Self-Assembling Synthesis Method Depicting the Functionalization of
CTAB-AuNRs with Free -COOH Moieties and their Chemisorption to “Bare” SPIONs after
Mixing the COOH-AuUNRs and TREG-SPIONs
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