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M
agnetic metal-oxide nanoparticles
(MMOx-NP) with designer surface
chemistries are candidates for the

next-generation of cancer theranostics,1,2

including diagnostic assays,3 MRI contrast
agents,4 cell differentiation,5 immunostimu-
lation,6 hyperthermia,7 and drug delivery.8

However, agglomeration of nanoparticles
with a large surface-to-volume ratio will
result in the loss of magnetic characteristics,
decrease of surface activity, rapid detection,
and elimination from in vivo circulation. In
light of the aforementioned benefits and
hurdles, a major challenge in nanomedicine
is to devise a methodology to maintain
superparamagnetism with highly stable
MMOx-NP/polymer conjugates. An ideal
theranostic MMOx-NP will (1) avoid ferri-
magnetic agglomeration, (2) be sterically
stable to prevent agglomeration in physio-
logical media, and (3) provide surface func-
tionality for easy chemical modification.
To attain superparamagnetic magnetite,

nanoparticles smaller than ∼20 nm are com-
monly synthesized by co-precipitation of ferric

and ferrous salts.9 Although these discrete
particles are superparamagnetic, the force
acting on a nanoparticle in a magnetic field
is proportional to the particle size; thus,
discrete nanoparticles require the application
of large magnetic fields for in vivo activity.
Large-volume MMOx-NPs are ferrimagnetic
and require excess stabilizers to overcome
agglomeration, so magnetic nanoclusters
(MNCs) of discrete nanoparticles are most
desirable because the spins on neighboring
particles do not influence the total magne-
tization, and large volume provides for high
activity in smaller magnetic fields.10�12

MNCs are composites of adjacent iron oxide
nanoparticles, aggregated with polymer
stabilizers. The size and shape of polymer-
stabilized nanoclusters have been controlled
with block copolymers11,13 and proteins;14

however, thedegreeof functionality hasbeen
limited because of the need for a large
amount of stabilizing agents. To attain novel
surface chemistries, discrete nanoparticles
and MNCs are usually modified from an oleic
acid coating or treated with sophisticated
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ABSTRACT Composite nanoclusters with chemical, magnetic,

and biofunctionality offer broad opportunities for targeted cellular

imaging. A key challenge is to load a high degree of targeting,

imaging, and therapeutic functionality onto stable metal-oxide

nanoparticles. Here we report a route for producing magnetic

nanoclusters (MNCs) with alkyne surface functionality that can be

utilized as multimodal imaging probes. We form MNCs composed of

magnetic Fe3O4 nanoparticles and poly(acrylic acid-co-propargyl

acrylate) by the co-precipitation of iron salts in the presence of copolymer stabilizers. The MNCs were surface-modified with near-infrared (NIR) emitting

fluorophore used in photodynamic therapy, an azide-modified indocyanine green. The fluorophores engaged and complexed with bovine serum albumin,

forming an extended coverage of serum proteins on the MNCs. These proteins isolated indocyanine green fluorophores from the aqueous environment and

induced an effective “turn-on” of NIR emission.
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ligand exchange reactions tomodify the surface moiety
for subsequent attachment of desired molecules.15�17

Ligand exchange reactions commonly require non-
aqueous solvents, harshconditions, andmultistepprotec-
tion sequences that are not amenable to high-efficiency
functionalization or high-throughput production.
Unlike the direct surface functionalization of MMOx-

NPs, the polymer stabilizers required forMNC synthesis
have the potential to incorporate a myriad of surface
functional groups in a single step by designing and
employing novel copolymer stabilizers. An ideal mag-
netic nanocluster functionality, which has been diffi-
cult to achieve, is the preparation of MMOx-NPs for
ready use in the copper(I)-catalyzed azide alkyne cy-
cloaddition (CuAAC) reaction. CuAAC reactions are a
typical example of the “click reaction” (aqueous com-
patibility, high yield, oxygen insensitive, and orthogo-
nal chemistry)18 and have been widely applied in the
fields of drug development and biomacromolecule
modifications.19 Fewefforts have beenmade tomodify
magnetic nanoparticles for click chemistry without
direct ligand exchange on the surface of the particles.
Prior efforts have demonstrated routes for coating
individual nanoparticles with poly(acrylic acid) and
proceeding with EDC coupling reactions to exchange
carboxylates for alkyne functionality.20 However, these
efforts required multiple labor-intensive synthesis
steps to provide an alkyne functionality. To meet the
demand for the rapid development of commercially
applicable magnetic nanoparticles, high-throughput
surface coating and functionalization procedures must
be synchronized.
Herein, we report the synthesis and characterization

of “clickable” magnetic nanoclusters and their devel-
opment as bioimaging tools which exhibit protein-
activated NIR fluorescence. Prior efforts have exploited
the formation of MNCs to increase bioimaging sensi-
tivity,21,22 but to date, there has been no effort to
incorporate a functional moiety onto the surface of
the MNCs. Therefore, the design of our polymer stabi-
lizers incorporated a chemisorbed stabilizer (acrylic acid)
with an alkyne-bearing comonomer (propargyl acrylate).
Addition of the alkyne functional group provided for the
use of the CuAAC reaction, which is a facile and versatile
chemistry for bioconjugation. Unlike previously reported
MNCs, our magnetic nanoclusters (MNCs) offer (1) the
ability to attain bulk magnetization response by cluster-
ing discrete nanoparticles and (2) the ability to selectively
functionalize the MNCs with a click transformation. The
MNCs composed of discrete iron oxide (Fe3O4) nano-
particles and copolymer stabilizers exhibited near bulk
magnetization response (∼93emu 3 g

�1),which is greater
than that of discrete superparamagnetic nanoparticles.
More importantly, the addition of the alkyne functional
group was exploited via the conjugation of an azide-
modified, theranostic fluorophore on the surface of the
MNCs. The attachment of azICG-induced serum albumin

binding formed a fluorescence-enhancing microenvir-
onment around the attached fluorophores and re-
sulted in the effective “turn-on” of NIR emission. The
conjugation of MNCs and azICG provides for the con-
structive utilization of the surface-bound proteins and
lipids that would be encountered during in vivo appli-
cation. This system presents the blueprint for the next-
generation ofmultimodal imaging platforms, incorpor-
ating both high sensitivity to magnetic fields and the
added contrast of a “bioswitched” fluorescence.

RESULTS AND DISCUSSION

Recently, we proposed a method for the click func-
tionalization of nanoparticles by polymerization of a
clickable shell onto a polystyrene core.23 To this end,
we utilize a functional copolymer to form iron oxide
nanoparticles intoMNCs. Figure 1a1presents a schematic
of the procedure employed to synthesize fluorescent
MNCs. The iron oxide nanoparticles were prepared
using amodified chemical co-precipitation of iron salts
with a strong base. To aggregate the iron oxide
nanoparticles and form stable MNCs, the synthesized
copolymers were incorporated as aqueous solutions
with the iron salts. To achieve alkyne functionality,
poly(acrylic acid-co-propargyl acrylate) was used as
the stabilizer. The carboxylate groups of poly(acrylic
acid) bind to the MMOx-NP surface, and propargyl
acrylate acts as the functional comonomer due to its
general application in click reactions, including CuAAC
and thiol-yne additions.18,24 Subsequently, the surfacesof
the MNCs were modified via the CuAAC reaction be-
tween the alkyne-functionalized stabilizer and a Food
and Drug Administration approved near-infrared (NIR)
emitting fluorophore and theranostic moiety, indocya-
ninegreen (ICG, λex =780nm, λem=820nm).25,26 The ICG
moiety was modified with an azide functionality (azICG).
Due to themild reaction conditions, high conversion rate,
and chemoselectivity, click reactions are a powerful
strategy for magnetic, fluorescent nanocomposite pre-
paration. The CuAAC click reaction offers a good alter-
native to other more conventional MMOx-NP function-
alization schemes that often rely on the reactivity of
amine and thiol groups.1,27 The azICG-modified MNCs
were characterized using absorption and fluorescence
measurements. Figure 1a2 presents the absorption
and fluorescence (λex = 725 nm) spectra of the azICG-
MNCs suspended in phosphate buffered saline solution
(PBS, pH = 7.4, 0.1 M). The inset of Figure 1a2 presents
the uncorrected absorbance spectrum of bare-MNCs
and azICG-MNCs. Bare-MNCs have a broad absorbance
in the NIR wavelengths, but distinct absorbance peaks
arisewhen ICG is functionlized to the surface. The azICG-
MNCs have an absorption maximum at λex = 800 nm
and fluorescence maximum at λex = 827 nm, with
a resulting Stokes shift for the nanocluster-attached
dyes of 27 nm. The fluorescent azICG-MNCs exhibit a
bathochromic shift from the absorbance and emission
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of solvated ICG, which is expected from surface-
conjugated azICG.28 The CuAAC reaction successfully
coupled azICG to the stabilizing polymer, yielding
novel fluorescent MNCs.
Figure 1b1 illustrates the subsequent fluorescence

protein activation by binding of bovine serum albumin
to the surface-attached azICG. Prior efforts have shown
that an initial immunoresponse to exogenous nano-
particles results in the rapid formation of a protein and
lipid “corona” at the nanoparticle surface.29 Previously
considered a hindrance to the in vivo use of nanopar-
ticles, recent reports have exploited the formation
of the protein corona as an active component of the
theranostic system.28,30 To this extent, the azICG-MNCs
were exposed to serum albumin to elicit a bioactivated
fluorescence. It has been well-established that the
fluorescence of high concentrations of ICG, whether
aggregated in aqueousmedia or on a surface, is greatly
diminished.31 However, the fluorescence quantum
yield of ICG can be promoted by the adsorption of
the fluorescentmoiety onto amacromolecule or binding
with a protein.28,32 Accordingly, the azICG-MNCs were

mixed with bovine serum albumin (BSA) at increasing
concentrations, and the fluorescent response was
monitored after a 12 h incubation period. The observed
fluorescence intensity increased with additional BSA,
with the rate of increase slowing at concentrations of
BSA greater than 0.25 mM (cf. Figure 1b2). The inset of
Figure 1b2 presents the intensity ratio (I/I0) for the
azICG-MNCs at different BSA concentrations. The azICG-
MNCs exhibit a long-term increase in total fluorescence
of ∼250%, where the ultimate fluorescence intensity
was monitored after 60 h. The observed fluorescence
activation with BSA is attributed to the ability of the
protein to form a hydrophobicmicroenvironment at the
surface of the MNCs and isolate the azICG moiety from
the bulk, aqueous environment. By altering the local
microenvironment of the azICG, there is an increase in
quantum yield and subsequent promotion of fluores-
cence intensity.28,33 The bound protein acts to “turn-on”
the NIR fluorescence, while providing an effective, bio-
mimetic surface for the MNCs, and this effect greatly
increases the potential of utilizing the azICG-MNCs for
directed in vivo imaging. Protein-activated fluorescence

Figure 1. (a1) Schematic of the production of polymer-stabilized nanoclusters by chemisorption of poly(acrylic acid-
co-propargyl acrylate) to Fe3O4 nanoparticles and functionalized with an azide-modified indocyanine green derivative
(azICG) attachedbyCuAAC. (a2) Attachment of azICGprovides absorption (O) andphotoluminescence (b) response in theNIR
wavelengths (λex = 725 nm). (b2,Inset) Bare nanoclusters showa broad absorbance across theNIRwavelengths (- - -), and after
modification with ICG, distinct absorption bands arise at 725 and 800 nm (;). (b1,b2) Subsequent fluorescence activation is
exhibited after incubation and complexation with bovine serum albumin, (b2,inset) resulting in >250% increase in total
fluorescence. Absorbance and fluorescence were measured at an MNC concentration of 1 mg 3mL�1 in PBS.
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has been a long-standing goal to enhance signal-
to-noise ratio in vivo.34,35 Multimodal fluorescence
imaging is often limited by wash-out from background
fluorescence. This deliterious effect has been success-
fully countered by the protein activation of MNC
fluorescence, which enhances the contrast for imaging
real-time biological events. The extent of fluorescence
activation of these MNCs is dependent on the avail-
ability of azICG at the surface of the MNCs which
provides binding sites for proteins, and these MNCs
are a model for the array of biofunctional ligands that
can be attached to the MNCs formed with functional
copolymer stabilizers.

Synthesis and Characterization of Polymers. While design-
ing functional copolymer stabilizers to carry the bind-
ing ligands and to form the iron oxide MNCs, we con-
sidered their adsorption properties and the challenges
associated with incorporating bifunctional monomers.
We reasoned that the intelligent incorporation of
clickable moieties into “metal-complex” coatings will
shortcut themultistep ligand exchange reactions, while
providing a biocompatible, stabilizing surface. It has
been established that carboxylate groups strongly com-
plex with metal atoms inmetal oxides through bidentate
resonance bonding.36�38 For our studies, we designed
copolymers with a foundation of carboxylic acid groups,
in the formof poly(acrylic acid), to serve as anchorswhich
will complexwith the iron atoms at the surface of the iron
oxide nanoparticles.

Poly(acrylic acid) (P(AA)) and poly(acrylic acid-co-
propargyl acrylate) (P(AA-PA)) polymers were synthe-
sized and used to form stableMNCs. To incorporate the
desired functionality, we exploited the simple free-
radical copolymerization of acrylic acid with propargyl
acrylate (PA), an acrylic monomer containing alkyne
functionality. Propargyl acrylate is able to act as a
bifunctional monomer in free-radical polymerization.
The use of a chain transfer agent (CTA) for synthesis
of high molecular weight, PA-containing polymer is
essential because the use of even small amounts of PA
can result in cross-linked gels.39 During synthesis of the
copolymer stabilizers, cross-linking was avoided by
balancing the amount of the bifunctional PA mono-
mer, polymerization time, and concentration of a CTA,
1-nonanethiol.23 The addition of CTA also benefited
the tailoring of the molecular weight and polydisper-
sity (PDI) of the synthesized polymers.

The synthesized polymers were analyzed by FTIR
spectroscopy to verify the constituency of the polymer
stabilizer and presence of the incorporated alkyne
functionality. FTIR spectra for the synthesized polymers
used in this study (citric acid and the variants of PAA
andAA-PA) are provided in the Supporting Information
(Figure S1). The characteristic stretching frequencies of
P(AA) include O�H stretching at 3431 cm�1, CdO
stretching at 1728 cm�1, and the C�O stretching at
1100�1200 cm�1. All spectra exhibited the series of

broad peaks between 2500 and 3500 cm�1 attributed
to the O�H stretching and bound water. The defined,
strong peak at 1750 cm�1 is directly attributed to the
C�O stretching in the carboxylates of each polymer.
The FTIR spectrum of the P(AA-PA)3%,CTA stabilizer
clearly exhibited a peak at 2130 cm�1, attributed to
the alkyne functionality, while any signal at 2130 cm�1

for P(AA-PA) without CTA (P(AA-PA)3%) was within the
noise level and difficult to discern.

Gel permeation chromatography (GPC) was per-
formed with the synthesized polymers, and the calcu-
lated molecular weights are presented in Table 1.
Polymers that did not employ CTA (P(AA), P(AA-PA)1%,
and P(AA-PA)3%) exhibited number averagedmolecular
weights that range from16000 to 29000 andhave a PDI
between 1.32 and 2.23. In contrast, the polymers which
employed the CTA exhibited significantly lower molecu-
lar weights of 12800�17100 and a broader PDI between
2.97 and 4.48. The reduction of molecular weight and
increase of PDI are the expected outcomes of the
incorporation of the CTA.40 The molecular weight of the
stabilizers was tailored to a range that has been reported
to form nanoclusters with a high polymer loading and by
bridging between nanoparticles.13 A high percent of
polymer incorporation and uniform coating is critical
for maintaining colloidal stability of the MNCs and to
achieve an accessible alkyne functionality.

Preparation of Magnetic Nanoclusters. To prepare the
MNCs, iron oxide nanoparticles were synthesized by a
standard co-precipitation technique in the presence of
the stabilizing polymers. As a reference, MNCs were
also prepared with citric acid, which acts as a small-
molecule stabilizer by an analogous carboxylate com-
plexation with the iron oxide nanoparticles.41�43 The
copolymer-stabilized MNCs were analyzed with FTIR
spectroscopy and thermogravimetric analysis (TGA) to
determine their constituency. Figure 2a presents the
FTIR spectra of the preparedMNCs. The peaks between
400 and 600 cm�1 are associated with the stretching
and torsional vibration modes of the Fe3O4; these
assignments are concordant with the two broad bands
at 580 and 400 cm�1 associated with magnetite.44

TABLE 1. MolecularWeight Characteristics of Synthesized

Poly(acrylic acid) (P(AA)) and Poly(acrylic acid-co-propargyl

acrylate) (P(AA-PA))a

Mw/Mn PDI

P(AA) 16.6k/12.6k 1.32
P(AA)CTA 12.8k/4.3k 2.97
P(AA-PA)1% 22.7k/13.9k 1.64
P(AA-PA)1%,CTA 17.1k/4.5k 3.79
P(AA-PA)3% 29.1k/13.0k 2.23
P(AA-PA)3%,CTA 14.3k/3.2k 4.48

a Subscript denotes molar percent propargyl acrylate and chain transfer agent
(1-nonanethiol) used in polymerization. Molecular weights were determined by gel
permeation chromatography.
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All MNCs exhibit peaks at 2900 cm�1 (the stretching
vibration of C�H groups) and 1442�1400 cm�1 (the
bending vibration of C�H groups and asymmetric
stretching of C�O groups). The broad, intense band
at 3500 cm�1 exhibited by the citric acid and polymer-
stabilized nanoclusters is attributed to structural �OH
groups and incorporated water. The 1700 cm�1 peak is
attributed to the CdO vibration (symmetric stretching)
of the COOH group present in the stabilizers, which
shifts to a broader band at 1600 cm�1, revealing the
binding of a carboxylate to the iron oxide surface.36,37

In both cases, the position of the carboxylate asym-
metric and symmetric stretching frequency exhibits a
hypsochromic shift when attached to the iron oxide
particle surface compared to the unadsorbed P(AA).
Nonsignificant differences between the FTIR spectra of
the nanoclusters were observed, suggesting a uniform
mechanism of carboxylate complexation for both citric
acid, P(AA), and P(AA-PA) polymer�iron binding. The
FTIR spectrum of the P(AA-PA)3%,CTA stabilizer exhib-
ited a peak at 2125 cm�1, attributed to the incorpo-
rated alkyne groups. Figure 2b presents the thermo-
grams of polymer-stabilized MNCs, and the polymer
content is summarized in Table 2. The degradation

between 200 and 400 �C is attributed to the thermal
degradation of P(AA), the primary polymer constituent
of the MNCs. The polymer content ranged between 11
and 38% (w/w), with the highest polymer content in
systems that utilized CTA. Both the lower molecular
weight and higher PDI of polymers synthesized with
CTA contributed to the increased polymer content of
the nanoclusters. For polymers with higher PDI, the
array of molecular weights acts as a mosaic coating in
which secondary polymer chains can “pack” onto the
nanocluster.13 The range of polymer content realized
by tailoring the molecular weight and PDI is a benefit
for optimizing MNC formation.

The control of the polymer loading also effects the
stability of MNCs in an array of aqueous environments.
The stability of the MNC is dependent on electrosteric
repulsion over a range of pH values, which would be
encountered for both in vitro and in vivo applications.
MMOx-NPs, while capable of being suspended in
water, aggregate due to attractive van der Waals
forces; thus, we investigated the stabilizing effects of
the copolymer for MNCs suspended in a range of
aqueous buffers. The reported MNCs would be steri-
cally stabilized by the polymer coating of the iron oxide
surface; moreover, the formed MNCs are electrostati-
cally stabilized due to the choice of a polyelectrolyte as
the MNC-forming polymer. The stability of the MNCs
was assessed by ζ-potential analysis. The MNCs were
considered stable, due to the mutual electrosteric
repulsion, when the absolute ζ-potential is greater
than 30 mV.45 In the case of the nanoclusters, the acid
groups of all stabilizers would provide a negative sur-
face charge and MNC repulsion. Figure 3 presents the
ζ-potential of the citric acid, P(AA), and P(AA-PA)
formed nanoclusters. Salt concentration was main-
tained at a relatively high level, 0.1 M, to ensure a high
ionic strength at the extremes of the pH range. Ex-
cellent stability is exhibited for all nanoclusters at 5 <
pH < 9, with the ζ-potential values in this range of pH
falling below �30 mV. An isoelectric point is clearly
realized for citric acid formedMNCs (Figure 3a) at pH <2.

Figure 2. (a) FTIR spectra of bare iron oxide nanoparticles
and polymer-stabilized nanoclusters. (b) Thermogravi-
metric analysis of bare iron oxide nanoparticles (;), poly-
(acrylic acid-co-propargyl acrylate) (2, Δ), and poly(acrylic
acid) (b, O) stabilized nanoclusters.

TABLE 2. Characteristics ofMNCs Stabilized by Citric Acid,

Poly(acrylic acid), orPoly(acrylic acid-co-propargyl acrylate)a

dDLS
b (nm)

polymer

(w/w)% dX
c

fmax
d

(kHz) τeff (s) τB (s)

citric acid 59 ( 9 31.19 15.62 0.00001 0.00001
P(AA) 278 ( 17 18.0 331.53 0.013 0.01225 0.00738
P(AA)CTA 225 ( 19 37.6 316.09 0.015 0.01062 0.00391
P(AA-PA)3% 162 ( 10 11.7 131.99 0.206 0.00077 0.00146
P(AA-PA)3%,CTA 136 ( 6 31.3 71.43 1.330 0.00012 0.00086

a Subscript denotes molar percent PA and use of chain transfer agent. Polymer
(w/w)% was measured by thermogravimetric analysis. b Hydrodynamic diameter of
nanoclusters as measured by dynamic light scattering. c Hydrodynamic diameter of
nanocluster derived from low-frequency AC susceptometry. d Frequency at max-
imum absorbance for the imaginary component of complex susceptibility; τeff and
τB were calculated from eqs 1 and 2, respectively.
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The higher loading of polymers in the MNC provides
better stability, as illustrated by the shift where the
ζ-potential exceeds�30 mV. At pH <6, there is a sharp
increase in the ζ-potential for the citric acid MNCs. The
destabilization is caused when the carboxylate group
in the citric acid nanoclusters is protonated at pHe5.5.36

The polymer-stabilized MNCs demonstrate a similar
effect at pH <5.5; however, the abundance of polymer
maintains ζ-potential values less than �30 mV until a
pH <3 is reached. Being highly stable in this broad
range of aqueous buffers, the polymer-stabilizedMNCs
are suitable for any number of surface-conjugation
reactions and physiological applications.

Characterization of Iron Oxide Nanoparticle Formation and
Clustering. MNC formation can be initiated by two
mechanisms: (1) reduction of surface energy of the
nanoparticles followed by the chemisorption of poly-
mer to the nanocluster surface or (2) bridging of an
extended network of hydrated polymers between in-
dividually coated nanoparticles. The predominant for-
mation route is dictated by themolecular weight of the
stabilizer, where a minimum in nanocluster size is ex-
hibited by individually coated nanoparticles, followed
by a sharp rise in nanocluster diameter as molecular
weight increases and bridging occurs.13 To better under-
stand theeffect ofmolecularweight andPDI on the in situ
formation of MMOx-NPs into MNCs, the arrays of pre-
pared MNCs were characterized with HR-TEM, dynamic
light scattering (DLS), and AC susceptometry; the char-
acteristics of the MNCs are summarized in Table 2.

Figure 4a presents HR-TEM micrographs of an illus-
trativeMNC, formedwith P(AA-PA)3%,CTA. The polymer-
stabilized MNCs are composed of densely aggregated
Fe3O4 nanoparticles, as illustrated in Figure 4a1 (the
characteristic 2.54 Å lattice spacing corresponds to the
d value of the [311] plane of Fe3O4).

46 At lower magni-
fication, we can also resolve that the MNCs were com-
posed of primary Fe3O4 crystals between 5 and 20 nm
(well within the superparamagnetic regime) and a
5�10 nm stabilizing cap of copolymer (additional
micrographs are provided in Figure S2). Vibrating
scanning magnetometry was utilized to measure the
magnetic properties of the synthesized MNCs, and a
representative magnetization curve of the polymer-
stabilized MNCs is provided in Figure S4. The MNCs
exhibited ferromagnetic behavior withminimal hyster-
esis attributed to the resultant polydispersity of nano-
particle size due to the co-precipitation of Fe3O4

nanoparticles (Hc < 0.02 kOe).47 The saturation magne-
tization was ca. 93 emu 3 g

�1, which is the theoretical
magnetization value of magnetite at room tempera-
ture (90�100 emu 3 g

�1).48 The near superparamagnetic
behavior is attributed to the discrete MMOx-NPs within
the MNCs, and the high saturation magnetization is
attributed to the ability of the polymer stabilizers to
form large clusters of the discrete MMOx-NPs. The
increased size of the clusters provides for optimized
coupling with the applied magnetic field.

The size of the MNCs was determined by DLS, and
themean hydrodynamic diameter and standard devia-
tion are provided in Table 2. The MNCs ranged from
50 to 300 nm dependent on molecular weight of the
agent applied for cluster formation. The citric-acid-
stabilized nanoclusters had the smallest hydrodynamic
diameter of 59 nm. The clustering of citric-acid-
stabilized MNCs are solely attributed to the minimiza-
tion of the Fe3O4 surface energy, as the citric acid
coating does not shield against the van der Waals
attractive interaction between MMOx-NPs.49 The mean
hydrodynamic diameter was 278 and 162 nm for P(AA)
and P(AA-PA) nanoclusters, respectively. The average
diameter for nanoclusters formed with P(AA)CTA and
P(AA-PA)CTA was significantly smaller, 228 and 136 nm.
MNC size has been shown to be a function of poly-
mer molecular weight and PDI, in which MMOx-NP
aggregation dominates at low molecular weight and
stabilizer bridging forms MNCs at higher molecular
weight.13 Therefore, the use of CTA generates poly-
mers with low molecular weight and high PDI, where
the smaller chains may more efficiently coat the
MMOx-NPs, producing smaller MNCs. As the molecular
weight increases and PDI decreases, bridging between
the unstable MMOx-NPs occurs and the hydrodynamic
diameter of P(AA) and P(AA-PA) MNCs is shown to
increase. The molecular weight and PDI of the stabi-
lizing copolymers have a clear effect on the hydro-
dynamic size of these MNCs, suggesting that the

Figure 3. Zeta-potential of (a) citric acid, (b) P(AA), and (c)
P(AA-PA)3% formed magnetic nanoclusters, polymerized
with (filled) andwithout (open) chain transfer agent. Dotted
lines signify stable ζ-potential, where ζ e �30 mV.
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stabilizer characteristics also affect the mechanism of
cluster formation.

To further examine MNC formation, AC suscepto-
metry was employed to correlate magnetic relaxation
times to nanocluster size distributions and cluster con-
stituency. The characteristic relaxation times of MMOx-
NPs are highly sensitive to the surface chemistry, and
this property can be exploited as a probe in magnetic
biotechnologies, including protein binding assays1,50,51

and hyperthermia therapeutics.7 There are two distinct
mechanisms by which the magnetization of the MNCs
may relax after an applied magnetic field has been
removed: (1) bulk rotation of theMNCwithin the carrier
liquid (Brownian relaxation) or (2) rotation of the
magnetic vector within theMMOx-NP (Néel relaxation-
). In a sample with a distribution of MMOx-NP andMNC
size, both relaxation mechanisms will contribute to an
effective relaxation, τeff. The effective relaxation time is
dominated by the faster mechanism and is described
in eq 1, where τB and τN are the Brownian and Néel
relaxation times, respectively. When iron oxide MNCs
are formed by surface-energy minimization of nano-
particles prior to polymer stabilization, the proximity of
the nanoparticles causes nondiscrete magnetic re-
sponse, the nanoparticles become confined, and Néel
relaxation dominates.52 However, the polymer-stabilized
MNCs exhibit segregatedmagnetic properties, where the
MNCs relax by the Brownian mechanism.53�55

τeff ¼ τBτN
τB þ τN

¼ 1
2πfmax

(1)

Measurement of the frequency-dependent sus-
ceptibility provides a route to analyzing the cluster-
ing mechanism by measuring the dominant relaxation
mechanism. The frequency-dependent susceptibility

may be written in terms of its real and imaginary com-
ponents, where the complex susceptibility has a fre-
quency dependence fitted to the Debye model for
dielectric dispersions.56 This model utilizes an effective
relaxation time that is dependent on the excitation fre-
quency when the imaginary component of the com-
plex susceptibility attains a maxima, fmax (cf. eq 1). By
measuring the excitation frequency at which X00(ω)
attains a maxima, we can calculate a “magnetic” size dis-
tributionanddetermine theeffective relaxation time. The
frequency-dependent susceptibilitywasmeasured from
1e fe 250 kHz, and results are summarized in Table 2.

Figure 4c presents the normalized plots of the real
(X0(ω)) and imaginary (X00(ω)) components of the com-
plex susceptibility for (c1) iron oxide nanoparticles
versus citric-acid-stabilized MNCs and (c2) P(AA-PA)
and P(AA-PA)CTA-stabilized nanoclusters. In the ideal
Debye case, the predicted intersection of the real and
imaginary components occurs at the maxima of X00,
when ωτeff = 1 and X00(ω)max = 0.5.54,55 For iron oxide
nanoparticles, fmax would be realized at f > 1 MHz,
which results in relaxation times in the domain of the
Néel mechanism because the formation of MNCs by
iron oxide nanoparticles is caused by the reduction of
nanoparticle surface energy. The citric-acid-stabilized
MNCs also exhibit X00(ω)max at higher frequency but
have a clear local maxima at ca. 15 kHz. The citric-acid-
stabilized MNCs exhibit some Brownian relaxation.

Upon the addition of cluster-forming stabilizers, the
X00(ω) maxima shifts toward lower frequencies as ex-
hibited by the P(AA-PA) MNCs synthesized with and
without CTA (cf. Figure 4c2). A comparable trend is ex-
hibited by the P(AA) MNCs (cf. Figure S3). The shift
toward low-frequency absorption is indicative of the
increased effect of the Brownian relaxation mechanism.

Figure 4. (a1) HR-TEMmicrographs of P(AA-PA)-stabilized nanoclusters exhibiting the crystallinity of the Fe3O4 particles and
the [311] planewith lattice spacing of 2.54Å, and (a2) copolymer stabilizer coating on the surface of the nanocluster. (b)MNCs
under an applied externalmagnetic field are segregated and then easily redistributed after removal of the external magnetic
field. (c1,c2) AC susceptibility measurements in the range of 1�100 kHz, X0(ω) (filled) and X00(ω) (open) versus (c1) bare
nanoparticles (O, purple), citric-acid-stabilized nanoclusters (0, blue), and (c2) P(AA-PA) (Δ, pink) and P(AA-PA)CTA (3, green)
nanoclusters.
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In Figure 4c2, there is also a significant shift in the
maximum absorbance frequency between P(AA-PA)
synthesized with and without CTA. This shift corrobo-
rates the increasedMNCs' size exhibited in DLSmeasure-
ments, as the larger P(AA-PA) MNCs have a maximum
absorbance at lower frequency than the P(AA-PA)CTA.
The lower frequency results in a longer relaxation time,
attributed to the Brownian mechanism. The character-
istic rotational diffusion times of the Brownian relaxa-
tion mechanisms are realized at lower frequencies as
given by eq 2, whereη is the dynamic viscosity the carrier
fluidand r is thehydrodynamic radius. Thehydrodynamic
radii and calculated relaxation times are summarized in
Table 2. The calculated τeff values, derived from low-
frequency AC susceptometry, are within the Brownian
time domain (5 � 10�5 � 0.02 s) for all MNCs. The time
domain of τeff is also comparable to that of τB as
calculated from eq 2 using the DLS measured hydro-
dynamic radius of the MNCs. This correlation suggests
that the Brownian relaxationmechanism is the dominant
magnetic relaxation route for the MNCs.

τB ¼ 4πηr3

kT
(2)

To verify the dominant effect of Brownian relaxation in
the polymer-stabilized MNCs, the complex susceptibility
was measured at an increased viscosity, by changing the
carrier liquid from water (8.8 � 10�4 Pa 3 s) to glycerol
(50 (v/v)%, 6.7� 10�3 Pa 3 s) at 25 �C (cf. Figure 5).

53MNCs
exhibit a significant shift toward a lower fmax due to
viscosity change, aswouldbeexpected fromtheBrownian
relaxation mechanism. At higher viscosity, the lower
fmax correlates to a longer τB. However, the relative ab-
sorbance peak is unchanged, suggesting that the
stabilizing agent keeps the MMOx-NPs isolated and
the MNCs relax as a whole, not as discrete particles.

The relaxation of the MNCs is ultimately a distribu-
tion of both the Brownian and Néel mechanisms. For
ideal MMOx-NPs, the imaginary susceptibility attains
a maximum of 0.5 (X00max).

55,56 For these synthesized
MNCs, X00max < 0.5; therefore, the nanoclusters will
exhibit another local maxima at higher frequency
attributed to the Néel relaxation mechanism.54,57 The
distribution of the X00(ω) absorption is evidence of the
distribution of relaxationmechanismswithin the nano-
clusters and is most apparent when comparing the
imaginary components of the bare iron oxide nano-
particles, citric-acid-stabilized and P(AA-PA) MNCs
(cf. Figure 4c). For the P(AA-PA) MNCs, the absorbance
at low frequency is indicative of a dominant Brownian
relaxation effect, whereas the bare nanoparticles and
citric-acid-stabilized MNCs exhibit negligible absor-
bance in this range, intimating an absorbance distribu-
tion at higher frequency causedbyNéel relaxation. This
suggests that the MNCs are composed of (1) a core of
electrostatically aggregated iron oxide nanoparticles
and (2) a solvent-accessible volume of polymer-stabi-
lized nanoparticles aggregated by the bridging of the
attached stabilizer. The electrostatically aggregated
nanoparticles exhibit Néel relaxation, while the solvent-
accessible polymer�nanoparticle bridges at the surface
of the MNCs account for the dominant Brownian relaxa-
tion mechanism, as monitored by AC susceptometry.54

The combination of surface-energy minimization and
polymer-bridge clustering explains the comparably
high loading of polymers in the nanoclusters; that is,
the polymers penetrate through the volume of the
nanocluster. The segregation of MMOx-NPs in the
MNCs by the copolymer-stabilizer preserves the mag-
netic properties of discrete MMOx-NPs while reducing
the applied field necessary for magnetic response.
Therefore, the aggregated nanoparticles can affect a
much largemagnetic force, while the polymer-bridged
component provides for nanocluster stability, which is
a beneficial consequence for applications such as mag-
netic hyperthermia or magnetic drug delivery where
strong magnetic response is preferred but polymeric
functionalization and stealth is often required.

CONCLUSIONS

In this study, we demonstrated protein-activatedNIR
fluorescence using copolymer-stabilizedMNCs. Recent
efforts have begun to explore the utility of polymer-
stabilized MNCs,11,22 and in this effort, we successfully
demonstrated and characterized a general methodology
for producing MNCs with an alkyne functionality for use
as NIR fluorescing probes. The functional MNCs were
formed by the adsorption of poly(acrylic acid-co-propar-
gyl acrylate) onto iron oxide nanoparticles, which pro-
vided both colloidal stability and surface functionality.
Complicated synthesis routes previously required for the
surface functionalization of magnetic nanoparticles are
circumvented by designing the functional copolymer

Figure 5. Plot of normalized magnetic susceptibility, X0(ω)
(filled) and X00(ω) (open), agianst frequency for (a) citric acid
(O) and (b) P(AA-PA) (Δ) nanoclusters in water (blue) and
glycerol solution (gold).
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stabilizer prior to MNC formation. By copolymerizing
acrylic acid with propargyl acrylate, we synthesized a
clickable coating that would be anchored to the iron
oxide surface. We also demonstrated the size of the
nanoclusters, and thickness of the polymer coating
was controlled by tailoring themolecular weight of the
adsorbed polymer with the use of a chain transfer
agent during synthesis. The complex susceptibility
measurements of the particles were utilized to inves-
tigate the nanoparticles clustering formation. Nano-
clusters exhibited a relaxation time dominated by
Brownian relaxation, confirming that the particles coat
with polymer and then bridge to form clusters. The
availability of alkyne groups on the surface of the
aqueous-phase nanoclusters allowed for the surface

modification of the MNCs via the CuAAC reaction. A
theranostic moiety, azICG, was utilized for both its NIR
fluorescence and its protein binding properties. By
complexation with serum albumin, a hydrophobic
microenvironment was formed around the MNCs that
activated the NIR fluorescence and provided a biomi-
metic surface. These results clearly confirm the poten-
tial of our method to produce stable, functional
magnetic nanoclusters for multimodal theranostic ap-
plications. Further efforts will be employed to defini-
tively tailor nanocluster size and surface functionality;
moreover, we expect to extend this method to the
synthesis of clinically viable hyperthermia nano-
clusters, which exploit the CuAAC click reaction for
the targeting of nanoclusters and real-time imaging.

METHODS
Materials. Ferrous chloride tetrahydrate (FeCl2), ferric chlo-

ride hexahydrate (FeCl3), ammonium hydroxide, copper(II) sul-
fate (Cu(II)SO4), sodium ascorbate, azobisisobutyronitrile (AIBN),
1-nonanethiol, acrylic acid (99%), and propargyl acrylate (98%)
were purchased from Sigma-Aldrich (St. Louis, MO). Inhibitor
was removed from all monomers with a column of Alumina
Basic (60-325 mesh). Tetrahydrofuran (THF) (HPLC grade) and
dialysis tubing (SPECTRA, 10000 and 50000 MWC) were pur-
chased from Fisher Scientific (Waltham, MA). THF was dried
using a Innovative Technologies Inc. Pure Solv MD-2 solvent
purification system prior to use. Deionized water was obtained
from a Thermo Scientific Barnstead NANOpure system and ex-
hibited a resistivity of 18.2 � 1018 Ω�1 cm�1.

Synthesis of Poly(acrylic acid) and Poly(acrylic acid-co-propargyl
acrylate). Standard acrylic acid and clickable copolymers were
synthesized by solution, free-radical polymerization. All poly-
merizations were performed in dry THF (2 mL) under a nitrogen
atmosphere. An amount of monomer (2 g) and initiator (AIBN,
2 mg) was charged into the reaction vessel, and polymerization
was allowed to proceed for 8 h. A chain transfer agent (CTA),
1-nonanethiol, was used in the polymerization reaction to tailor
the molecular weight and polydispersity of the polymers. Poly-
mers were precipitated in cold methanol, filtered, and collected.
The precipitation cleaning was repeated three times in order to
remove all excess monomer, initiator, and CTA.

Preparation of Magnetic Nanoclusters. Iron oxide nanoparticles
were synthesized by amodified co-precipitationmethod. Aque-
ous solutions of ferric chloride (FeCl3) and ferrous chloride
(FeCl2) were mixed in a 2:1 molar ratio in a three-necked
round-bottom flask, fitted with a paddle stirring mantle, ther-
mocouple, and nitrogen purge. FeCl3 (2.703 g) and FeCl2 (0.9946
g) were dissolved in deionized water (50 mL), then vigorously
stirred and purged with nitrogen for 10 min. The solution was
purged with nitrogen to prevent unwanted oxidation. The
solution was heated to 80 �C before the dropwise addition of
ammonium hydroxide (20mL) until the solution reached pH 13.
For formation of bare MMOx-NPs, stirring continued for 30 min
and the solution turned from brown to black, before the
reaction was stopped by exposure to air and cooling. For
nanocluster formation, 0.5 g (ca. 13w/w%) citric acid or polymer
stabilizer was immediately added after the ammonium hydro-
xide, and the mixture was stirred for 90 min before cooling. The
formed nanoparticles or nanoclusters were removed from solu-
tion by repeatedmagnetic separation and dispersion in deionized
water. The final concentration of nanoparticles and nanoclusters
was prepared at ca. 5 mg 3mL�1.

Surface Modification of Magnetic Nanoclusters. Synthesis of an
azido-modified ICG was reported elsewhere.28 For a typical
surface modification of the nanoclusters, azICG (5 mg), sodium
ascorbate (15 mg), P(AA-PA) formed nanoclusters (10 mg), and

deionized water (10 mL) were combined in a round-bottom
flask. The solution was purged with nitrogen for 10 min before
the addition of Cu(II)SO4. The resulting mixture was maintained
at a temperature of 28 �C for 1 h. The reactionwas stoppedby the
removal of unreacted azICG, sodium ascorbate, and Cu(II)SO4

through a repeated particle washing procedure consisting of
magnetic collection and dispersion in water. The resulting parti-
cles were dialyzed against deionizedwater for 48 h at 4 �Cusing a
dialysis bag with a 10000 MWCO.

Characterization Methods. Molecular weights of the polymers
(diluted to 1 mg 3mL�1 in chloroform) were determined by gel
permeation chromatography (GPC) (chloroformat 1.0mL 3min�1),
using a Waters 515 pump, four 7.8 � 300 mm Styragel columns
(HR 2, 3, 4, 6), aWaters 2414 refractive index detector, and aWaters
2487 tunable absorbance detector. Reported molecular weights
are relative to narrow distribution polystyrene standards (Mw =
2330�980000). High-resolution transmission electronmicroscopy
was conducted with a Hitachi 9500. The infrared spectra were
recorded at room temperature in the wavenumber range of
400�4000 cm�1 and referenced against air with a Nicolet 6700
FTIR spectrometer. Thermogravimetric analysis was conducted
with a TA Instruments Hi-Res TGA 2950 thermogravimetric
analyzer. Dried powder samples were heated at a constant rate
of 20 �C 3min�1 from 30 to 700�C under a nitrogen purge. The
loss in mass after heating indicated the polymer component of
nanoclusters. Hydrodynamic diameter was measured using a
Coulter N4 Plus dynamic light scattering (DLS) analyzer and is
reported as intensity average. Zeta-potential measurements
were made with a Brookhaven Instruments Corporation ZetaPlus
zeta-potential analyzer. Complex susceptibility measurements
were made using an Imego DynoMag AC susceptometer. UV/
vis/NIR absorbance spectra were collected using a Perkin-Elmer
900 spectrometer. Photoluminescence (PL) spectrawere collected
using a ThermoOriel xenon arc lamp (ThermoOriel 66-902)mated
with a Thermo Oriel Cornerstone 7400 1/8m monochromator
(Thermo Oriel 7400) and a Horiba Jobin-Yvon MicroHR spectrom-
eter coupled to a Synapse CCD detector. All protein activation,
absorbance, and fluorescence measurements were made on
MNCs suspended in a PBS buffer (pH 7.4, 0.1 M).
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