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M
agnetic nanoparticles (MNPs) have
beenactively explored as core nano-
particles (NPs) for the fabrication

of metal or semiconducting quantum dots
as shell NPs and also for appropriate sur-
face conjugation with biomolecules, fluoro-
chromes, and radionuclides for a wide range
of biomedical applications.1�5 The uniform
size (<20 nm), narrow particle size distri-
bution, regular shape, high magnetiza-
tion values, biocompatibility, and nontoxicity
make the MNPs ideal candidates for cancer
imaging and therapy.6,7 One of the interesting

approaches to combine MRI agents with op-
tical probes is to link MNPs (e.g., iron oxide)
with fluorescent quantum dots (QDs).8�10

Although CdSe/ZnS QDs are more stable
in live cells,11,12 the carcinogenic heavy cad-
mium metal poses a threat to the in vivo

imaging of large animals and humans.
This warrants an active search for alternative
optical probes. The development of an MNP
conjugate with an NIR organic dye is such an
alternative.
NIR organic dyes provide unique absorp-

tion bands in the wavelength range
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ABSTRACT The fluorescent probes having complete spectral

separation between absorption and emission spectra (large Stokes

shift) are highly useful for solar concentrators and bioimaging. In

bioimaging application, NIR fluorescent dyes have a greater

advantage in tissue penetration depth compared to visible-emitting

organic dyes or inorganic quantum dots. Here we report the design,

synthesis, and characterization of an amphiphilic polymer, poly-

(isobutylene-alt-maleic anhyride)-functionalized near-infrared (NIR)

IR-820 dye and its conjugates with iron oxide (Fe3O4) magnetic

nanoparticles (MNPs) for optical and magnetic resonance (MR)

imaging. Our results demonstrate that the Stokes shift of unmodified dye can be tuned (from ∼106 to 208 nm) by the functionalization of the dye

with polymer and MNPs. The fabrication of bimodal probes involves (i) the synthesis of NIR fluorescent dye (IR-820 cyanine) functionalized with

ethylenediamine linker in high yield, >90%, (ii) polymer conjugation to the functionalized NIR fluorescent dye, and (iii) grafting the polymer-conjugated

dyes on iron oxide MNPs. The resulting uniform, small-sized (ca. 6 nm) NIR fluorescent dye�magnetic hybrid nanoparticles (NPs) exhibit a wider emissive

range (800�1000 nm) and minimal cytotoxicity. Our preliminary studies demonstrate the potential utility of these NPs in bioimaging by means of direct

labeling of cancerous HeLa cells via NIR fluorescence microscopy and good negative contrast enhancement in T2-weighted MR imaging of a murine model.

KEYWORDS: near-infrared fluorescent dyes . magnetic nanoparticles . bimodal probes . optical imaging .
magnetic resonance imaging
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600�1000 nm.13 It is referred to as the “NIR optical
window” that is ideally suited for in vivo imaging of
cells and tissues, where NIR light is poorly absorbed,
resulting in deep tissue penetration and negligible
background autofluorescence.14 A major impact for
imaging tumors in vivo has resulted from some of
the recent developments of NIR fluorochromes15�20

and type II QDs.21 Highly sensitive NIR optical probes
were also designed for the sensing of nitric,22 zinc,23,24

and mercuric oxides.25

There are a limited number of optical reagents
available for clinical application, with only indocyanine
green (ICG) being approved by the Food and Drug
Administration (FDA) for use in humans studies, due
to its low toxicity profile.14,26 However, the hepta-
methine group of ICG has limited utility for additional
functionalization.13 One of the strategies to overcome
this limitation, is to use the heptamethine cyanine dyes
with a cyclohexenyl ring for further functionalization,
improving solubility and photostability. Therefore, the
functionalization of NIR cyanine dyes is highly desir-
able as probes for imaging applications. Furthermore,
the coupling of NIR dye to a polymer or particle can be
achieved by the introduction of a suitable functional
group with or without linker.27�31

Due to the fragile structure of NIR dyes, the chemical
modification is not straightforward. A series of diverse
meso-aminophenyl-, hydroxyphenyl-, and phenyl-
substituted heptamethine cyanine dyes were synthe-
sized by a modified Suzuki�Miyaura C�C coupling
reaction in one pot, without further conjugation to
biomolecules or nanomaterials.32 Tricarbocyanine-based
ratiometric NIR fluorescent probeswere synthesized, and
their spectral properties designed for esterase and pH
stability.33 There is another example where two hepta-
methine cyanine dyes were functionalized with alkyl
amino groups at the central position.34 Some of amino-
cyanine dyes containing terminal functional groups
(acids, azides, and cyclooctyne for further functionali-
zation) were also reported in the group of Weck.35 The
above compounds have not been much applied as
optical imaging agents and none of them as bimodal
imaging agents. An NIR indocyanine dye conjugate with
an organic polyamine polymer (polyethylenimine) with
a less hindered carboxy-terminal amino linker was also
synthesized.36,37 This conjugate was able to bind to DNA
and could bemonitored in vivo using noninvasive optical
imaging. Although the above reports focused on the
synthesis of NIR dyes, the product yields were relatively
lower.
In the context of bimodal imaging involving

optical probes combined with MRI, there are only
a few examples in the literature using MNP conjugates
with dyes emitting below <800 nm. Peptides were
attached to cross-linked iron oxide (CLIO) NPs via a
disulfide or thioether linker, followed by the indocya-
nine dye conjugation,38 and used as preoperative MRI

and intraoperative optical probes.39 Such bimodal
probes with peptide-conjugated Cy5.5-CLIO NPs were
designed for in vivo targeting of underglycosylated
MUC-1 tumor antigen.40 There are other Cy5.5-CLIO NPs
bimodal probes reported for different targeted applica-
tions such as annexin V-CLIO-Cy5.5 for binding apopto-
tic Jurkat T cells,41 peptide-coated NPs for detection
of vascular adhesionmolecule-1 expression,42 NP-Cy5.5
consisting of poly(ethyleneglycol) polymer, chlorotoxin,
and Cy5.5 for targeting of gliomas,43 AnxCLIO-Cy5.5 for
cardiomyocyte apoptosis,44 linear RGD-CLIO (Cy5.5)
and scrambled RGD-CLIO (Cy5.5) (RGD: cyclic arginine-
glycine-aspartic acid) for targeting of integrins on BT-20
tumor,45 CLIO-Cy5.5 for brain tumor visualization,46 iron
oxide NP-loaded Cy5.5-conjugated oleyl-chitosan for
detection of tumor in vivo,47 and iron oxide NPs coated
with PEG-CTX-Cy5.5 (CTX: chlorotoxin) for specific accu-
mulation in xenograft tumors of a brain tumor model.48

In this report, we demonstrate a well-defined syn-
thesis of water-soluble NIR fluorescent dye�magnetic
probes for MR and optical imaging applications. A
novel tailor-designed synthesis of polymer-functiona-
lized NIR fluorescent dyes emitting above 800 nm,
combined with iron oxide MNPs, is presented. The
preliminary in vivoMR imaging andNIR optical labeling
studies clearly demonstrate the practical application
of these bimodal probes in the area of multimodal
imaging.

RESULTS AND DISCUSSION

Synthesis of IR-820 dye-NH2, Dye-Pol, and MNP@Dye-Pol. To
fabricate a suitable polymeric coating for the iron oxide
MNPs, IR-820 cyanine dye was chosen due to its struc-
tural similarity to ICG14 and IR Dye78 (polysulfonated
indocyanines) and related lower toxicity.49 The hetero-
cyclic nitrogen rings provide the fluorescence, and the
alkyl-sulfonate groups contribute to thewater solubility.
Chemical modification without a catalyst was carried
out on the central meso-chloro cyclohexenyl group
of NIR heptamethine cyanine IR-820. In an effort to
develop an improved synthetic method of IR-820 for
further conjugation, meso-halogen was substituted by
ethylenediamine in the presence of BuLi at low tem-
perature to avoid decomposition of the dye (Scheme 1).
The formation of ethylenediamine anion created the
platform for replacing the meso-chlorine in the cyclo-
hexenyl group. The column chromatography of the
reaction mixture�filtrate afforded IR-820 dye-NH2 as a
glossy green solid with a yield of 91%. The terminal
amine group can be attached to a linker that allows for
further functionalization with macromolecules.

Subsequently, the conjugation of IR-820 dye-NH2

with the polymer was carried out. To create macromo-
lecular-based coating,50,51 polymeric anhydride was
conjugated with IR-820 dye-NH2 and n-octyl amine.
As reported earlier,52�54 the hydrophobic character
derived from long aliphatic octylamine groups at the
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polymer backbone is responsible for interaction with
hydrophobic ligands present on the surface of the MNPs,
while carboxylicgroupsprovide colloidal stability inwater.
In this study, poly(isobutylene-alt-maleic anhydride) with
amolecular weight (Mw) of 6000was chosen for conjuga-
tion, affordingDye-Pol (Scheme2). Themagnetite (Fe3O4)
MNPs were synthesized according to a literature proce-
durewith slightmodifications.55 Theas-synthesizedMNPs
were coated with oleylamine, rendering the hydrophobic
particle surface. Hydrophobic MNPs were transferred
into water using the polymer�dye conjugate (Dye-Pol),
following the previously established protocols.50�54 In
this process, the macromolecules were wrapped around
the MNPs, resulting in stable, water-soluble assemblies
with Dye-Pol (Figure 1a). The water-dispersible NPs

(MNP@Dye-Pol) obtained in this way were used for
further studies.

Characterization of IR-820 dye-NH2, Dye-Pol, and MNP@Dye-
Pol. The functionalized NIR fluorescent dye, IR-820 dye-
NH2, retained all the traits of NIR dyes such as good
water solubility and photochemical properties (at least
2 months of shelf life in refrigerator). The 1H NMR
spectrum of IR-820 dye-NH2 recorded in DMSO-d6 was
similar to that of IR-820with the extra signals ofmultiple
resonances at 3.42 and 4.35 ppm, characteristic of
the aliphatic ethylene substituent. This was further sup-
ported by the 13C signal for the formation of IR-820 dye-
NH2 (see Supporting Information). The FTIR spectrum
showed the N�H stretching (3500�3100 cm�1) and
N�H bending (1550�1450 cm�1) modes.

Scheme 1. New designed structure. Reaction replacing the meso-chlorine atom of heptamethine cyanine dyes with
ethylenediamine, producing an amine-functionalized moiety, IR-820 dye-NH2.

Scheme 2. Scheme depicting the synthesis of dye�polymer conjugate (Dye-Pol), which involves the reaction between the
polymer, poly(isobutylene-alt-maleic anhydride), and IR-820 dye-NH2 in the presence of n-octylamine and DIPEA in THF.

A
RTIC

LE



YEN ET AL . VOL. 7 ’ NO. 8 ’ 6796–6805 ’ 2013

www.acsnano.org

6799

The Dye-Pol conjugate was obtained as a purple-
blue powder and characterized by 1H NMR spectros-
copy. The polymer Dye-Pol consisted of the following
repeating units: functional NIR dye 40%, carboxylic
47%, and n-octylamide 13%. As a result, an amphiphilic
polymer bearing an organic infrared chromophore for
imaging applications and n-octylamide side chains,
designed for interaction with hydrophobic particles,
was obtained. The remaining carboxylic groups,
formed during hydrolytic opening of the anhydride
ring, and sulfonate groups of NIR fluorescent dye
moieties are responsible for the hydrophilic character
of the amphiphile and colloidal stability of the particle/
polymer assembly.

The zeta potential measurements showed that
MNP@Dye-Pol samples were negatively charged, with
an electric potential of �31.8 ( 1.2 mV. As a result,
MNP@Dye-Pol exhibited good colloidal stability, with
no visible aggregation upon 6 months of storage.
A high-resolution transmission electron microscopy
(HRTEM) image of MNP@Dye-Pol (Figure 1b) shows
that the core MNPs with an average diameter of 6.2 (
0.3 nm (histogram in Figure 1c) are clearly separated
from each other. The interparticle distance is ca.
1�2 nm, indicating that the Dye-Pol is rather uniformly
distributed on the surface of MNPs.

The characteristic absorption spectra of IR-820,
IR-820 dye-NH2, Dye-Pol, andMNP@Dye-Pol are shown
in Figure 2A. The maximum absorbance is observed at
820 nm for the first two samples in methanol, whereas

the samples, Dye-Pol in MeOH and MNP@Dye-Pol
in water, showed maximum absorbance at 656 nm
(164 nm blue-shift) and a lower absorption peak
at 850 nm. This may be due to the interactions of
dye molecules attached to the polymeric backbone
through plane-to-plane stacking or head-to-tail ar-
rangement, which is strongly dependent on the nature
and length of the linker with the functional group on
the amino-NIR cyanine dye or the polymer structure
with the NIR cyanine dye conjugates.35,56

NIR photoluminescence (PL) spectra of MNP@
Dye-Pol and their intermediates were investigated.
Figure 2B shows the emission spectra in the NIR region
(800�1400 nm), excited at 785 nm. Themajor emission
peak at 1076 nm for control IR-820 dye in methanol
blue-shifts for all samples, with a drastic shift to 864 nm
forMNP@Dye-Pol in water. However, the Stokes shift of
MNP@Dye-Pol inwater remained over 200 nm. Dye-Pol
and MNP@Dye-Pol showed the emission peaks at
954 and 864 nm, respectively. Interestingly, Dye-Pol
and MNP@Dye-Pol displayed a large Stokes shift of
∼298 and 208 nm, respectively (by comparing the
more intense absorption peak at 656 nm). The differ-
ences in absorption and emission characteristics are
presumably due to the electronic state alteration in
the dye molecules. There are three specific features in
the absorption and emission spectra of these function-
alized dyes and conjugated polymer dyes with MNPs.
They display (i) a large Stokes shift, (ii) broad emission
spectra, and (iii) no mirror image relationship between

Figure 1. (a) Schematic illustration of Dye-Pol-conjugated Fe3O4 magnetic nanoparticles (MNPs) through hydrophobic
interaction, yielding MNP@Dye-Pol. (b) HRTEM and (c) size-distribution of MNP@Dye-Pol.
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the absorption and emission spectra. The intramole-
cular charge transfer34,57 or excited-state proton trans-
fer may play a role in these features.33,58

In the literature it has been shown that the absor-
bance of IR-820 (modified with PEG groups) depends
on the solvent. In methanol, IR-820 showed an ab-
sorption peak at 820 nm, whereas in water it occurred
at 691 nm. It was also observed that the emission
of IR-820 in water did not depend on the excitation
wavelengths at 785 and 691 nm.59 In another inter-
esting work, the spectra for free IR-820 revealed
excitation and emission peaks at 710 and 820 nm
(Stokes shift of 110 nm), respectively.60 Our un-
modified dye showed a Stokes shift of 106 nm
(while comparing the absorbance at 820 nm and first
emission peak at 926 nm), which is comparable to the
above literature.

NIR Labeling and Cytotoxicity. In order to demonstrate
the potential of bimodal probes in NIR fluorescence-
based biolabeling application, we examined the cel-
lular uptake of MNP@Dye-Pol by HeLa cells. Figure 3a
shows an array of labeled cells with DAPI (blue), NIR
particles (red), gray, and overlaid images of interna-
lized particles after 2 h of incubation. Control cells are

also shown for comparison. It is clear that the NIR
particles labeled the whole cell and more fluores-
cence intensity is seen near the perinuclear region,
indicating that the cells are taking part in normal
physiological functions in the presence of foreign
NPs. The nuclear signal corresponding to healthy
cells suggests that the NIR NPs could be used for
cellular targeting without any particle-induced cell
death signal.

In normal physiology, the cell senses the surround-
ing material and uses various mechanisms for cellular
uptake. It has been shown earlier that superparamag-
netic iron oxide NPs with different surface coatings can
differentially affect signal transduction pathways.61

The cell responses to the same amounts of NPs have
been found to be significantly dependent on the cell
types. The effects of cell vision play a dominant role in
the physicochemical effects of MNPs in assessing the
toxicity.62 The functionalized NPs can be internalized,
by nonspecific endocytosis, within the first hour and
localized mainly in the endosomes or accumulated
in the perinuclear region within the cells. This is in
good agreement with the findings of most of the NPs
discussed in the review.63

To evaluate the cytotoxicity of the newly fabricated
polymer/particle assemblies, tests were carried out on
HeLa cells in the presence of MNP@Dye-Pol at different
concentrations (0.1�0.0001 mg/mL). Figure 3b shows
the viability of cells that were incubated with MNP@
Dye-Pol for 24 h. It was observed that MNP@Dye-Pol
displayed a lower toxicity (ca. 90% viability) to HeLa
cells at the highest concentration tested (0.1 mg/mL).
For the second assay, the cells were incubated with
MNP@Dye-Pol for 6 h. The second assay looked at how
the cells proliferated over time after brief exposure
to the particles. Also at 6 h incubation, MNP@Dye-Pol
exhibited a lower toxicity (ca. 95% viability) at the
highest concentration (0.1 mg/mL).

After endocytosis of MNP@Dye-Pol particles,
the cells proliferate faster after 6 h of incubation in
comparison with those cells with particles after 24 h
of incubation (Figure 3b). In the literature, mostly, all
types of NPs enter into cells via endocytosis pathways
and accumulate within intracellular vesicles.63 It has
also been shown earlier that the lysosomal and mito-
chondrial protein activities correlate to either low or
high energy demand for the endocytotic pathways,
resulting in an increase or decrease in proliferation,
respectively.64 In accordance with previous literature,
we believe that during the early stages of exposure
(6 h) of MNP@Dye-Pol particles, the low-energy con-
sumption might induce an increase in cell cycle, pro-
liferation rate, and cell viability.

The iron oxide MNPs are known to accelerate
spin�spin relaxation rate (T2

�1 or R2) of water protons
and exert negative contrast inMRI. Figure 4A shows the
T2-weighted MR images of MNP@Dye-Pol. Samples of

Figure 2. (A) UV�vis�NIR absorption spectra of (a) IR-
820, (b) IR-820 dye-NH2, (c) Dye-Pol in MeOH (0.1 mM,
25 �C), and (d) MNP@Dye-Pol in DI water. (B) NIR photo-
luminescence spectra of (a) IR-820, (b) IR-820 dye-NH2,
(c) Dye-Pol, and (d) MNP@Dye-Pol, excited with a 785 nm
laser diode.
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MNP@Dye-Pol were prepared in the concentration
range 0.015�0.75 mM. The relaxation rate is enhanced
as the concentration of the particles increases, result-
ing in a negative T2 contrast. The specific relaxivity (r2)
evaluated from a plot of the relaxation rate (T2

�1)
versus the NP concentration was estimated to be
4.41 mM�1 s�1 for MNP@Dye-Pol (Figure 4B). In order
to demonstrate the application of the newly synthe-
sized MNP@Dye-Pol as bimodal probes, in vivo animal
imaging was carried out in amurinemodel on a 7T MRI
system. In Figure 4C, sites a and b represent two
samples of MNP@Dye-Pol (derived from low and high
molecular weight polymer; Mw 6000 and 60 000,
respectively) fixed in 0.8% agarose. It is clear from
the image (site a) that the MNP@Dye-Pol generated a
good negative T2 contrast. These preliminary data
demonstrated that our particles can be further used

for targeted in vivo application, which will be the focus
of our future studies.

CONCLUSION

We have demonstrated a reproducible synthesis of
novel water-soluble, bimodal MNP@Dye-Pol probes
for optical and MR imaging. The excellent water
solubility and photochemical properties have been
preserved after the chemical modification of dyes
and functionalization with polymers. We have es-
tablished a simple and versatile approach for the
synthesis of IR-820 dye-NH2 via a one-step synthetic
pathway without a catalyst, resulting in high purity
and yield. Furthermore, MR animal and NIR cellular
imaging studies together with cytotoxicity assays
have demonstrated clearly that these less toxic
bimodal probes have great potential in optical and

Figure 3. (a) Labeling of HeLa cells incubated for 2 h with 50 μL of MNP@Dye-Pol (1 mg/mL). Blue (DAPI), red (NIR), and DIC
channels. (Lower panel) Images at highmagnification. Scale bar: 20 μm. (b) In vitro cell viability of HeLa cells incubated for 24 h
(assay 1) and 6 h (assay 2) at 37 �C with different concentrations of MNP@Dye-Pol. Cell viability assays were carried out using
CellTiter-Blue in triplicate. The error bars represent the standard deviations.
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MR imaging applications. We believe this study would
enhance the limited market value of FDA-approved NIR

fluorescent dyes in life science, opening up new ave-
nues in the area of multimodal imaging.

METHODS
Materials. IR-820, ethylenediamine, BuLi in 2.5 M hexane,

poly(isobutylene-alt-maleic anhyride), n-octylamine, and N,N-
diisopropylethylamine (DIPEA), silica gel, sodium hydroxide,
and solvents including anhydrousDMF, anhydrous THF, dichloro-
methane, and ethanol were purchased from Sigma-Aldrich and
used as received. Phosphate-buffered saline (PBS, PAA H15-002)
was stored at room temperature. All the tissue culture reagents
were obtained from Invitrogen (Singapore). Dulbecco's mod-
ified Eagle's medium (DMEM, Invitrogen 11965), CellTiter-Blue
(Promega G8081), 10% fetal bovine serum (FBS), penicillin, and
streptomycin were stored at 4 �C.

Synthesis. All operations were performed in the Schlenk
line and the glovebox. Core iron oxide (Fe3O4) MNPs were syn-
thesized according to the literature method.55

Synthesis of IR-820 Dye-NH2. IR-820 (0.5 g, 0.58 mmol) was
dried under vacuum for 15 min and subsequently purged
with argon for another 15 min in a Schlenk line. Anhydrous
DMF (2 mL) was added, and the mixture was stirred at
room temperature for 30 min. A mixture of ethylenediamine
(3.6 g, 59.8 mmol) and BuLi (0.8 mL, 2 mmol) in 2.5 M
hexane was prepared in a glovebox and added dropwise
to the reaction flask at �30 �C. The mixture was warmed
to room temperature and stirred overnight. The red solu-
tion thus obtained was pump dried. The crude product
was purified by column chromatography on silica gel

(dichloromethane/ethanol, 6:4), and a glossy green solid ob-
tained. Yield: 0.463 g (0.53 mmol, 91%).

Synthesis of Dye-Pol. A mixture of poly(isobutylene-alt-maleic
anhyride) (0.099 g) (Mw = 6000 g/mol), n-octylamine (0.2 mL, 0.15
mmol), andDIPEA (1mL) was suspended in anhydrous THF (20mL)
and stirred for 30 min at room temperature. The dye (0.463 g,
0.53 mmol) dissolved in 20mL of THF and 2mL of DMFwas added
to thepolymermixture, and stirring continued at room temperature
overnight. After the evaporation of THF, themixturewas suspended
in water and a small excess of NaOH added with respect to the
amount of carboxylic groups in the polymer backbone. The ob-
tained mixture was dialyzed against a 0.01 M solution of NaOH for
one day and against pure water for several days (membrane cutoff
6000D). The dialyzed water solution was freeze-dried. Yield: 0.10 g.

Synthesis and Purification of MNP@Dye-Pol. To 5 mg of Dye-Pol
suspended in THF (10 mL) was added 5 mg of MNPs in 7 mL of
deionized water in a one-neck round-bottom flask. The mixture
was concentrated in a rotary evaporator to 6�8 mL volume by
removing THF and water. This method was modified from the
literature.52�54 Nanoparticle�polymer assemblies (MNP@Dye-Pol)
were purified by gentle, slow centrifugation to remove excess
free polymer. This process was rather efficient, and the concen-
tration of the solution was 1 mg/mL. Some residual amount of
polymer may be present in the solution. However, due to multi-
ple hydrophobic attachments, this method can produce a stable
polymer shell.

Figure 4. T2 phantom images, relaxivity data, and in vivo MR imaging. (A) T2-weighted images at different concentrations
of MNP@Dye-Pol: (a) 0.015, (b) 0.03, (c) 0.06, (d) 0.12, (e) 0.25, (f) 0.5, (g) 0.75 mM. (B) Relaxivity curve of MNP@Dye-Pol.
The magnetic field and temperature were 300 MHz (7 Tesla) and 27 �C, respectively. (C) T2-weighted MR imaging of a murine
model after subcutaneous injection of 0.7 mM MNP@Dye-Pol fixed in 0.8% agarose. Site a is the MNP@Dye-Pol (derived
from lowmolecular weight polymer;Mw 6000), and site b is theMNP@Dye-Pol (derived from highmolecular weight polymer;
Mw 60 000).
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Structural Characterization. 1H and 13C NMR spectra were re-
corded on a Bruker DRX 400 MHz spectrometer equipped with
a broadband observe probe. MALDI-TOF mass spectra were
obtained using an Autoflex II TOF/TOF system from Bruker Dal-
tonics. UV�vis absorption spectra were taken on a UV-3600
Shimadzu UV�vis�NIR spectrophotometer, and NIR photolumi-
nescence spectra were measured using a JY LabRAM HR
system. The colloidal stability results were obtained by using the
Brookhaven Instruments ZetaPlus zeta potential analyzer. TEM
imageswere acquiredwith a JEOLTEM-2100 transmissionelectron
microscope. FTIR spectra were recorded using a Fourier transform
infrared spectrometer, FTIR PerkinElmer.

NIR Labeling. HeLa cells were obtained fromATCC (Manassas,
VA, USA) and grown in 75 cm2 tissue culture flask up to 80%
confluence in DMEM containing 10% FBS and 1% antibiotics
(penicillin and streptomycin). For labeling experiments, cells
were split into a six-well tissue culture plate containing an 18�
18 mm prewashed and sterilized cover glass at 1.5 � 105 cells/
well for 24 h before incubating with MNP@Dye-Pol NPs. Each
well is loaded with 20 μL of NPs (1 mg/mL concentration) in
1.0mL of culturemedia and incubated for 2 h. Cells were further
washed with 1� PBS three times and fixed using 4% parafor-
maldehyde (Sigma) followed by PBS washing. The fixed cells
were mounted on cover slides using Hydromount (National
Diagnostic) and used for imaging.

The fluorescence imaging of cells was obtained using
an upright AxioImager Z1 (Zeiss) microscope equipped with
a Photometrics coolSNAPHQ camera by selecting a 63X/1.4 plan
apochromatT objective lens. The excitation and emission were
performed using 769/41 nm BrightLine single-bandpass and
830 nm RazorEdge ultrasteep long-pass edge filters, respec-
tively, with an 801 nm edge BrightLine single-edge (Semrock)
dichroic mirror. The images were further processed using Fiji
ImageJ software.

Cell Culture and Cell Viability Assays. HeLa human cervix adeno-
carcinoma cells were grown in DMEM supplemented with
10% fetal bovine serum, 100 units/mL penicillin, and 100 μg/
mL streptomycin and cultured in a 5% CO2 humidified atmo-
sphere at 37 �C. 104 HeLa cells per well were seeded in a 96-well
plate. Following incubation overnight, cell culture medium was
removed and 100 μL of MNP samples diluted in serum-free
DMEMwas added to the cells. The MNP@Dye-Pol samples were
then removed after 6 h of incubation at 37 �C, and the treated
cells were washed with PBS. Complete DMEM was added,
and the cells were cultured for another 48 h. Thereafter, 20 μL
of CellTiter-Blue was added to the cells. After incubation at 37 �C
for 3 h, the fluorescence was measured at 595 nm with excita-
tion at 560 nm using a Tecan Infinite 200microplate reader. The
results were expressed in percentage based on the control with
untreated cells. For the 24 h incubation experiment, 2 � 104

cells per well were seeded in a 96-well plate. Following incuba-
tion overnight, culture medium was removed and 100 μL
of MNP samples in serum-free DMEM was added to the cells
for 24 h. Subsequently, the cell viability assay was carried out as
described above. All experiments were performed in triplicates.

In Vivo MRI. T2-weighted MR images were acquired with a
7T MRI system (Bruker, ClinScan). The imaging of a mouse was
performed under the following conditions. One nude (nu/nu,
Balb/c) mouse was anesthetized by inhalation of isoflurane. The
body temperature was maintained at 38 ( 1 �C. The spin echo
sequence was optimized to generate T2-weighted images. The
MNP@Dye-Pol NPs of about 200 μL were fixed in agarose and
subcutaneously injected in the flank region of the mouse. The
T2-weighted images were acquired with the following acquisi-
tion parameters: repetition time (TR) and echo time (TE), TR/TE =
1590/74 ms, with 8 averages and field of view (FOV) = 40 mm.
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