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ABSTRACT: A new magnetic resonance/optical nanoprobe
with specific cellular targeting capabilities based on nontoxic
CulnS,/ZnS quantum dots (QDs) with direct covalent
attachment of a Gd(III)-complex for tumor-specific imaging
is reported. We introduce amphiphilic poly(maleic anhydride-
alt-1-octadecene) to interdigitate with hydrophobic, protective
agents on the surface of CulnS,/ZnS QDs that allows phase
transfer of hydrophobic QDs from the organic into aqueous
phase. Carbodiimide chemistry is used to covalently couple the
Gd(III) complex on the surface of CulnS,/ZnS QDs, and then
folic acid is further utilized to functionalize this dual-modality
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nanoprobe for active tumor targeting based on the fact that the membrane-associated folate receptor is overexpressed in many
tumor cells. The longitudinal relaxivity value is 3.72 mM™ s7! for the dual-modality nanoprobe and a clear, positive, and
increasing contrast enhancement of magnetic resonance signals concurrently with increasing Gd(III) concentration is observed.
The dual-modality nanoprobe exhibits negligible cytotoxicity with >80% cell viability at a concentration of up to 100 yg/mL in
human cervical (HeLa), human liver carcinoma (HepG2), and human breast (MCF-7) cells after 24 h. The specificity of folic-
acid-conjugated nanoprobe cellular uptake has been investigated by confocal scanning laser imaging, which revealed that HeLa
cells, expressing the folate receptor, internalized a higher level of dual-modality nanoprobes than HepG2 and MCE-7 cells.
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1. INTRODUCTION

Noninvasive imaging is crucial toward increasing the selectivity
and sensitivity of early stage cancer diagnosis and therapy.
Among the various imaging technologies, magnetic resonance
(MR) imaging is a powerful, noninvasive diagnostic tool, which
offers advantages such as high spatiotemporal resolution, no
exposure to radiation, noninvasiveness, impressive anatomic
resolution and tissue penetration, and high-resolution images of
the entire body with exquisite image contrast." The creation of
MR imaging depends primarily on the response of proton
spin—spin relaxation in the presence of an external magnetic
field when triggered with a radio frequency pulse. This radio
frequency pulse shifts the direction of the magnetization vector
away from the axial field, and intrinsic longitudinal (T;) and
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transverse (T,) relaxation times of distinct regions of tissues
and organs result in a variation of the MR signal intensity.”>
Typical contrast agents for MR imaging act to shorten the T,/
T, relaxation times of nearby water protons and provide
brighter/positive and darker/negative images where they are
accumulated. T-weighted MR agents offer brighter/positive
contrast enhancement, which can greatly help to identify
pathogenic or biological conditions of the tissues where they
accumulate, and are quite frequently used in clinical disease
diagnosisf"5 Of the different positive contrast agents,
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gadolinium ion (Gd(IIl)), a type of paramagnetic metal ion
with seven unpaired electrons in its 4f orbital, is widely used as
a T)-weighted MR agent, and has the ability to brighten MR
images by greatly shortening the longitudinal relaxation time
(T,) of surrounding water protons. Unfortunately, Gd(III)-
complexes generally have a short circulating time because of
rapid excretion through urine, which hampers high-resolution
imaging requiring extended scanning times. Despite its
attractive properties, sensitivity of MR imaging is relatively
poor for low levels of molecular targets and suffers from a lack
of cell specificity compared to other imaging modalities. On the
other hand, optical imaging has excellent sensitivity at
subcellular levels and for quantifying molecular events, but its
limited capability in examining deep tissues restricts collection
of information in vivo. Therefore, a single nanoprobe, useful for
both MR and optical imaging, would lead to novel tools for
research and life science because of the highly complementary
capabilities of the two imaging technologies. The use of a single
nanoprobe with both imaging techniques minimizes artifacts
and enables significant improvement in diagnostic accuracy and
therapeutic strategy, in comparison with standalone imaging.®

In searching for new imaging agents integrated with different
modalities, quantum dots (QDs) have drawn much attention as
a convenient scaffold. QDs exhibit discrete atomiclike energy
levels and unique optical properties that depend critically on
both particle size and the particle surface chemistry. They have
received considerable attention in diagnostic, molecular, and
subcellular imaging because of their narrow emission with
broad excitation property, multicolor excitation with large
extinction coefficients (~1 X 10° M™' cm™), and high
resistance to photobleaching as compared to organic dyes.
Thus, the integration of T}-type MR imaging agents with QDs
would be highly desirable. A recent example features the
synthesis of Gd(IIl)-functionalized CdS:Mn/ZnS,” CdSeTe/
ZnS,® CdSe,*°™'* and CdTe/ZnS'* QDs. However, the
intrinsic toxicity of such cadmium-containing QDs cannot be
ignored because they easily disintegrate in biological systems,
causing leakage of cadmium ions as well as heavy-metal
accumulation in subcellular regions, and might actually cause
the extinction of biological systems. For the sake of the
environment, an increasing number of researchers are now
integrating green chemistry principles into their synthetic
methods, which not only makes the final products greener but
also minimizes the quantity of hazardous starting materials that
are employed in their manufacture. This has motivated the
search for alternative semiconducting materials that are not
only technologically useful but also environmentally benign. In
recent developments, I-III—VI ternary semiconductors (such
as CulnS,'*7?°) have been considered to be potential
candidates as they are not only cadmium free but also provide
high extinction coefficients and photoluminesence (PL)
emission ranging from the visible to the NIR. These materials
represent an emerging new generation of luminescent QDs,
and many of their properties and possible uses have yet to be
investigated. Even the application of I-III-VI QDs in
bioimaging is in the beginning stages.

Moreover, tumor-specific imaging is another issue that must
be addressed in tumor diagnosis. A deficiency of specificity for
target tissues or organs is among the greatest hindrance in
improving the precision and accuracy of early diagnosis and
determination of tumor anatomical structure as well as
metabolism. It is not efficient to deliver nanoprobes by
accumulation in tumor tissues only through passive targeting
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via the enhanced permeability and retention effect.*** Active

targeting can effectively deliver nanoprobes directly to the
desired target cells. The use of a multiple-modality nanoprobe
with active targeting for early detection and diagnosis is
expected to minimize artifacts and enable significant improve-
ments in diagnostic accuracy and therapeutic strategy that
cannot be achieved with the individual constituents. Although
the use of I-III—-VI QDs as a platform for optical imaging has
already been reported in the literature,">****~?® to the best of
our knowledge, multifunctional I-III-VI QDs simultaneously
exhibiting magnetic resonance/optical imaging and targeting
capability have not been reported.

In the present study, we report a new MR/optical nanoprobe
based on nontoxic CulnS,/ZnS QDs with direct covalent
attachment of a Gd(I1I)-complex. Folic acid was also covalently
tethered on this dual-modality nanoprobe for active tumor
targeting. To assess the effectiveness of the proposed dual-
modality nanoprobe as an MR imaging contrast agent, the
magnetic resonance relaxivity of the dual-modality nanoprobe
was measured using a clinical MR scanner at room temperature.
By using confocal scanning laser imaging characterization, we
demonstrate that the dual-modality nanoprobe can target cells
specifically and effectively via folate-receptor-mediated targeted
delivery.

2. EXPERIMENTAL SECTION

2.1. Materials. Copper acetate (CuAc, 97%), zinc stearate (90%),
potassium ethylxanthate (96%), zinc chloride (98%), 1-dodecanethiol
(DDT, 97%), 1-octadecene (ODE, 90%), 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT, 97.5%), and 4’-6-diamidino-
2-dihydrochloride (DAPI, >98%), nonessential amino acid solution
(100x), sodium pyruvate (100 mM), minimum essential eedium eagle,
L-glutamine (200 mM), antibiotic antimycotic solution (100X),
trypsin-EDTA solution (0.25%), sodium bicarbonate (99.5—100.5%),
diethylenetriaminepentaacetic acid gadolinium(III) dihydrogen salt
hydrate (Gd(III)—DTPA, 97%), and ethylenediamine were purchased
from Sigma-Aldrich (Milwaukee, WI, USA). 1-Dodecanethiol (98%)
and 1-octadecene (ODE, 90%) were purchased from Acros Organics.
Indium acetate (InAc, 99.99%), and n-ethyl-N’-(3-dimethylamino-
propyl) carbodiimide (EDC, 98%) was purchased from Alfa-Aesar
(Ward Hill, MA, USA). Poly(maleic anhydride-alt-1-octadecene)
(PMO, M, = 30000—50000) and N-hydroxysuccinimide (NHS,
>95%) was purchased from Thermo Scientific (Rockford, USA). Folic
acid (>98%) was purchased from T.C.I. Chemical Co. (TCI, Japan).
All chemicals were used directly without further purification.

2.2. Preparation of CulnS,/ZnS QDs. CulnS,/ZnS QDs were
prepared according to our previously published procedure.”® CuAc
(0.2 mmol), InAc (0.6 mmol), DDT (10 mmol), and S mL of ODE
were loaded into a reaction vessel equipped with a condenser, a
magnetic stirring bar and a thermometer with an attached Schlenk line.
The mixture was degassed under vacuum, purged three times with
argon, and heated at 40 °C for 1 h. The resulting solution was
subsequently heated to 240 °C. The injection solution of the ZnS
precursor was prepared by mixing 9 mL of zinc stearate (0.267 M) in
ODE and 3 mL of zinc ethylxanthate (0.1 M) in toluene containing
300 uL of dimethylformamide. ZnS precursors were added dropwise
by means of a syringe pump (KD Scientific KDS100, USA) for 30 min
once the temperature reached 240 °C. After the injection was
complete, the reaction mixture was cooled to room temperature,
followed by centrifugation at 6000 rpm for 20 min. The precipitate was
then discarded and the supernatant was added into 5 mL of
chloroform. The obtained solution precipitated by adding 7.5 mL of
methanol and further purified by repeated centrifugation and
decantation.

2.3. Preparation of PMO Polymer-Coated CulnS,/ZnS QDs
(QD@PMO—-COOH). CulnS,/ZnS QDs (12 mg) and PMO polymers

(25 mg) were mixed in 20 mL of chloroform. The reaction mixture
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Figure 1. (a) Low-resolution and (b) high-resolution TEM images of CuInS2/ZnS QDs. (c) Selected area of electron diffraction pattern of CulnS2/
ZnS QDs. (d) EDS spectra and (e) powder XRD patterns of the CulnS2/ZnS QDs. The XRD patterns of chalcopyrite CulnS2 (JCPDS 47—1372)
and cubic zinc blende phase ZnS (JCPDS 80—0020) are also provided in d as a reference.

was stirred with magnetic stirring for about 60 min, and then the
chloroform was removed by rotary evaporation. The remaining
product was added to a clean glass vessel containing 0.5 mL of
chloroform, followed by adding 3 mL (0.0 M) of NaOH.
Subsequently, the solution was ultrasonicated for 1 min, and the
chloroform was gradually removed under vacuum. The result was a
clear, red colored solution of QD@PMO—COOH. The resulting
solution was centrifuged at 20 000 rpm for 2 h to remove the excess
PMO polymer. The supernatant was then discarded. The precipitate
was redispersed in 13 mL of 0.02 M MES solution under sonication.

2.4. Preparation of Dual-Modality Nanoprobe (QD@PMO—
Gd). Solutions (2 mL) of QD@PMO—COOH were synthesized as
described above and followed by adding 6 mL of MES solution. The
resulting solution was activated by adding 0.45 mmol EDC and 0.61
mmol NHS at room temperature for 30 min under conditions of
moderate stirring. Subsequently, ethylenediamine (1.08 mmol) was
added to the activated QD solution, and the mixture was stirred gently
for 6 h at room temperature in the dark. The ethylenediamine-
modified QD solution was further purified to remove excess
ethylenediamine ligands and unreacted agents by tangential ultra-
filtration with a poly(ethersulfone) membrane (MWCO 50000 Da;
Cellu. Sep H1, Orange Scientifique, Belgium). To conjugate the QDs
with Gd(III)—DTPA, 0.45 mmol EDC and 0.61 mmol NHS were
added to 2 mL of an MES solution containing 200 mg of Gd(III)—
DTPA, and the mixture was stirred gently for 30 min. Afterward, the
ethylenediamine-modified QD solution was added to the EDC/NHS
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activated Gd(III)—DTPA solution, followed by further stirring for
another 24 h. The resulting solution was further purified to remove
excess Gd(II[)-DTPA ligands and unreacted agents by tangential
ultrafiltration against 1 L of ultrapure water with a poly(ethersulfone)
membrane (MWCO 50 000 Da; Cellu. Sep H1, Orange Scientifique,
Belgium). The resulting solution was centrifuged at 20,000 rpm for 5
min. The supernatant was then discarded. The precipitate was
redispersed in 8 mL of MES solution under sonication to obtain the
purified dual-modality nanoprobe solution.

2.5. Preparation of Dual-Modality Nanoprobe Conjugated
with Folic Acid (QD@PMO—Gd—FA). The dual-modality nanop-
robe solution was activated with 0.23 mmol of EDC and 0.3 mmol of
NHS in MES buffer (8.00 mL) with stirring at room temperature for
30 min, and then, 10 mL of folic acid (2.3 mM in MES) was slowly
added into the above activated dual-modality nanoprobe solution
while it was continuously stirred. After 24 h, the solution was
centrifuged at 13000 rpm for S min. The supernatant was then
discarded. The precipitate was washed three times with MES solution
to remove excess folic acid ligands and unreacted agents.

2.6. Cell Culture and Observation of Intracellular Location
of QDs in Cancer Cells. Human cervical (HeLa), human liver
carcinoma (HepG2), and human breast (MCF-7) cancer cells were
cultured in Eagle’s Minimum Essential Medium (containing 1.5 g/L
sodium bicarbonate) supplemented with 1% L-glutamine, 1% antibiotic
antimycotic formulation, 1% nonessential amino acid, 1% sodium
pyruvate, and 10% fetal bovine serum. To induce cell expansion and
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Scheme 1. Schematic Representation for the Synthesis of QD@PMO—COOH under the Assistance of Ultrasonication
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senescence, cells were cultured in a humidified 5% CO, atmosphere at
37 °C. Cells were seeded in a 6-well plate in 2 mL of culturing medium
and cultured for 24 h before QDs were added. After 2 h of incubation
with 300 uL of QDs, the cells were washed 3 times with phosphate-
buffered saline (PBS) and then fixed with 75% alcohol for 10 min.
Next, the fixed cells were incubated for 17 min at room temperature
with 2 mL (0.05 ug/mL) DAPI in PBS for nucleus staining. The cells
were washed twice with PBS and cell images were performed on the
confocal laser scanning microscopy (Leica TCS SP2, 63 X 1.32 NA oil
immersion objective, 488 nm Ar/Kr excitation wavelength).

2.7. In Vitro Cytotoxicity Measurement. The cytotoxicity of
QDs was evaluated in various cells using an MTT assay. Briefly, cells
were seeded in a 12-well plate at 5 X 10* cells per well. After 24 h to
allow cell attachment, the cells were washed with PBS and incubated
with 0, 2, S, 10, 25, 50, and 100 zg/mL QDs for 24 h. The wells were
then washed twice with PBS and 1 mL MTT reagent (500 yg mL™")
was added to each well. The microplate was then reincubated at 37 °C
in 5% CO, for 4 h, after which the medium was carefully aspirated.
Subsequently, 200 uL of dimethyl sulfoxide was added to dissolve the
dark-blue formazan crystals. The amount of dark-blue formazan
crystals generated by the live cells was proportional to the number of
live cells, and the absorbance at 570 nm was measured by using a
Biotek Powerwave XS plate reader. All experiments were done in
triplicate.

2.8. Characterization. High-resolution transmission electron
microscopy (TEM) samples were prepared by dropping a dilute
solution of QDs onto 3-mm gold grid covered with a continuous layer
of carbon film. TEM imaging and energy dispersive X-ray spectroscopy
(EDS) of QDs were performed on FEI Tecnai G2 F20 microscope
(Philips, Holland), equipped with a field emission gun working at an
accelerating voltage of 200 kV. Powder X-ray diffraction (XRD)
patterns were collected using a Rigaku 18 kW rotating anode source X-
ray diffractometer with the Cu K, line (A4 = 1.54 A). The Fourier
transform infrared (FTIR) spectra were measured with a Bio-Rad
FTS-3500 spectrometer. KBr crystals were used as the matrix for
sample preparation. UV—vis absorption spectra were measured with a
JASCO V-630 spectrometer. Inductively coupled plasma atomic
emission spectrometry (ICP-AES) (JY 2000—2, Jobin Yvon Horiba)
was used for Gd(IIT) concentrations analysis. The measurements of PL
spectra were carried out by using a JASCO FP-6500 spectrofluor-
ometer equipped with a 150 W xenon lamp. The PL quantum yields
(QY) of various samples were comparatively studied by taking
rhodamine 6G (R6G) as a reference fluorescent dye with the known
QY (95%) and comparing the integrated fluorescence intensity of the
solutions, both recorded exciting samples having the same absorbance
(<0.1 au in order to minimize possible reabsorption effects). The PL
QYs of the as-prepared QDs were calculated using the following

equationS: Q.Y = Q,YRGGIQD/IRGG(nchloroform/nethanol)) where I and n
denote the integral PL intensity and the optical density and reflective
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index of the solvent, respectively. Time-resolved single photon
counting was performed with a PicoQuant PDL 200-B pulsed diode
laser at a wavelength of 450 nm. The time-resolved decay curves were
analyzed using the FluoFit software (PicoQuant, Germany) to extract
lifetime values. The quality of the curve fitting was evaluated by
reduced chi-square (y*). The T, relaxivity and MR images were
obtained on a 7 T BioSpec 70/30 experimental scanner (70/30 Bruker
BioSpin; Ettlingen, Germany) equipped with actively shielded gradient
coils.

3. RESULTS AND DISCUSSION

CulnS,/ZnS QDs were prepared following our previous
protocols® by using 1-dodecanethiol, containing long hydro-
carbon tails as a hydrophobic protective agent and ODE as
solvent. ODE is a low-cost, low-hazard, and air-stable liquid at
room temperature, which boils at about 320 °C. During heat
treatment, monomers accumulate in the ODE solution and
burst nucleation occurs to generate seeds above the critical
concentration. To improve the PL efficiency, ZnS material,
having a wide direct bandgap to confine both electrons and
holes in the QD core, was used as an inorganic shell for surface
passivation of the CulnS, QDs. Images a and b in Figure 1
show representative low-resolution and high-resolution TEM
images of CulnS,/ZnS QDs. The high-resolution TEM image
of the CulnS,/ZnS QDs in Figure 1b displays clear lattice
planes and good crystallinity with diameters of ~2.5 nm. Figure
lc shows the corresponding electron diffraction pattern of
indexed showing rings that are consistent with the [1,1,2],
[0,2,4], and [1,3,2] reflections for chalcopyrite CulnS,. The
EDS spectra in Figure 1d indicate that the sample is composed
of copper, indium, sulfur, and zinc. Figure le shows the XRD
pattern of the CulnS,/ZnS QD consisting of three major peaks
at 20 values of 282, 46.9, and 55.2°, which were located
between peaks associated with the chalcopyrite CulnS, and
ZnS phases. Compared with the standard diffraction data of
chalcopyrite CulnS, (JCPDS card no. 47—1372), the three
major peaks are observed to shift to higher 260 values,
suggesting that the crystal structure of the CulnS, QD was
slightly altered by Zn diffusion upon the preparation of the ZnS
shell coating, causing a decrease in the lattice constant. These
peaks are relatively broad, indicative of small crystalline
particles in the as-prepared CulnS,/ZnS QDs. The size of
QDs was estimated using the Debye—Scherrer equation®

D = KA/fcos(8)

dx.doi.org/10.1021/am401428n | ACS Appl. Mater. Interfaces 2013, 5, 4389—4400



ACS Applied Materials & Interfaces

Research Article

(a)

Abs. PL

P —
= 3
& &
3 z
E u T T T ‘g
Z|(b) £
E =
= =

300 400 500 600 700

Wavelength (nm)

Figure 2. Normalized UV—vis absorption and PL (4, = 430 nm)
spectra of (a) a pristine CulnS,/ZnS QD sample and (b) a QD@
PMO—COOH sample. The four panel photographs in the inset show
the QDs in chloroform (bottom two panels) before encapsulation and
in water (top two panels) after being encapsulated with amphiphilic
PMO polymer under irradiation with 365 nm ultraviolet light from a
UV lamp (left two panels); the right two panels of the inset image
show the corresponding samples observed under ambient light.

Scheme 2. Schematic Representation for the Synthesis of
QD@PMO—-Gd—FA Dual-Modality Nanoprobe
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where D is the average crystallite size; A is the X-ray
wavelength; f is the width of a Bragg reflection in radians;
and 6 is the diffraction angle.

We estimated the average size of the QDs to be 3.2 nm from
the (112) diffraction peak width (K the numerical constant was
taken to be 0.9 assuming that the particles are spherical in
shape), which is close to the average particle sizes determined
by TEM measurements.

Hydrophilic CulnS,/ZnS QDs were prepared by wrapping
the surface capping agent with amphiphilic PMO polymers
according to a previously modified report. 2631733 The strategy
begins with the dispersion of CulnS,/ZnS QDs and
amphiphilic PMO polymers in the mixture solvent with the
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assistance of ultrasonication, as illustrated in Scheme 1. The
coating procedure was based on self-organized wrapping of
polymer around the QDs,** which indicated that hydrophobic
aliphatic side chains of the amphiphilic PMO polymer form an
interdigitated bilayer with hydrophobic protective agents (1-
dodecanethiol) of the CuInS,/ZnS QDs through hydrophobic
van der Waals interactions. The maleic anhydride moieties of
the amphiphilic PMO polymer that are exposed to the
outermost part of the QDs can be readily hydrolyzed in
water via ring-opening to form two carboxylate groups for each
repeating unit across the polymer backbone. Thus, this
wrapping process not only makes the QDs water-dispersible
but also rov1des useful reactive groups for further function-
alization. This nanoarchitecture is referred to as QD@PMO—
COOH. Figure 2 displays the absorbance and emission spectra
of pristine QDs dissolved in chloroform as well as QD@PMO—
COOH nanoprobes dissolved in water. The inset in Figure 2b
shows four panels of photographic images of CulnS,/ZnS QD
samples coated with the original ligands (1-dodecanethiol) in
chloroform (bottom two panels) and QD@PMO—-COOH
nanoprobe samples in water (top two panels) under UV
irradiation (left two panels) and ambient light (right two
panels). The intensities of the absorption and emission peaks
were normalized. The wavelength of the maximum PL emission
position (PL A, .) of pristine QDs is around 560 nm.
Compared with that of pristine QDs (Figure 2a), the peak
shape of the QD@PMO—COOH nanoprobes did not change,
but a red shift in the PL peak position and a small change in the
full width at half-maximum values of the emission peak were
observed.*

To introduce amine ligands, we activated the carboxyl groups
of the QD@PMO—-COOH nanoprobes with EDC, forming a
reactive intermediate that includes an acylisourea ester, and this
unstable species directly reacts with NHS resulting in the
formation of a succinimidyl intermediate. This intermediate
readily undergoes nucleophilic substitution with ethylenedi-
amine, introducing the amine ligands on the PMO-coated QDs
(denoted as QD@PMO—NH,), as illustrated in Scheme 2a.
After purification by dialysis, the Q_D@PMO—NHZ nanoprobes
were isolated and a fluorescamine test**™>® was performed to
prove the presence of primary amines on the nanoprobe.
Fluorescamine intrinsically has no fluorescence, but it becomes
fluorescent through reaction with primary amines. Figure 3a
shows that the emission peak position of the tested QD@
PMO~-NH, nanoprobe sample is 580 nm upon irradiation with
a 390 nm light source. The spectrum of the QD@PMO—NH,
nanoprobe sample treated with fluorescamine exhibits an
additional emission band centered at 475 nm apart from the
intrinsic emission of the QDs at 580 nm, which corresponds to
the presence of a significant number of primary amines on the
nanoprobe surface.

T,-weighted MR agents offer favorably brighter/positive
contrast enhancement for both vascular imaging and tumor
imaging, and generally provide images of higher resolution and
signal-to-noise ratio than T,-weighted agents. Of the different
T,-weighted MR agents, Gd(III)-chelates such as Gd(III)—
DTPA have been widely used because of their contrast
enhancement and high stability in vivo.3* However, the
intrinsically low molecular weight of Gd(III)~DTPA results in
short blood circulation times because of rapid excretion
through urine, which hampers high-resolution imaging
requiring extended scanning times. In this study, the Gd-
(III)-DTPA MR agent was covalently attached to the surface
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Figure 3. (a) Normalized PL (4, = 390 nm) spectra of a QD@PMO—NH, nanoprobe sample before (blue line) and after (red line) examination
with fluorescamine. Normalized UV—vis absorption and PL (4,, = 430 nm) spectra of (b) QD@PMO—NH,, (c) QD@PMO—Gd, and (d) QD@
PMO—Gd—FA nanoprobe samples. The insets provide two-panel photographs showing each corresponding nanoprobe in solution under irradiation
with 365 nm ultraviolet light from a UV lamp. The top panel photographs are samples in water and bottom panels are samples in chloroform.
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Figure 4. Time—resolved PL decay curves of the nanoprobe samples
recorded at room temperature.

of the QD@PMO—NH, nanoprobe to integrate the discussed
MR imaging capability while extending blood circulation times.
A cross-linker reagent, EDC/NHS, was added again to
construct the covalent attachment between the QD@PMO—
NH, nanoprobe and carboxyl groups of Gd(III) ~DTPA for the
formation of the Gd(III)-complex on the nanoprobe surface. In
this process, the carboxyl group of Gd(II[)-DTPA is first
activated with the EDC agent to generate a reactive and
unstable o-acylisourea intermediate. This unstable intermediate
subsequently reacts with the NHS agent causing a semistable
amino-reactive NHS-ester in the Gd(III)-complex, which will
react with available amines on the surface of the nanoprobe,
forming a Gd(II[)—DTPA—nanoprobe conjugate joined by a
stable amide bond (denoted as QD@PMO—Gd in Scheme 2b).
The QD@PMO—Gd nanoprobes bearing carboxyl groups
could be conjugated with different molecules (e.g., antibodies,
enzymes, or DNA/RNA through hybridization). Although
many antibodies or specific ligands can selectively bind to the

Table 1. Fluorescence Lifetime Parameters for Different Samples®

sample 7, (ns) A (%)
QD@PMO-COOH 208.2 37.10
QD@PMO-NH, 186.0 3326
QD@PMO—Gd 1727 3175
QD@PMO-Gd—FA 172.7 29.78

“Aex = 450 nm, A, & peak maximum.

7, (ns) 4,(%) T,y (n8) Ve
49.17 62.90 162.8 1.08
45.17 66.74 139.8 1.04
43.70 68.25 127.3 1.09
41.95 70.22 125.1 1.07
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Figure 5. FTIR spectra of (a) pristine CuInS,/ZnS QDs, (b) QD@
PMO-COOH, (c) QD@PMO-NH,, (d) QD@PMO-Gd, (e)
QD@PMO—Gd—FA, and (f) neat folic acid.

cells, folic acid is a promising candidate for cancer-cell targeting.
To demonstrate the targeting capability of these synthesized
QD@PMO—-Gd nanoprobes, we used folic acid as a target
ligand instead of another specific antibody for the following
reasons. It is well-known that folic acid, which is a
glycosylphosphatidyl-inositol-anchored (GPI-anchored) mem-
brane glycoprotein, has high affinity for the folate receptor (K,
~ 1 x 107'* M). Folic acid acts as a cancer-cell-targeting ligand
because the folate receptor is overexpressed in many human
cancerous cells, including ovarian cancer and squamous cell
carcinoma, but rarely distributed in normal cells.*! Moreover,
because of its high stability, low cost, low molecular mass (38—
40 kDa), nonimmunogenic character, and capability of being
conjugated with various organic molecules, nanoparticles, or
polymers, folic acid is a particularly promising targeting
agent.””* Therefore, the QD@PMO—Gd nanoprobe was
further conjugated with folic acid by adopting a carbodiimide
chemistry. In this experiment, the QD@PMO—Gd nanoprobe
was activated with EDC/NHS, which mediated cross-coupling
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Figure 6. (a) MR signal intensities of the QD@PMO—Gd—FA
nanoprobe material in aqueous solution for different values of Gd(III)
concentration (mM) as a function of recovery time. The symbols and
solid lines are the experimental data and the results of fitting the
experimental data to the exponential curve given in the main text,
respectively. (b) T, relaxation rates (1/T}, s™*) of the QD@PMO—
Gd—FA nanoprobe material in aqueous solution as a function of
Gd(III) concentration (mM). (c) T;-weighted MR images of QD@
PMO—Gd—FA aqueous solutions with different Gd(III) concen-
trations. Deionized water (0 mg mL™") served as the reference.

between the amino and carboxyl groups on the folic acid and
nanoprobe, respectively (denoted as QD@PMO—Gd—FA in
Scheme 2c).

The optical properties of QD@PMO—NH,, QD@PMO—
Gd, and QD@PMO—Gd—FA nanoprobes were examined by
UV—vis absorbance and PL spectroscopy, and the results
presented in Figure 3b—d. The intensities of the absorption and
emission peaks were normalized. The PL A, of the QD@
PMO-NH,, QD@PMO-Gd, and QD@PMO-Gd—FA
nanoprobes is around 573, 576, and 574 nm, respectively.
Using R6G as a standard, the PL QYs of these nanoprobes was
calculated to be around 1% in aqueous solution. All aqueous
nanoprobe dispersions exhibited similar emission profiles, and
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Figure 7. In vitro cell viability of HeLa, HepG2, and MCF-7 cells
incubated with QD@PMO—Gd—FA for 24 h at 37 °C as a function of
different nanoprobe concentrations: 0 (as a control), 2, S, 10, 25, 50,
and 100 ug/mL. Deionized water (0 ﬂg/mL) served as the control.

were nearly identical to that of the QD@PMO—-COOH
nanoprobe. These results suggest that there are no apparent
effects on the electronic and optical properties of CulnS,/ZnS
QDs upon conjugation reaction with different ligands (e.g,,
ethylendiamine, Gd(II)—DTPA, and folic acid). Moreover, the
colloidal stability of QD@PMO—Gd—FA nanoprobes was
tested over a range of pH. Figure Sla in the Supporting
Information showed the fluorescence of several solutions of
red-emitting QD@PMO—Gd—FA nanoprobes, which dis-
persed in 2 mL of 20 mM MES solution over a pH range of
5—12. The result indicated that no visible sign of aggregation in
the pH range of 6—8 after 72 h storage. The QD@PMO—-Gd—
FA dispersions also showed luminescent colloidal stability in
pH 7 solutions with different ionic strengths (from 0 to 0.5 M
NaCl) after storing for 72 h (see Figure S1b in the Supporting
Information).

Most organic fluorophores have their lifetimes in a range of
several nanoseconds, close to the lifetime of cellular
autofluorescence, and as a result, the emission signals from
them cannot be well resolved from the cellular backgrounds in

DAPI

20 pm
L]

20 pm

QD@PMO-Gd-FA

QD@PMO-Gd

Merge

20 pm 20 pm
]

20 un 20 un

20 pum 20 um
|

Figure 8. (a, b) Confocal laser scanning fluorescent microscopy images of HeLa cells incubated with a 100 pg/mL solution of QD@PMO—Gd—FA,
and subsequently fixed with alcohol and stained with DAPL In b, the cells were subjected to competition study by concurrently incubating the cells
with 10 mM of free excess folic acid for 1 h with the QD nanoprobe solution. (c) Cells treated with a 100 ug/mL solution of QD@PMO—Gd for 1 h
and again stained with DAPL In all cases, blue fluorescence shows DAPI-stained nuclei and red fluorescence represents localization of QD

nanoprobes.
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Figure 9. Confocal laser scanning fluorescence microscopy images showing fluorescence of (a) HepG2 and (b) MCF-7 cancer cells after 1 h of
incubation with a 100 pg/mL solution of QD@PMO—Gd—FA, as well as subsequently being fixed with alcohol and stained with DAPI. In all cases,
blue fluorescence shows DAPI-stained nuclei and red fluorescence represents localization of QD nanoprobes.

lifetime cell imaging.%"‘7 Long PL lifetime is also crucial for
constructing simple and low-cost instruments for time-resolved
confocal measurement. To better understand the fluorescence
mechanism, the time-resolved PL decay of the nanoprobes at
different conditions was studied. Figure 4 shows the PL decay
curves of QD@PMO—-COOH, QD@PMO—-NH,, QD@
PMO-Gd, and QD@PMO—Gd—FA nanoprobes. The PL
decay profiles of all the samples were fitted in terms of
biexponential decay profile (I(t) = A; exp(-t/7;) + A, exp(—t/
7,), where 7jand 7, are the decay time of the PL emission as
well as A; and A, are the relative weights of the decay
components at ¢ = 0). The average lifetimes 7, determined by
the expression 7,, = (A;7> + A,0,2)/(Aj7, + Ay1,) are also
summarized in Table 1. The PL decay lifetime of CulnS,/ZnS
QDs upon conjugation reaction with different ligands showed
very similar luminescence decay kinetics with radiative lifetimes
of 140 + 20 ns. It is clear from our observation that the lifetime
of the dual-modality nanoprobes in this study are significantly
longer than most organic fluorophores or II-VI QDs. Their
long lifetimes make them particularly appealing for the
visualization of cellular processes in time-resolved confocal
measurements, which can eliminate unwanted interfering
background for high-sensitivity assays.

Fourier transform infrared spectroscopy (FTIR) studies were
employed to verify the structural characteristics of pristine
CulnS,/ZnS QD, QD@PMO-COOH, QD@PMO—NH,,
QD@PMO—-Gd, and QD@PMO—Gd—FA nanoprobes, as
shown in Figure S. In the FTIR spectrum of the pristine
CulnS,/ZnS QDs coated with 1-dodecanthiol (Figure Sa), the
strong doublet observed at 2853 and 2922 cm™' can be
assigned to the symmetric and asymmetric —CH, stretching
vibrations of the alkyl hydrocarbon, whereas methyl symmetric
rocking is attributable to the spectrum located between 1390—
1370 cm™, and methyl asymmetric rocking/CH, scissoring is
indicated by the spectrum at 1466 cm™". In the case of QD@
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PMO—COOH nanoprobe (Figure Sb), the broad absorption
band at 3406 cm™ can be attributed to the OH group, and the
bands appearing at 2922 (or 2849), 1466, and 1414 cm™'
correspond to C—H stretchingg, C—H bending, and C-O
stretching vibrations, respectively. Moreover, the stretching of
the C=0 bond observed at 1568 cm™ is consistent with the
presence of a carboxylic acid group. Upon introducing amine
groups on the surface of the QDs (i.e., in the case of QD@
PMO—NH, nanoprobe), in Figure Sc, we observe a
corresponding appearance of an absorption band at 1643
cm™! assigned to the amide carbonyl (C=0) stretch. Two
characteristic bands at 2925 and 2852 cm™" were attributed to
aliphatic C—H stretching modes. The bands at 1573, 1465, and
1121 em™" are assigned to N—H in-plane bending, C—H
bending, and C—N stretching modes, respectively. In addition,
the broadband between 3300—3500 cm™ can be assigned to
—NH, stretching. These results provide qualitative information
about ethylenediamine molecules grafted onto the surface of
the QDs forming QD@PMO—NH,. After the attachment of
Gd(III)-DTPA onto the surface of the nanoprobe, it was
found that the absorption bands for the QD@PMAO—-Gd
nanoprobe, shown in Figure 5d at 2923 and 2852 cm™!, were
attributed to the C—H stretching vibrations. The bands
observed at 1722, 1600, 1378, and 1215 cm™ can be assigned
to the C=O0 stretching vibration of the carboxyl group, C=C
stretching vibration, O—H deformation and C—N stretching
vibration, respectively. Following folic acid immobilization, it
was found that most of the characteristic vibrational modes of
folic acid (Figure Sf) also appear in the FTIR spectrum of the
QD@PMO-Gd—FA nanoprobe (Figure Se), such as C—H
stretching at 2928 and 2843 cm™!, aromatic ring stretching of
the pteridine ring, and p-amino benzoic acid moieties of folic
acid within the range 1476—1694 cm™.** The peaks located at
1339 and 916 cm™! are also evidence of these moieties,
corresponding to aromatic C—H in-plane and out-of-plane
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bending in folic acid. The increased intensity of the —OH
stretching vibration frequency at 3200 cm™" can also reflect the
contribution of the folic acid molecules conjugated with the
nanoprobe.

The MR imaging mechanisms are based on excitation and
relaxation of hydrogen nuclei that are abundant in water and
lipids of tissue. The intrinsic longitudinal (T;) and transverse
(T,) relaxation times of different parts of biological tissue bring
about changes in the MR signal intensity, which in turn results
in an imaging contrast. To assess the effectiveness of dual-
modality QD@PMO—-Gd—FA nanoprobes as MR imaging
contrast agents, the magnetic resonance relaxivity of the dual-
modality QD@PMO—Gd—FA nanoprobe material was meas-
ured using a clinical MR scanner at room temperature. The
Gd(IIT) concentration of the QD@PMO—Gd—FA nanoprobe
in a solution was determined by ICP-AES, and solutions with
different Gd(III) concentrations were thereby obtained by
dilution with hyperpure water. The T, relaxation times for
various Gd(III) concentrations were obtained by evaluating the
MRI signal intensities at different recovery times and fitting the
data to the following exponential function: M(Tg) = My(1 —
Kexp(—Tg/T;)), where M(Ty) is the MR signal intensity at a
recovery time Ty, M, is the MRI signal intensity at equilibrium
or before inversion, and K is a constant related to the
background noise. The set of recovery times, Ty, used for
determination was 38.87, 50, 75, 100, 125, 150, 200, 250, 500,
750, 1000, 2000, 4000, 6000, and 8000 ms. The resulting
experimental measurements and fitted curves are given in
Figure 6a. Figure 6b shows the graph of the longitudinal
relaxation rates (1/T;) plotted against the Gd(III) concen-
tration for dual-modality QD@PMO—Gd—FA nanoprobe
solutions. The relaxation rates exhibit a linear relationship
with respect to the Gd(III) concentration. The longitudinal
relaxivity (r;) value (determined by the slope of a linear fit of
the plot of 1/T; versus Gd(III) concentration) is 3.72 mM ™"
s~' for the as-prepared QD@PMO-Gd—FA nanoprobe
solution. In Figure 6c, we can observe a clear, positive, and
increasing contrast enhancement of MR signals occurring
concurrently with a gradually increasing Gd(III) concentration.
This indicates that the Gd(III)-complex on the surface of the
QD@PMO~-Gd—FA nanoprobe enhances the longitudinal
proton relaxation process, and thus, QD@PMO-Gd—FA
nanoprobe solutions could be employed as effective T contrast
agents. For a comparison, QD@PMO and QD@PMO—-FA
nanoprobes in the absence of Gd(III)-complex linker molecules
were designed as a control experiment (see Figure S2 in the
Supporting Information). Typically, contrast agents are
administered to enhance the signal effects and produce a
clear and sensitive image. However, the result show similar
corresponding signal intensity as compared with the signal
intensity of deionized water, which indicates that the sole
presence of CulnS,/ZnS QDs cannot reduce or increase the
longitudinal relaxation time of water protons.

To verify the potential application of the QD@PMO—-Gd—
FA nanoprobe as a bioprobe in bioimaging, it is necessary to
evaluate its in vitro cytotoxicity. To this end, an MTT assay was
performed on HeLa, MCF-7, and HepG2 cells, as shown in
Figure 7. In the MT'T assay, the optical absorbance of formazan
(produced by the cleavage of MTT by dehydrogenases in living
cells) at a wavelength of 570 nm, as measured by
spectrophotometer, is directly proportional to the number of
live cells.*” The concentration-dependent effect of the QD@
PMO—Gd—FA nanoprobe on the HeLa cell viability after 24 h
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was determined. It was demonstrated that, after 24 h of
incubation, more than 90% of the HeLa cells survived, even at a
high QD@PMO—Gd—FA nanoprobe concentration (100 ug/
mL). In addition, it can be seen from Figure 7 that the QD@
PMO—Gd—FA nanoprobe showed no significant cytotoxic
effect on both HepG2 and MCEF?7 cells, in the concentration
range of 2—100 pg/mL after incubation for 24 h. Even with a
concentration as high as 100 yug/mL, the HepG2 and MCF7
cell viability remained at about 80%. On the basis of the above-
mentioned MTT results, it can be deduced that the QD@
PMO~-Gd—FA nanoprobe is highly biocompatible and non-
toxic to living cells. From this standpoint, such a low level of in
vitro cytotoxicity implies that the QD@PMO—Gd—FA nanop-
robe can serve as an intracellular marker for diagnosis.

HeLa cells were incubated with a 100 pg/mL QD@PMO—
Gd—FA nanoprobe solution for 1 h, and the cells were washed
to remove any noninternalized nanoprobe. The cells were then
subjected to confocal laser scanning fluorescent microscopy.
The confocal microscope images are shown in Figure 8. An
intense red fluorescence originated from the emission of the
QD@PMO—Gd—FA nanoprobe, which was observed to be
distributed throughout the cytoplasm region of the cell in the
middle micrograph of Figure 8a. To visualize the cell nuclei, we
also stained the cells with DAPI, a nuclear staining dye known
to reveal an intense blue PL when bound to DNA, as observed
in the left-side micrograph of Figure 8a. Consideration of the
merged images in the right-side micrograph of Figure 8a
indicates that the observed red luminescence is distributed in
almost all cells throughout the entire cell cytoplasm. This
suggests that QD@PMO—Gd—FA nanoprobes are distributed
throughout the cells. QD@PMO—Gd—FA nanoprobes are
expected to be efficiently bound to or delivered into HeLa cells
due to folate-receptor-mediated endocytosis. To verify that the
uptake of QD@PMO—Gd—FA nanoprobes into cells can be
mainly driven by folate-receptor-mediated endocytosis, we also
performed competition experiments under the same exper-
imental conditions described above by conducting QD@
PMO—-Gd—FA nanoprobe incubation in the presence of 10
mM free excess folic acid simultaneously. As a result, as shown
in Figure 8b, the uptake of QD@PMO—Gd—FA nanoprobes
by HeLa cells was significantly reduced in the presence of free
folic acid and negligible fluorescence was detected. It can be
reasonably assumed that the observed reduction is because
excess free folic acid partially binds to the surface receptors of
HeLa cancer cells and thus inhibits intracellular uptake of the
nanoprobe. The results shown in Figure 8b strongly suggests
that QD@PMO—Gd—FA nanoprobe uptake is associated with
folate-receptor-mediated targeted delivery. As an additional
control, HeLa cells were also incubated for 1 h with a 100 ug/
mL solution of QD@PMO—Gd nanoprobes, which therefore
did not carry folic acid molecules at their surface. As can be
observed in Figures 8c, the QDs@PMO-Gd nanoprobes
showed little internalization in Hela cells after 1 h of
incubation. However, the results indicate that the QD@
PMO-Gd nanoprobes without folic acid moieties can still be
ingested by HeLa cells, indicating that a nonreceptor-mediated
endocytosis pathway exists in HeLa cells. This result is also
consistent with previous reports,50 in which silicon/iron oxide
hybrid nanoparticles were well internalized by HeLa cells even
without folic acid modification on the surface. Such passive
targeting without any receptor modification takes place
frequently in HeLa cells (eg, silicon QDs,>" graphene-based
probes,*”****% Gd-enriched DNA—Au nanoparticles,>* and
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CdSe/CdZnS QDs>). In contrast, the liver hepatocellular
carcinoma HepG2 and nonaggressive breast carcinoma MCE-7
cells are both folate receptor deficient cancer cell lines. The
above two cell lines were further employed to evaluate cell
selectivity characteristics of the QD@PMO—Gd—FA. Images a
and b in Figure 9 show HepG2 and MCF-7 cells subjected to
an identical incubation and staining procedure as conducted for
HeLa cells and examined by confocal fluorescence microscopy.
Figure 9 demonstrates that HepG2 and MCEF-7 cells rarely
internalized the QD@PMO—-Gd—FA nanoprobes, and only
punctuated red fluorescence is seen to be dispersed throughout
the cytoplasm, compared with that observed for HeLa cells in
Figure 8a under the same incubation conditions. It is
reasonable to deduce then that because HepG2 and MCE-7
cells rarely possess folate receptors on their membrane surface,
they are incapable of internalizing significant amounts of the
QD@PMO~-Gd—FA nanoprobe solution. For comparison,
control experiments performed with QD@PMO nanoprobes
resulted in no noticeable intracellular QD fluorescence in HeLa,
HepG2, and MCF-7 cells (see Figure S3 in the Supporting
Information).

4. CONCLUSIONS

Herein, we demonstrate for the first time not only the facile
fabrication of Gd-based CulnS,/ZnS nanoprobes with magnetic
resonance/optical imaging capability, but also the grafting of a
targeting agent (folic acid) on the surface of the nanoprobes.
This dual-modality nanoprobe demonstrated good biocompat-
ibility with respect to in vitro cytotoxicity tests conducted by
MTT assay on HeLa, HepG2, and MCF-7 cells. MR imaging
characterization revealed that the dual-modality nanoprobe
elicits T relaxivity (r, = 3.7231 mM™'s™") and we can observe
a clear, positive, and increasing contrast enhancement of
magnetic resonance signals concurrently with an increasing
Gd(IlI) concentration of QD@PMO—Gd—FA nanoprobes.
Confocal scanning laser imaging characterization revealed that
the QD@PMO—Gd—FA nanoprobes target HeLa cells most
specifically and effectively via folate-receptor-mediated targeted
delivery compared with HepG2 and MCF-7 cells, which would
be beneficial for evaluating the stage of tumor progression and
making treatment decisions. These results indicate that the
QD @PMO—Gd—FA nanoprobe has the potential to be used as
a platform for dual-modality imaging (both magnetic resonance
and fluorescence) and specific targeting (via folate-receptor-
mediated targeted delivery) in various biological systems. We
expect that these results will open up a way to take advantage of
the full potential of I-III-VI QDs for biological in vitro and in
vivo studies.
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