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a b s t r a c t

Glucose transporter1 (Glut1) plays important roles in treatment of colorectal cancer (CRC) involving
early-stage diagnosis, subtype, TNM stage, and therapeutic schedule. Currently, in situ marking and
tracking of the tumor biomarkers via clinical imaging remains great challenges in early stage CRC
diagnosis. In this study, we have developed a unique cell-targeted, paramagnetic-fluorescent double-
signal molecular nanoprobe for CRC in vivo magnetic resonance imaging (MRI) diagnosis and subse-
quent biopsy. The unique molecular nanoprobe is composed of a fluorescent quantum dot (QD) core; a
coating layer of paramagnetic DTPA-Gd coupled BSA (GdDTPA∙BSA), and a surface targeting moiety of
anti-Glut1 polyclonal antibody. The engineered GdDTPA∙BSA@QDs-PcAb is 35 nm in diameter and
colloidally stable under both basic and acidic conditions. It exhibits strong fluorescent intensities and
high relaxivity (r1 and r2: 16.561 and 27.702 s�1 per mM of Gd3þ). Distribution and expression of Glut1 of
CRC cells are investigated by in vitro cellular confocal fluorescent imaging and MR scanning upon treating
with the GdDTPA∙BSA@QDs-PcAb nanoprobes. In vivo MRI shows real-time imaging of CRC tumor on
nude mice after intravenously injection of the GdDTPA∙BSA@QDs-PcAb nanoprobes. Ex vivo biopsy is
subsequently conducted for expression of Glut1 on tumor tissues. These nanoprobes are found
biocompatible in vitro and in vivo. GdDTPA∙BSA@QDs-PcAb targeted nanoprobe is shown to be a
promising agent for CRC cancer in vivoMRI diagnosis and ex vivo biopsy analysis. The “imaging-biopsy” is
a viable strategy for tumor reconfirmation with improved diagnostic accuracy and biopsy in personalized
treatment.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Colorectal cancer (CRC) is the third most commonly diagnosed
cancer in males and second in females, with over 1 million new
cancer cases and 0.5 million deaths estimated to have occurred
each year [1]. The stage where CRC is detected determines patients
outcome, with 5-year survival rates of more than 90% for stage I
disease and less than 10% for stage IV [2]. High CRC death rates can
be significantly reduced by improved treatment and early
detection.
9; fax: þ86 21 65983706 0.
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Tumor markers differ from normal cells and rapidly emerge in
tumor progression via angiogenesis, tumor cellularity, metabolism,
and oxygenation which is closely related to cancer pathogenesis,
invasion andmetastasis [3e5]. Therefore, cancer biomarkers can be
used in establishing specific diagnosis and disease prognosis. The
glucose transporters1 (Glut1), as a cell surface protein with extra-
cellular domains, has been confirmed to express a significant
number of malignant tumors, including CRC, based on the immu-
nohistochemistry (IHC) studies. Younes reported a high level of a
Glut1 expression that was closely associated with an incidence of
lymph node metastases in CRC [6]. Haber assessed Glut1 immu-
nostaining in colorectal carcinoma to identify patients with poorer
prognosis [7]. Sakashita suggested that Glut1 expression was pos-
itive in 18% of low-grade adenomas and in 63% of high-grade ad-
enomas [8]. Wincewicz detected positive 58.3% Glut1 expression in
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colorectal adenocarcinoma, while no expression in normal colo-
rectal tissue [9]. Fenske found Glut1 expression related to potential
malignant and predictor of poor prognosis [10]. These studies
suggested that imaging of expression levels of Glut1 can provide an
important basis for the tumor stage, tumor invasiveness and his-
tological differentiation in order to establish personalized treat-
ment of CRC patients.

MRI is a powerful noninvasive medical tool for tumor diagnosis
with impressive anatomic resolution and tissue penetration, but it
is limited by low sensitivity and cell specificity [11]. Clinical MRI
contrast agents (CAs) include Gd (III) chelates, e.g., Gd-DTPA-BMA,
Gd-DOTA, and other small molecular Gd-based CAs. Their struc-
tures are stable, but with poor relaxivity, specificity, and retention
time in blood stream [12,13]. A promising solution to improving
MRI sensitivity and specificity can be achieved by conjugation
specific CAs with anti-tumor biomarker antibodies. Upon admin-
istration of these specific CAs, biomarker expression levels and
distribution of the diseased tissues on CRC tumor can be effectively
tracked by the targeted and CAs-enhanced imaging techniques [14].
It should be note that in clinical cancer diagnosis the suspicious
lesion tissues in MRI are often removed for conclusive diagnosis
using the immunohistochemical (IHC) analysis [8,15]. It is also used
to identify the tumor type, degree of malignancy, metastasis and
recurrence [6,16]. There is, therefore, a great need to search for
multipurpose tumor-specific CAs with MRI moieties and tissue
molecular profiling moieties.

In this study, integrated gadolinium (Gd) -functionalized
quantum dots (GdDTPA∙BSA@QDs) were designed and synthesized
as MRI CAs and IHC signal reporter. GdDTPA∙BSA, a paramagnetic
metal ion biomolecular complex, was used as a moiety of T1-
weighted MRI CAs and the reaction sites for conjugation of tar-
geting ligands such as peptides, antibodies, and DNA. QDs were
used as moieties of fluorescent reporters in IHC for tissue biopsy.
QDs have uniform size and shape, narrow emission peak, high
quantum yield (QY), and photo and chemical stability [17e19]. Due
to their special properties, QDs have been widely used as nanop-
robes for biomedical labeling such as in vitro cancer molecular
pathology [20,21]. As fluorescent probes for immunohistochem-
istry assay, QDs have significant advantages over conventional
fluorophores [21]. High quality core/shell semiconductor QDs were
synthesized in this study following a previously reported hot-
injection method [22,23].

GdDTPA∙BSA was prepared by conjugation of BSA and dieth-
ylenetriaminepentaacetic dianhydride (DTPAA), and chelationwith
Gd3þ. For integration of two imaging moieties, hydrophobic QDs
were surface engineered from organic to the aqueous phase in the
presence of GdDTPA∙BSA aqueous solution under ultrasonication
[24]. The as-prepared GdDTPA∙BSA@QDs exhibited good water-
dispersibility, high relaxivity and strong anti nonspecific binding.
Upon conjugation with anti-tumor polyclonal antibody (Glut1)
[25], the resulting GdDTPA∙BSA@QDs-PcAb were investigated for
in vitro and in vivo tumor targeted imaging. Furthermore, the
expression and distribution of Glut1 on tumor site was investigated
in tissue biopsy with the fluorescent reporter of GdDTPA∙BSA@QDs-
PcAb.

2. Materials and methods

2.1. Materials

2.1.1. Reagents and materials
Cadmium oxide (99.99%), selenium powder (99.99%), zinc oxide (ZnO, 99.99%),

sulfur (99.98%), octadecylamine (ODA, 90%), oleic acid (OA, 90%),1-octadecene (ODE,
90%), tri-n-octylphosphine oxide (TOPO, 90%) and 1-ethyl-3-(3-
dimethyllaminopropyl) carbodiimide hydrochloride (EDC�HCl) were purchased
from SigmaeAldrich. Diethylenetriaminepentaacetic acid dianhydride (DTPAA,
95%), dimethyl sulfoxide (99.8%), gadolinium (III) chloride hexahydrate (99.9%) were
purchased from Alfa Asear. Glut1 antibody was purchased from Millipore
Corporation. Bovine serum albumin (BSA) was purchased from Beijing Dingguo
Biotechnology. Trisodium citrate dehydrate, trichloromethane, acetone, sodium
hydrogen carbonate, argon was purchased from local suppliers. Deionized water
(18.2 MU cm resistivity at 25 �C) was used in this study. All the chemicals were used
without further purification.

2.2. Methods

2.2.1. Preparation of hydrophobic surfactant-capped core/shell QDs
Hydrophobic surfactant-capped QDs were synthesized with minor modifica-

tions according to previously published procedures [22,23]. The CdSe core synthesis
was carried out as follows. Separately, CdO (0.6 mmol), OA (0.8 mL) and ODE (8 mL)
were heated to 150 �C in an argon atmosphere in a three-necked flask. After
dissolution of CdO, the solutionwas cooled to room temperature, followed by adding
TOPO (1 g) and ODA (2.5 g), and the mixture was heated again to 260 �C. At this
temperature, a stock solution (3.6 mmol of Se powder dissolved in 2 mL of TOP) was
rapidly injected into the reaction chamber (containing a Cd precursor) to start
nucleation until the color change to red. Addition of ethanol into the solution
resulted in a precipitate which was washed with acetone for several times and then
dried for use.

Core/shell QDs were synthesized as follows. CdSe nanocrystals dissolved in
10 mL of hexane were mixed with 1.5 g of ODA and 5.0 g of ODE in a 25 mL three-
neck flask. The flask was then pumped down at room temperature with argon at-
mosphere for 30min to remove air at 100 �C for another 5e10min to remove hexane
from the system. Subsequently, the system was switched to argon flow and the
reactionmixture was further heated to 240 �C for injections of Cd, Zn and S resource
solution using the method described by Li [26]. After reaction, the raw products
were separated by acetone precipitation followed by centrifugation. In this study,
CdSe/CdS2ML/Cd0.75Zn0.25S/Cd0.5Zn0.5S/Cd0.25Zn0.75S/ZnS2ML core/shell QDs were
provided for further experiment. Herein, ML is the abbreviation of monomolecular
layer.

2.2.2. Preparation of GdDTPA∙BSA complex
The synthesis of GdDTPA∙BSA complex was according to a previously published

protocol with minor modifications [27]. Briefly, 5 g of BSAwas dissolved in 75 mL of
0.1 M NaHCO3 (pH 8.5) solution. 5 g of DTPAA dissolved in 25 mL of dry DMSO was
then added to the BSA solution. The pH value of mixture solutionwas adjusted to 8.5
by using 1 M NaOH. The solution was stirred for 2 h at room temperature and dia-
lyzed against 5 � 4 L of deionized water. Subsequently, 2.5 g of GdCl3∙6H2O was
dissolved in 25 mL of 0.1 M Na-acetate buffer (pH 6.0) and added drop wise to the
above BSA-DTPA solution to produce GdDTPA∙BSA complex, while keeping pH at 6.5.
The solutionwas further stirred for 24 h at room temperature. Redundant Gd3þwere
removed through dialyzing GdDTPA∙BSA against 5 � 4 L of citrate buffer (0.1 M, pH
6.5) and 5 � 4 L of deionized water. Finally, the solution of GdDTPA∙BSAwas frozen-
dry from liquid to solid for further use.

2.2.3. Preparation of GdDTPA∙BSA@QDs
The hydrophilic GdDTPA∙BSA-coated QDs was synthesized according to our

previously reported procedure [24]. Core/shell QDs/chloroform solution was trans-
ferred into a clean syringe for injection. The mole ratio of GdDTPA∙BSA to QDs was
kept at 500. Typically, the weighted GdDTPA∙BSA (30 mg) was completely dissolved
in 4 mL of deionized water in a 10 mL beaker. The beaker was placed under an ul-
trasonic cell crusher with an ultrasonic booster. The top of the booster was ~0.5 cm
lower than the liquid level of GdDTPA∙BSAwater solution. The top of the long syringe
needle was placed next to that of the booster. The QDs/chloroform solution was
slowly injected into the GdDTPA∙BSA water solution with ultrasonication at
300e500W pulsed every 10 s for an interval of 10 s. The emulsion-like solution was
treated by a rotary evaporator to remove chloroform. In the last step, GdDTPA∙BSA@
QDs were purified by ultracentrifugation at 100,000 � g for 15 min to remove the
remains of GdDTPA∙BSA. The purified product was dispersed in borate saline buffer
(50 mM, pH 8.2) and stored at 4 �C for further study.

2.2.4. Preparation of targeted dual-signal GdDTPA∙BSA@QDs-PcAb nanoprobes
GdDTPA∙BSA@ QDs were conjugated with antibodies by using EDC$HCl as the

cross-linker. The dual-signal GdDTPA∙BSA@ QDs were reacted with antibodies at a
QDs/Glut1PcAb/EDC∙HClmolar ratio of 1:10:4000 in borate saline buffer (50mM, pH
8.2) with continuously stirring for 2 h at room temperature. The final bioconjugates
were dispersed in phosphate buffered saline (PBS, 0.01 M, pH 7.4, 0.5% BSA, 0.02%
sodium azide) after purifying by ultracentrifugation at 100,000� g for 15 min and
washed with 0.01 M PBS (pH 7.4) twice.

2.2.5. In vitro relaxation rate and MRI
The longitudinal and transverse relaxation times of GdDTPA∙BSA and

GdDTPA∙BSA@QDs were determined by using the 1.41 T minispec mq 60 NMR
analyzer (Bruker, Germany) at 37 �C. The relaxivity values of r1 and r2 were calcu-
lated by fitting the 1/T1 and 1/T2 relaxation time (s�1) versus Gd3þ concentration
(mM) curves. The in vitro MR images of the GdDTPA∙BSA@QDs samples were ob-
tained using a MRI system (MesoMR23-060H-I; Shanghai Niumag Corporation,
China). Themeasurement conditions were as follows: T1-weighted sequence; multi-
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slice spin echo; repetition time/echo time (TR/TE) ¼ 1150/11.5 ms; matrix
acquisition ¼ 256 � 192; number of excitations (NEX) ¼ 8; field of view
(FOV) ¼ 80 mm � 80 mm; FOV phase of 40%, thickness ¼ 5.0 mm; 0.5 T, and 32 �C.

2.2.6. Cytotoxicity study of GdDTPA∙BSA@QDs
The cytotoxicity of GdDTPA∙BSA@QDs against 3T3 cells was studied using the

MTT colorimetric procedure. Cells were seeded at a density of 5 � 103 cells/well in
96-well flat-bottomed plates, and allowed to adhere overnight. The cells were
washed twice with PBS and incubated with GdDTPA∙BSA @QDs at different Cd2þ

concentrations for 24, 48, and 72 h. Next, the cells were washed twice with PBS and
fresh culture medium was added. 20 mL of MTT solution (5 mg/mL in PBS) was then
added to each well and the cells were incubated for an additional 4 h at 37 �C. The
media were removed and the cells were dissolved in100 mL of DMSO. Absorbance at
570 nm was measured with a microplate reader. The data were presented as the
percentages of viable cells compared to the survival of a control group with a
mean ± s.e. (n ¼ 5).

2.2.7. Cell-targeted bimodal imaging
Confocal laser scanning microscopy (CLSM) imaging (Leica TCS SP5II) and MRI

were employed to assess the specific binding capability of prepared GdDTPA∙B-
SA@QDs-PcAb nanoprobes with HCT-116 cells. Cells seeded in a 6-well plate in 2 mL
of culturing mediumwere exposed to a humidified 5% CO2 atmosphere at 37 �C and
cultured for 24 h before adding the nanoprobes. Prior to the experiment, cells were
washed twice with PBS to remove the growth medium and then incubated with
GdDTPA∙BSA@QDs-PcAb or GdDTPA∙BSA@QDs for 30 min. The cells were washed
twice with PBS and living cell imaging was performed on the confocal laser scanning
microscopy.

For in vitro cell MRI experiments, the cells were incubated with Glut1-targeted
GdDTPA∙BSA@QDs-PcAb nanoprobes and non-targeted GdDTPA∙BSA@QDs, respec-
tively, at 37 �C for 2 h. Cells were washed and redispersed in 100 mL of PBS and
inserted in a 60 mm diameter MR coil. The in vitro MR imaging was performed on
the NIUMAGMRI system (NMI20). Themeasurement conditions were as follows: T1-
weighted sequence; multi-slice spin echo (MSE); TR/TE ¼ 400/5.6 ms; matrix
acquisition ¼ 200 � 128; NEX ¼ 8; FOV ¼ 55 mm � 55 mm; FOV phase: 20%;
thickness ¼ 5 mm; 0.5 T, and 32.0 �C. The relaxation times were respectively
measured for comparison.

To evaluate the targeting capability of the GdDTPA∙BSA@QDs-PcAb nanoprobes,
a competitive inhibition cell assay was performed using fluorescent imaging by
adding free antibodies (10 mL, 1 mg/mL) into Glut1-expressed cells for preincubation
before introduction of the Glut1-targeted GdDTPA∙BSA@QDs-PcAb nanoprobes.

2.2.8. Tumor implantation
All animal experiments were carried out in accordance with guidelines

approved by the ethics committee of Tongji university, Shanghai, China. HCT 116
cells (2 � 106) were injected into the right hind leg of female Balb/c nude mice. The
subcutaneous tumors with a diameter of 1.0e2.0 cmwere ready for MR imaging and
IHC analysis after inoculation for 14e18 days.

2.2.9. In vivo MRI of GdDTPA∙BSA@QDs-PcAb nanoprobes on tumor-bearing mice
In vivo MRI experiments were performed on a 0.5T MRI scanner (MesoMR23-

060H-I, NIUMAG, China). To compare the contrast enhancement of targeted and
non-targeted nanoprobes on the colorectal tumor-bearing mice, MR images were
obtained before and after injection with the GdDTPA∙BSA@QDs-PcAb NPs and
GdDTPA∙BSA@QDs at dosage of 0.05 mmol of Gd3þ per kg body weight, respectively.
The measurement conditions were as follows: T1-weighted sequence; multi-slice
spin echo; repetition time/echo time (TR/TE) ¼ 1400/18.2 ms, matrix
acquisition ¼ 256 � 192; number of excitations (NEX) ¼ 16; field of view
(FOV) ¼ 80 mm � 80 mm; FOV phase of 40%; thickness ¼ 3.5 mm; 0.5 T, and 32 �C.

2.2.10. Tumor tissue biopsy and IHC analysis
Tumor tissues were obtained by needle biopsies and fixed for IHC analysis. In

this study, IHC analysis was based on the comparison between an enzyme reporter
and the GdDTPA∙BSA@QDs-PcAb reporter. For Glut1 staining, the fixed sections from
tumor biopsy specimens were divided into two groups. In the enzyme reporter
based IHC analysis, the positive group was stained by the Glut1 primary antibody
(AB1341, Millipore Corporation) at a 1:100 dilution first for 40 min and followed by
HRP- labeled IgG, whichwas visually observed by Diaminobenzidine plus (DAB Plus)
(Biotech Well, Shanghai, China). HRP- labeled IgG was added in the control group
instead of Glut1 primary antibody and visually observed by DAB Plus directly. In the
nanoprobe reporter based IHC analysis, the positive group was stained by
GdDTPA∙BSA@QDs-PcAb (25 nM) directly. The control group was stained by
GdDTPA∙BSA@QDs (25 nM). Both cases were followed by DAPI staining. The Glut1
expression was assessed by immunohistochemical examination using a light mi-
croscope and by immunofluorescent examination using CLSM imaging.

2.2.11. In vivo toxicity study
Liver, spleen and kidney organs were removed from the anesthetized mice post-

injected with the GdDTPA∙BSA@QDs nanoprobes after 15 days and fixed, embedded
into paraffin. The fixed organs were sliced, stained with hematoxylin and eosin
(H&E), and subjected to optical microscopy study.

2.2.12. Pharmacokinetics of GdDTPA∙BSA@QDs
The organs and tissues including liver, spleen, kidney, heart, lung, and intestine

were collected from the anesthetized mice post-injected with GdDTPA∙BSA@QDs at
dosage of 0.05 mmol of Gd3þ per kg body weight, and eroded with concentrated
nitric acid for disclosing the biodistribution of the particles by ICP-AES at 2 h, 12 h,
24 h, 4 d, 7 d, and 14 d, respectively. Three mice without injection were used as the
blank control.

2.2.13. Characterization
The morphology and size of hydrophobic QDs and hydrophilic GdDTPA∙B-

SA@QDs were studied using a DX 2700 transmission electronmicroscope (TEM). The
Fourier transform infrared spectroscopy (FTIR) spectra were obtained on a FT-IR
spectrometer (TENSOR 27, BRUKER). The molecular weight of BSA and DTPA∙BSA
were studied by the matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF MS) (AB SCIEX 5800, USA). The hydrodynamic diameters
(HDs) of GdDTPA∙BSA@QDs in aqueous solution were evaluated using a dynamic
light scattering (DLS, NanoZS90, Malvern). The absorbance and emission spectra of
hydrophobic QDs in chloroform and GdDTPA∙BSA@QDs in deionized water were
recorded on a Cary 50 spectrometer and LS-55 spectrophotometer under 470 nm
excitation, respectively.

3. Results and discussion

3.1. Synthesis and size characterization of GdDTPA∙BSA@QDs

Scheme 1 A illustrates the synthesis route of GdDTPA∙BSA
complexes. GdDTPA∙BSA was synthesized by reaction of cyclic an-
hydride of DTPAwith BSA and subsequent addition of Gd3þ ions for
chelation. The DTPA groups were covalently bound to the amine
moieties of BSA, and the Gd3þ was chelated in the DTPA moieties.
The successful coupling of DTPA and BSA was confirmed by FTIR
analysis.

The FTIR spectrum of BSA, DTPAA and its derivative GdDTPA∙BSA
were shown in Fig. 1A. A peak at 1444 cm�1 in the spectrum of
GdDTPA∙BSA attributes to the NHCO (amide), which indicates the
acylamino bond in GdDTPA∙BSA. The strong peaks include OeH,
NeH (around 3380 cm�1), and C]O (1738 cm�1) vibrations in the
spectra of GdDTPA∙BSA (spectrum c). These peaks of DTPAA (spec-
trum b) appear weak, but can be distinguished from spectrum a,
suggesting the incorporation of carboxylate groups into BSA [28].

To further verify DTPA to be attached to BSA, the molecular
weights of native BSA and the resulting BSA-DTPA conjugate were
characterized by MALDI-TOF mass spectrometer (Fig. 1B). An in-
crease is observed from the peak of 66977.2 Da (the native BSA) to
71005.8 Da (DTPA∙BSA). This increase indicates that each BSA
macromolecule is coupled with about 10 of DTPA small molecules.
This result is consistent with the previous report [29]. The disap-
pearance of the BSA peak in the spectrum of DTPA∙BSA suggests the
completion of coupling.

Albumin is the most abundant protein in the circulatory system
and contributes 80% to colloid osmotic blood pressure. BSA and its
derivatives have numerous biochemical applications that include
blocking agents in enzyme-linked immunosorbent assay [30], sta-
bilizers in enzymes processing [31], ligands in surface engineering
[24,32] and nanocarriers [33e35]. In this study, BSA has two roles,
namely the ligands for surface engineering of hydrophobic QDs and
nanocarriers for linking GdDTPA and antibodies. Practically, BSA, as
a multivalent ligand with abundant free carboxyl, amino and di-
sulfide bonds, has been successfully used in our previous work for
surface engineering of nanopaticles [24,32]. In this study, for
multipurpose applications, BSA is employed with MRI moiety be-
forehand, and utilized for water-solubilization of hydrophobic QDs.
GdDTPA∙BSA is experimentally found to be effective and facile in
the phase transfer of QDs under ultrasonication.

Fig. 1C shows the TEM images of the original hydrophobic QDs
and its water dispersible counterpart. GdDTPA∙BSA@QDs under
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TEM is uniform in size without obvious aggregates. Furthermore,
their corresponding HDs were analyzed for comparison (Fig. 1D).
The mean HD of GdDTPA∙BSA@QDs is 35 nm, larger than that of
hydrophobic QDs in chloroform (9 nm). This indicates the
GdDTPA∙BSA coating on the QDs surfaces. The free carboxyl groups
of GdDTPA∙BSA layer on the QDs can allow for coupling antibodies
for targeted MRI and tissue biopsy. This basic design principle of
experiment is illustrated in Scheme 1B.
Fig. 1. (A) FTIR spectra of BSA (a), DTPAA (b) and GdDTPA∙BSA (c). (B) MALDI-TOF mass spe
trifluoroacetic acid as cationizing agent. (C) TEM images of hydrophobic QDs (a) and hydro
GdDTPA∙BSA@QDs in water (b).
3.2. Optical and relaxivity characterization of GdDTPA∙BSA@QDs

The spectroscopic properties of GdDTPA∙BSA@QDs in aqueous
phase are nearly identical to those of initial hydrophobic core/shell
QDs in organic phase (Fig. 2). They emit sharp and highly sym-
metrical fluorescence at 680 nm. After ultracentrifugation to
remove the supernatant, the precipitated GdDTPA∙BSA@QDs can be
readily redispersed in various hydrophilic solvents such as DMEM
ctra of BSA and DTPA∙BSA with sinapinic acid as matrix and water (1/1, v/v) with 0.1%
philic GdDTPA∙BSA@QDs (b). (D) DLS data of hydrophobic QDs in chloroform (a) and
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without precipitates. Their colloidal stability in cell growth media
at different storage times and the optical stability are characterized
as shown in Fig. 3. As expected, the GdDTPA∙BSA-coated QDs are
stable in 7 days showing no signs of sedimentation (Fig. 3 A and C).
Their fluorescence emissions are well maintained for 7 days of
storage (Fig. 3 B and D). By contrast, conventional organic dyes are
rapidly extincted when exposed to outside lights. These unique
features of QDs are particularly useful for biomedical labeling
[17,36].

MR contrast agents are evaluated on the basis of their relaxivity
or the change in the relaxation rates of water protons in the pres-
ence of the agent per unit concentration [37]. The MR relaxivity of
the GdDTPA∙BSA@QDs nanoparticles were measured using a 1.41 T
MRI facility at 37 �C inwater bymeasuring the longitudinal (r1) and
the transverse (r2) nuclear magnetic relaxation rates of water
protons. As shown in Fig. 4 A and B, GdDTPA∙BSA and GdDTPA∙B-
SA@QDs have high r1 values of 15.357 and 16.561 s�1 per mM of
Gd3þ respectively. These values are nearly fourfold that of
commercially used Gd-DTPA. The significant improvement on
relaxivity can be attributed to the BSA macromolecule binding,
which can restrict Gd-DTPA rotation [38]. The r2/r1 radio is a key
factor to evaluate a given material for a preferable T1 or T2 contrast
efficacy [39]. Remarkably low r2/r1 values of 1.57 and 1.67 of
GdDTPA∙BSA and GdDTPA∙BSA@QDs are obtained, respectively,
suggesting their ideal candidacy for T1-weighted MR contrast
agents.

Fig. 4C shows three sets of GdDTPA∙BSA@QDs with Gd3þ con-
centrations ranging from 0.15 to 0.46 mM that are imaged using T1-
weighted spin-echo sequences. The intense signals of GdDTPA∙B-
SA@QDs are clearly visualized at the highest concentration of Gd3þ

(0.46 mM). Even at the lowest concentration of Gd3þ (0.15 mM), the
signal of GdDTPA∙BSA@QDs is much brighter thanwater. Their high
r1 value and excellent MRI enhancement capability show promise
as a positive contrast agents.

3.3. Cytotoxicity study

3T3 cells were incubated with GdDTPA∙BSA @QDs at different
Cd2þ concentrations for 24 h, 48 h and 72 h. Their corresponding
cell viability data obtained by MTT assay is shown in Fig. 5. As can
be seen in this figure, after 24 h of incubation, more than 80% of 3T3
cells survived at all Cd2þ concentrations. In addition, no significant
cytotoxicities are found for times up to 48 h and 72 h in the Cd2þ

concentration ranging from 0.1 mM to 100 mM, suggesting its good
biocompatibility with 3T3 cells at the given concentrations.
Fig. 2. UVevis absorption (A) and PL emission (B) spectra of representative core/shell QDs b
shown in black. (For interpretation of the references to color in this figure legend, the read
3.4. In vitro cellular fluorescent and MR targeted imaging

Human Colonic cancer cells (HCT116) were used in vitro to
assess the biological specificity of the GdDTPA∙BSA@QDs-PcAb
nanoprobes. Proliferating HCT116 cells overexpress Glut1 surface
protein [40]. HCT116 cells were incubated with GdDTPA∙BSA@QDs-
PcAb and GdDTPA∙BSA@QDs respectively for 30 min. The CLSM
images are shown in Fig. 6A. An intense red fluorescence is
observed from the emission of GdDTPA∙BSA@QDs-PcAb nanop-
robes on the surface of HCT116, while CLSM images of HCT116 cells
incubated with GdDTPA∙BSA@QDs show no red fluorescence in the
cell membranes. To verify the specificity of the GdDTPA∙BSA@QDs-
PcAb nanoprobes with the cells mainly driven by Glut1 receptor-
mediated binding, competition experiments under the same
experimental conditions was performed by conducting
GdDTPA∙BSA@QDs-PcAb nanoprobes incubation with cells in the
presence of 10 mM free excess Glut1antibodies. It is found that the
pre-incubated cells with free antibodies are hardly labeled by
GdDTPA∙BSA@QDs-PcAb nanoprobes (Fig. 6 A). The fluorescence
reduction is likely associated with excess free Glut1antibodies bind
to the surface receptors of HCT116 cancer cells, inhibiting surface
cellular specific binding with the nanoprobes. These cellular assays
results indicate the binding of GdDTPA∙BSA@QDs-PcAb to HCT116
cells due to antigeneantibody reaction [15].

To exploit the full potentials of GdDTPA∙BSA@QDs-PcAb as
multipurpose nanoprobes, in vitro cellular MRI was performed.
3 � 106 HCT116 cells were respectively incubated with GdDTPA∙B-
SA@QDs-PcAb and non-targeted GdDTPA∙BSA@QDs, and without
any contrast agent for 2 h at 37 �C. Fig. 6 B shows the bright red
fluorescence image from cells incubated with the GdDTPA∙B-
SA@QDs-PcAb nanoprobes. The cells incubated with GdDTPA∙B-
SA@QDs and the control groups exhibit weak or no fluorescence.
These cells were then MR scanned (Fig. 6C). It shows much brighter
HCT116 cells incubated with GdDTPA∙BSA@QDs-PcAb than those
with GdDTPA∙BSA@QDs, and the control blank cells. The T1 relax-
ation time of HCT116 cells incubated with GdDTPA∙BSA@QDs-PcAb
is 311 ± 10.6 ms, much lower than those incubated with
GdDTPA∙BSA@QDs (643 ± 6.5 ms) and the blank control cells
(665 ± 2.9 ms) (Fig. 6 D). These values are consistent with the re-
sults of CLSM images andMRI enhancement performance in Fig. 6A,
B, C.

The distribution and expression of Glut1 of CRC cells are
investigated by in vitro cellular confocal fluorescent imaging and
MR scanning after treated with GdDTPA∙BSA@QDs-PcAb. The
in vitro CLSM and MR cellular imaging demonstrate significant
efore (blue) and after (red) phase transfer with use of GdDTPA∙BSA. The core QDs is also
er is referred to the web version of this article.)



Fig. 3. (A) Digital luminescent images of GdDTPA∙BSA@QDs emissions at DMEM solution after 7 days storage at room temperature excited with a hand-held UV lamp at 365 nm.
Time-resolved fluorescent quantitative and hydrodynamic diameter evaluation of GdDTPA∙BSA@QDs (B, C and D) at DMEM solution recorded at room temperature at various time
points.
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specific binding of Glut1-targeted GdDTPA∙BSA@QDs-PcAb to
HCT116 cells but not of those non-targeted GdDTPA∙BSA@QDs.

3.5. In vivo tumor targeted MRI

Both GdDTPA∙BSA@QDs and GdDTPA∙BSA@QDs-PcAb were
estimated for targeting behaviors in tumor accumulation in vivo by
MRI. Fig. 7 shows antibody-linked nanoprobes specifically captured
Fig. 4. T1 relaxation rates (1/T1) and T2 relaxation rates (1/T2) of GdDTPA∙BSA (A) and GdDTPA
weighted MR images of GdDTPA∙BSA @QDs with different Gd3þ concentrations. Deionized
in the lesion of tumor, leading to enhanced MRI for diagnosis. This
active targeting to the colorectal tumor was found as fast as 30 min
post-injection. The tumor enhancement reached its maximum
value at 240 min post-injection (Fig. 7 A), while T1-weighted MR
images obtained at t¼ 0 to t¼ 480 min for the mouse injected with
non-targeted GdDTPA∙BSA@QDs show no or little contrast
enhancement in the tumor area (Fig. 7 B). These results show
effective targeting of GdDTPA∙BSA@QDs-PcAb to colorectal tumor
∙BSA @QDs (B) in aqueous solution (37 �C) as a function of Gd3þ concentration. (C) T1-
water (0 mM) is used as the reference.



Fig. 5. Cytotoxicities of GdDTPA∙BSA @QDs with different Cd2þ concentrations to 3T3
cells were determined by the MTT cell proliferation assay. The results are obtained
from five experiments with standard deviations.
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by conjugating the polyclonal anti-Glut1antibody with high spec-
ificity via receptor-mediated reaction, providing contrast enhanced
MRI in vivo.

In vivo MRI shows strong positive signals in the CRC tumor area
which distinguishes the boundary between the tumor and normal
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Fig. 6. (A) CLSM images of HCT116 cells incubated with Glut1-targeted GdDTPA∙BSA@QDs-
specificity, cells were preincubated with free Glut1 antibodies before adding Glut1-targete
tationwith a hand-held UV lamp at 365 nm, T1-weighted MRI image (C), and the T1 relaxatio
non-targeted GdDTPA∙BSA@QDs, and without any contrast agent for 2 h.
tissues and provides impressive anatomic resolution. These results
show a promising candidate of the GdDTPA∙BSA@QDs-PcAb
nanoprobes for the CRC contrast-enhanced MRI diagnosis.

3.6. IHC analysis on biopsy tissue specimens

In vivoMRI shows real-time imaging of CRC tumor on nudemice
after intravenously injection of GdDTPA∙BSA@QDs-PcAb. Ex vivo
immunofluorescent molecular imaging on the biopsy tissue were
subsequently conducted and confirmed for the expression of Glut1.
Fig. 8 shows intense red fluorescence in the targeted group (B), but
no fluorescence signals in the non-targeted group (F). These results
are consistent with the enzyme-based IHC data on tumor tissues in
both groups (Fig. 8 A, E). The cell nuclei were stained with DAPI for
locating the nanoprobes in the involved cells (Fig. 8C, G). Strong red
fluorescence signals in the targeted group are observed on the cell
membranes (Fig. 8 D, H), which further confirms the specific
binding of GdDTPA∙BSA@QDs-PcAb with cells mediated by Glut1.
The Glut 1 expressions are imaged on the in vitro cells, in situ tumor
lesion and ex vivo biopsy tissue specimens. The GdDTPA∙BSA@QDs-
PcAb nanoprobes are shown to be capable of imaging Glut 1 at
various biological levels. The so-called “imaging-biopsy” reconfir-
mation strategy can provide accurate diagnosis.

In clinical applications, as a critical step in conclusive cancer
diagnosis, the corroborative evidence must be provided other than
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PcAb and non-targeted GdDTPA∙BSA@QDs for 30 min. To further determine targeting
d GdDTPA∙BSA@QDs-PcAb nanoprobes. (B) Photograph under white light and an exci-
n times (D) for HCT116 cells incubated with Glut1-targeted GdDTPA∙BSA@QDs-PcAb and
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Fig. 7. In vivo CRC tumor-bearing MRI. T1-weighted MRI of nude mice intravenously injected with targeted GdDTPA∙BSA@QDs-PcAb nanoprobe (A), and non-targeted
GdDTPA∙BSA@QDs (B). Images were collected at different time points: pre injection, 30 min, 90 min, 240 min, and 480 min post-injection.
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the imaging techniques. A biopsy is a medical test commonly per-
formed by a surgeon or an interventional radiologist involving
sampling of cells or tissues for pathological examination. In this
study, the tumor tissuewas extracted by biopsy to further study the
expression of Glut1 in the tumor tissue. GdDTPA∙BSA@QDs-PcAb
nanoprobes can provide a potential immunofluorescence solution
in labeling the specific proteins on the biopsy tissue specimens
(Fig. 8). As shown in Fig. 8, the GdDTPA∙BSA@QDs-PcAb based IHC
data shows good correlation and consistency with the conventional
enzyme-based IHC.

In this study, the GdDTPA∙BSA@QDs-PcAb nanoprobes have
been utilized for both in vivo imaging and subsequent biopsy tissue
analysis. The proof-of-concept study may extend the nanoprobes
designed in this study in many clinical applications including im-
aging contrast agents, early diagnosis of cancers, and biopsy tissue
analysis.
3.7. Biodistribution study and histology toxicity analysis

To evaluate the in vivo clearance process and organ distribution,
mice were injected with the GdDTPA∙BSA@QDs nanoparticles via
Fig. 8. Examination of Glut1 expression by IHC analysis. (A) Glut1 IHC of colon carcinom
GdDTPA∙BSA@QDs-PcAb nanoprobes as the reporter. Cell nuclei were stained with DAPI (C
antibodies were not added (E) and non-targeted GdDTPA∙BSA@QDs were used (F).
tail vein and then sacrificed at different time points. The main or-
gans were removed for ICP-AES quantitative analysis of Cd2þ and
Gd3þ by ICP-AES (Fig. 9). ICP analysis shows uptake and retention of
GdDTPA∙BSA@QDs nanoparticles mainly in liver, while negligible
amounts of gadolinium and cadmium in heart and lung. ICP anal-
ysis also reveals a gradual decrease in liver, suggesting that the
GdDTPA∙BSA@QDs nanoparticles may take a biliary elimination
pathway. The injected nanoparticles with size of 35 nm cannot be
primarily cleared out by glomerular filtration. Therefore, a thim-
bleful of Gd3þ and Cd2þ were present in kidneys post-injection.
Previous studies showed large particles were more easily
captured by liver and the RES system [41,42]. In this study, bio-
distribution study shows that the clearance route of the
GdDTPA∙BSA@QDs nanoparticles is mainly via hepatobiliary
excretion.

A histological analysis of organs was performed to determine
possible damage of tissue, inflammation, or lesions by GdDTPA∙B-
SA@QDs (Fig. 10). QDs used in this study contain heavy metal
cadmium constituents [43]. Exposure to Cd2þ could induce
degenerative changes in the organs [44,45]. Liver, spleen and kid-
ney were chosen for the in vivo toxicity test since they retained
as with enzyme-labeled IgG as the reporter. (B) Glut1 IHC of colon carcinomas with
, G) and merged images are shown (D, H). In the control experiments, primary Glut1



Fig. 9. Biodistribution of GdDTPA∙BSA@QDs in mice. ICP-AES histograms of cadmium ions (A) and gadolinium ions (B) in heart, liver, spleen, lung, kidney, and intestine of the control
mice and the mice sacrificed 2 h, 12 h, 24 h and 4 d, 7 d and 14 d post-injection with GdDTPA∙BSA@QDs (n ¼ 3).

Fig. 10. Hematoxylin and eosin-stained tissue sections from mice injected with GdDTPA∙BSA@QDs 15 days post-injection (A, B, and C) and no injection (D, E, and F). Tissues were
harvested from liver (A, D), spleen (B, E), and kidney (C, F).
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most of the injected nanoparticles (Fig. 9). All investigated organs of
the experimental mice were found normal, preserving the same
structures as those of the control group as shown in Fig. 10. Typi-
cally, the cytoplasm appeared light, the chromatin became
condensed, and the intercellular space began to enlarge in many
hepatocytes. Many circumambient hepatic sinusoids were also
infiltrated by numerous Kupffer cells or NK cells. No nucleus frag-
mentation was found in the liver cells. The kidney morphology of
the GdDTPA∙BSA@QDs group remained the same compared to the
control animals. Locally, lymphocyte infiltrates were observed in
spleen, most frequently in the renal parenchymal cells. No necrosis
and bleeding were found in any of the groups. Only slight histo-
logical changes were observed but no obvious toxicity in the liver,
kidney and spleen groups.
4. Conclusions

In summary, CRC is diagnosed at the levels of in vitro cellular
assay, in vivo solid tumor MRI, and ex vivo tissue biopsy analysis, by
using the GdDTPA∙BSA@QDs-PcAb nanoprobes. Thesemultipurpose
GdDTPA∙BSA@QDs-PcAb nanoprobes are synthesized by surface
engineering of QDs with DTPA∙BSA-Gd3þ macromolecule complex
under ultrasonication condition. The resulting GdDTPA∙BSA@QDs
exhibit excellent colloidal stability with fine hydrodynamic size in a
wide range of pH and ionic strength values. They exhibit much
higher longitudinal relaxivityand transverse relaxivity inwater than
those commercial GdeDTPA solutions. GdDTPA∙BSA@QDs labeled
with polyclone antibodies present cell-targeted imaging. In vivoMRI
shows a promising candidate of GdDTPA∙BSA@QDs-PcAb for CRC
contrast-enhanced MRI diagnosis. In particular, GdDTPA∙BSA@QDs-
PcAb can also be utilized for tumor biopsy tissue specimen analysis.
Biodistribution results indicate gradual clearance of the nanoprobes
from body via hepatobiliary excretion. No obvious toxicity is found
by in vitro MTT assay and in vivo toxicity studies. Based on the
extensive experimental results of this study, the GdDTPA∙BSA@QDs-
PcAbnanoprobeshave showngreat potential in CRC tumor-targeted
MRI and tumor tissue biopsy analysis.
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