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Abstract

Inorganic nanoparticles have been introduced into biological systems as useful probes for in vitro
diagnosis and in vivo imaging, due to their relatively small size and exceptional physical and
chemical properties. A new kind of color tunable Gd-Zn-Cu-In-S/ZnS (GZCIS/ZnS) quantum dots
(QDs) with stable crystal structure was successfully synthesized and utilized for magnetic
resonance (MR) and fluorescence dual modality imaging. This strategy allows successful
fabrication of GZCIS/ZnS QDs by incorporating Gd into ZCIS/ZnS QDs to achieve great MR
enhancement without compromising the fluorescence properties of the initial ZC1S/ZnS QDs. The
as-prepared GZCIS/ZnS QDs show high T; MR contrast as well as “color-tunable”
photoluminescence (PL) in the range of 550-725 nm by adjusting the Zn/Cu feeding ratio with
high PL quantum yield (QY). The GZCIS/ZnS QDs were transferred into water via a bovine
serum albumin (BSA) coating strategy. The resulting Cd-free GZCIS/ZnS QDs reveal negligible
cytotoxicity on both HelLa and A549 cells. Both fluorescence and MR imaging studies were
successfully performed in vitro and in vivo. The results demonstrated that GZCIS/ZnS QDs could
be a dual-modal contrast agent to simultaneously produce strong MR contrast enhancement as
well as fluorescence emission for in vivo imaging.
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1. Introduction

Recently, the marriage of magnetic resonance imaging (MRI) and optical imaging
techniques has gained intense attention due to the complementary imaging ability of these
two modalities [1]. MRI offers anatomical details and high quality 3-D information of soft
tissue in a non-invasive manner [2—6], while optical imaging, especially fluorescence
imaging, has relatively good sensitivity but with low tissue penetration depths [3, 5, 7, 8].
Thus, the MRI/fluorescence dual-imaging agents should have exciting clinical potential as,
for example, they can be used in surgery to guide the scalpel (via fluorescence imaging), to
ensure that all cancerous tissue has been removed (via MR imaging) [9, 10]. Especially for
cases in which near-infrared (NIR) fluorescence dyes are used, enhanced tissue penetration
along with MR imaging makes precise in vivo tumor detection possible [11].

Compared with fluorescent dyes, semiconducting quantum dots (QDs) appear to be more
attractive candidates for building MRI/fluorescence dual-modal contrast agents, as QDs
have the unique optical properties such as size-dependent emission, high brightness, narrow
emission and broad absorption spectra, and high resistance to photo bleaching [12, 13].
However, the toxicity of conventional cadmium-based QDs (including CdSe and CdTe)
limits their potential for clinical translation. Fortunately, I-111-VI QDs, such as CulnS,-based
QDs, have been developed as promising contrast agents for in vivo NIR fluorescence
imaging, due to the advantages of non-toxicity and photoluminescence (PL) emission in the
NIR region [14-17]. In previous works, CulnS, QDs have been shown to have much
reduced toxicity compared with CdTeSe/CdZnS QDs and have been successfully used for
tumor targeted imaging as NIR fluorescence probes [15, 17-21]. Additionally, Zn-Cu-In-S
(ZCIS) and ZCIS/znS quaternary QDs, a derivative formulation of CulnS, QDs, seems to
exhibit better fluorescence and color tunability than the original ternary CulnS, QDs [22,
23].

Recently paramagnetic ions (Mn2* and Gd3*) doped QDs [24-29] have been developed as
dual-modal imaging probes. For example, Ai and Lu successfully developed ultrasmall Gd-
doped ZnO QDs [26]. Wang et al. demonstrated a series of core/shell CdSe/Zn1_4MnyS
nanoparticles with varied shell thickness and the Mn2* content [30]. These doped QDs as
dual-modal imaging probes with robust stable crystal structure, are considered to be
essential players in the next-generation biomedical techniques, which not only enhance
imaging sensitivity and resolution but also possess specificity for so-called “molecular
imaging” capabilities [9, 26]. However, these doped QDs do not present NIR emission and
suffer from decreased PL QY when paramagnetic ions are introduced. Consequently, it still
remains a challenge to fabricate dual-modal doped QDs without compromising the
properties of each component in isolation used for NIR fluorescence imaging and MRI.
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Here we report a facile strategy to synthesize Gd-doped Zn-Cu-In-S/ZnS (GZCIS/ZnS) QDs
using gadolinium oleate, zinc oleate, copper oleate and indium oleate and S as precursors, as
shown in scheme 1. The distinguishing features of this strategy include: (1) the
luminescence of GZCIS/ZnS QDs can be preciously tuned in the range of 550725 nm by
only adjusting the parameter of Zn/Cu feeding ratio; (2) the fluorescence QYs can be as high
as 40%, close to that of Gd-free ZC1S/ZnS QDs; (3) the doped QDs show higher
Ryrelaxivity (11.5-15.8 mM~1571) than Gd-DTPA (3.7 mM~1S™1); and (4) the GZCIS/ZnS
QDs allows simultaneous NIR fluorescence imaging and MRI in vivo. Thus, this strategy
allows successful fabrication of GZCIS/ZnS QDs by incorporating Gd into ZCIS/ZnS QDs
to achieve great MR enhancement without sighificantly compromising the fluorescence
properties of the initial ZC1S/ZnS QDs. The prepared GZCIS/ZnS QDs are verified to be a
qualified dual-modal contrast agent to simultaneously produce strong MR contrast
enhancement as well as fluorescence emission for in vivo imaging.

2. Experiments

2.1 Materials

Copper(ll) chloridedihydrate (CuCl,-2H,0, ACS, 99+%), Indium(111) chloride hydrate
(InCl3, 99.99%), Zinc chloride (ZnCl,, ACS, 97%), Zinc acetate dehydrate (Zn(Ac),-2H,0,
ACS, 98%) and Gadolinium (111) chloride hexahydrate (GdCl3-6H>0, reacton®, 99.9%)
were all purchased from Alfa Aesar China Co. Ltd. 1-Octadecene (ODE, 90%), oleic acid
(OA, 90%), bovine serum albumin (BSA) and 1-dodecanethiol (DDT, 98%) were purchased
from Sigma-Aldrich. Sodium oleate (C1gH33Na0,) was purchased from Aladdin Reagent
Company. All the chemicals were used without further purification. Deionized water (18.2
MQecm resistivity at 25 °C) was used for all tests.

2.2 Synthesis of metal-oleate complexes

The metal-oleate complexes were prepared according to a similar procedure for the
synthesis of the iron—oleate complex reported previously [31, 32]. In a typical process,
GdCl3-6H20 (5 mmol) and sodium oleate (15 mmol) were dissolved in mixed solvents
composed of ethanol (20 mL) and distilled water (60 mL) to generate gadolinium oleate
complex. The mixture was heated to 70 °C and stirred at that temperature under reflux for 4
h. Subsequently, hexane (20 ml) was added into the system, leading to the dissolution of the
upper organic layer, which was collected and washed three times with distilled water in a
separating funnel and then concentrated with rotary evaporator. The waxy gadolinium oleate
complex (Gd(OA)3) was harvested for further use. The other waxy metal oleate complexes
were synthesized following the similar procedure.

2.3 Fabrication of GZCIS QDs

In a typical synthesis of GZCIS QDs, the mixed metal oleate complexes of Cu(OA), (0.1
mmol), In(OA)3 (0.2 mmol), Zn(OA), (0.1 mmol), Gd(OA)3 (0.4 mmol) and oleic acid (0.5
mL) were mixed with ODE (10 mL) in a four-necked flask. The reaction mixture was
degassed under vacuum for 30 min and purged with argon. The reaction solution was heated
to 120 °C. When the solution became clear, 1 mL of DDT was injected into the reaction
system. At the moment of injection, the color of the solution changed into bright yellow.
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Then, sulfur precursor (9.7 mg, 0.3 mmol) dissolved in 0.5 mL of oleylamine and 1 mL of
ODE solution was quickly injected into the reaction mixture at 205 °C. The reaction mixture
was held at 200 °C for 120 min and aliquots of the sample were taken at different time
intervals for recording the optical spectra. After completion of particle growth, the mixture
was cooled to room temperature. The obtained GZCIS QDs were precipitated by adding
ethanol/hexane (v/v, 1/1) into the reaction solution and purified by repeated centrifugations.

2.4 Fabrication of GZCIS/ZnS QDs

Without purification, 4 mL of raw GZCIS QDs solution, 5 mL of ODE and 1 mL of DDT
were loaded into a four-necked flask. 0.1 mmol Zn(Ac), in ODE/oleylamine (v/v, 4/1,in 1
mL) was injected into the flask under vigorous stirring at room temperature. The mixture
was then kept at 220 °C for 20 min to allow the growth of the ZnS shell. The same
procedure was repeated for another four times to obtain highly fluorescent GZCIS/ZnS QDs.

2.5 Phase transfer of GZCIS/ZnS QDs to the aqueous phase

The phase transfer was achieved via a bovine serum albumin (BSA) coating strategy
developed by Zhang et al [33, 34]. Typically, 15 ml of water containing 0.6 g of BSA was
placed under the ultrasonic transducer with a converter. 3 ml of GZCIS/ZnS QDs (15 mg)
solution in chloroform was slowly injected into the BSA aqueous solution with
ultrasonication. Upon the injection, the mixed QDs/BSA aqueous solution was evaporated
by a rotary evaporator to remove chloroform. Then obtained QDs@BSA aqueous solution
was purified by centrifugal filter (30K) with ultrapure water for three times to remove the
excess BSA.

2.6 MTT Assay

Cytotoxicity of the obtained GZCIS/ZnS QDs was evaluated with two tumor cell lines
(HeLa and A549). HeLa or A549 cells growing in log phase were seeded into a 96-well cell-
culture plate at 5 x10%/well and incubated in the culture medium at 37 °C in an atmosphere
of 5 % CO5 and 95 % air. After overnight incubation, the existing RPMI-1640 medium was
replaced with fresh medium containing varying amounts of GZCIS/ZnS@BSA nanoclusters.
The cells were incubated with nanoclusters for another 24 h and washed twice with medium.
Then, 100 uL of the new culture medium containing 10% 3-(4,5-dimethylthiazol-2-yl)-2, 5-
diphenyltetrazolium bromide (MTT) reagent was introduced followed by further incubation
for 4 h to allow formation of formazan dye. After removing the medium, the purple
formazan product was dissolved with RPMI-1640 for 15 min. Finally, the optical absorption
of formazan at 570 nm was measured by an enzyme-linked immunosorbent assay reader.

2.7 In Vivo MR Imaging

The animal experiments were conducted on 6-week-old BALB/c mice. Animal procedures
were in agreement with the guidelines of the Institutional Animal Care and Use Committee
of Tongji University. In vivo MR imaging was performed on a 7.0 T MR imaging system
(Pharmascan, Bruker, Germany) using anesthetized BALB/c mice (body weight ca. 30 g).
Images were obtained at baseline (prior to injection) and at subsequent intervals following
injection of 0.05 mmol Gd/kg body weight. T1-weighted images were acquired using a
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MSME sequence (TR=300ms, TE=8.5ms, Matrix=256x256, FOV=3x3) with respiratory
gating technology. Image post-processing was performed using the TopSpin 5.1 software
(Bruker, Germany).

2.8 In vivo/Ex vivo Fluorescence Imaging

The mice were kept without any food but water for 12 h to minimize food fluorescence
before tail vein injection. Following the intravenous injection of 0.05 mmol Gd/kg body
weight of the mice, in vivo fluorescence images of the mice were obtained with a Maestro In
vivo Spectrum Imaging System (Cambridge Research & Instrumentation, Woburn, MA).
The excitation filter was set as 610 nm; the emission filter was a 700 nm long-pass filter.
CCD exposure time was set as a constant (1 s). At 6 h after injection, the mice were
sacrificed and the organs were removed for ex vivo fluorescence imaging on the same
spectrum imaging system.

3. Result and discussion

As shown in Scheme 1, the synthetic strategy of GZCIS/ZnS QDs was derived from the
previous report [32] and was rather straightforward. In this two-step hot-injection procedure,
GZCIS QDs were firstly prepared by injecting S precursor into hot metal-oleate complex
precursor solution (containing Gd3*, Zn%*, In3* and Cu?*) at 200 °C. GZCIS NCs were
fabricated by rapid nucleation and following 120 min thermal ripening with oleic acid and
DDT as surfactants. The resulted GZCIS QDs were subsequently overcoated with a ZnS
shell by adding Zn precursor at 220 °C to fabricate GZCIS/ZnS QDs, which were further
used for MR and fluorescence dual-modal bioimaging. In this synthetic strategy, it was
found that the embedded Zn2* and Gd3* play critical roles in preparing doped QDs.

3.1 The Zn/Cu ratio dependent fluorescence of GZCIS QDs

As shown in Figure 1, the optical properties of obtained GZCIS QDs are dependent on the
molar ratios of the Zn and Cu precursors. Figure 1(a) and Figure 1(b) (inset) showed that the
photoluminescence (PL) emissions of the GZCIS QDs can be precisely tuned in the range
from 570 nm to 735 nm by only varying the Zn/Cu ratio. It is noticeable that prolonged
reflux time does not result in significant red-shift in the PL emission but does lead to
stronger fluorescence intensity at fixed Zn/Cu ratios (Figure S1, see Supporting
Information). The constant PL emission with reaction time might be attributed to the
inadequate S precursor and the relatively low reaction temperature of 200 °C. At such a low
temperature, DDT is unlikely to be decomposed to offer excess sulfur source for the reaction
[35, 36]. Consequently, the inadequate S precursor limits the increase of particle size,
resulting in the almost constant PL emission throughout the reaction. In this way, the PL
emission of GZCIS QDs can be precisely controlled by Zn/Cu ratio with good repeatability
as shown in Figure 1(b) (inset). Accordingly, the absorption spectra of GZCIS QDs shifted
gradually from UV-vis to NIR with decreasing Zn/Cu ratio from 3 to 0 (Figure 1b).
Furthermore, it was also found that the Gd/Cu ratio has little effect on the PL properties of
QDs, viz, the QDs fabricated at various Gd/Cu ratios with fixed Zn/Cu ratio had almost the
same PL emission properties (see Supporting Information, Figure S1). Consequently, the
little effect of reaction time and Gd/Cu ratio on the PL emission contributes to the
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controllable PL property, which therefore can be precisely tailored by the only parameter of
Zn/Cu ratio with a good repeatability.

Structure and composition of the GZCIS QDs are investigated to explain the Zn/Cu ratio
dependent fluorescence property. Figure 2 shows high revolution transmission electron
microscope (HRTEM) images of the GZCIS NCs prepared with various Zn/Cu ratios. All
the resulting NCs are nearly spherical in shape with similar size around 4.0 nm, which
excludes the size effect on the shift of the PL emission [22]. When the synthesis was
performed at a higher ratio of Zn/Cu, QDs were obtained with a higher fraction of zinc and
shorter PL emission, as shown in Figure S1C. Therefore, we conclude that the tunable PL
emissions of obtained fluorescence NCs are essentially dependent on the compositions
instead of particle sizes [22]. Besides the TEM observation, the crystal structures and
compositions of the as-prepared nanoparticles were also clarified by the X-ray diffraction
(XRD) patterns (Figure 3), where the diffraction peaks shifted towards higher angles with
increasing Zn/Cu ratio from 1/8 to 3/1, well matching the standard crystal structure patterns
for Cug .412Ing.412ZNng 1755 (JCPDS 47-1371), Cug.4lng.4Zng 2S (\]CPDS 47-1370) and

Cug 4lng.4Zn1 »S, (JCPDS 32-0340), respectively. The small peak shift toward higher 28is
the characteristic of the increase of introduced Zn?* [17], and the continuous peak-shift of
the NCs revealed no phase separation in this approach, suggesting the formation of Zn-Cu-
In-S NCs [17,23]. Furthermore, the amount of Gd3* incorporated in the NCs was measured
in all samples by ICP-MS and summarized in Table 1. Gadolinium content was assessed
after washing with chloroform/ethanol five times to remove Gd adsorbed on the surface of
NCs [30]. The composition results confirm the successful incorporation of Gd3* into the
obtained nanoparticles and it thus can be concluded that GZCIS QDs are successfully
synthesized via this synthetic strategy.

3.2 Optical and magnetic properties of GZCIS/ZnS QDs

Although the as-prepared GZCIS QDs do present fluorescence emission, the PL quantum
yields (QY's) are inadequate less than 10%. In order to enhance the fluorescence, an attempt
for the inorganic surface passivation was made by in situ growth of ZnS shell on the GZCIS
NCs. After the ZnS shell growth, the GZCIS/ZnS QDs maintained spherical shapes with a
larger size about 4.3 nm (Figure S2, see Supporting Information). And the PL QY's of
GZCIS/ZnS QDs were dramatically enhanced as compared to the GZCIS QDs. Control
experiments were also performed to fabricate ZCIS QDs under the identical conditions
without adding Gd(OA)3 (details in supporting information). As showed in Figure 4(b),
introduction of Gd species resulted slightly decrease on the PL QYs. It has been
demonstrated that C1S-based QDs exhibit a defect-dependent PL emission related to copper
deficiency [37, 38]. The existence of defect pairs of copper vacancies and In or other cations
on Cu antisite contributes to the PL emission of CIS-based QDs following a donor acceptor
pair (DAP) recombination mechanism [38]. The introduction of Gd species creates more
defects thus can potentially increase photoluminescence. On the other hand, the
paramagnetic Gd3* ions could also compromise the fluorescence. The balance of these two
competitive effects leads to slight decrease in QYs. The emission color of the GZCIS/ZnS
QDs covers a broad range from about 550 to 725 nm, the most part of the visible window
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and a significant portion of the near-infrared window that is relevant to in vivo imaging [39,
40].

GZCIS/ZnS NCs were successfully suspended in water via BSA coating for the relaxivity
test. Rq relaxivity, a concentration-independent measure of the effectiveness of a
paramagnetic material, was derived from the slope of inverse relaxation time (1/T1) versus
Gd concentration. The GZCIS/ZnS QDs prepared at the initial Gd/Cu ratio of 2/1, 4/1 and
6/1 showed Ry values of 11.53, 13.65 and 15.78 mM~1.571, respectively, while the
commercial contrast agent Magnevist® (Gd-DTPA) revealed much lower R; value of 3.76
mM~1.571 under the same measurement conditions (Figure 5a). It is noteworthy that the
Ro/R1 ratio is an important parameter to estimate the efficiency of T contrast agents and the
contrast agent with lower Ro/R4 ratio would show a stronger T4 effect [41]. All the obtained
paramagnetic QDs possessed a remarkably low Ro/R; ratio of less than 2.5 (see Supporting
Information, Figure S3), suggesting that these GZCIS/ZnS QDs are efficient T contrast
agents.

In order to confirm that Gd content was sufficient to produce contrast in an MR image at the
concentration used for optical imaging, GZCIS/ZnS QDs prepared with Gd/Cu and Zn/Cu
feeding ratios at 4 and 2 with fluorescence emission at 580 nm were tested by MRI and
fluorescence imaging (Figure 5b). Due to the much higher Ry value, QDs produced better T,
contrast than Magnevist at the same Gd concentration. The same concentrations of QDs
employed for the MR studies were also photographed using a handheld UV lamp as the
excitation source (Figure 5b, top row). The above results reveal that GZCIS/ZnS QDs have
both gratifying fluorescence and MR enhancement ability without compromising the
properties of the each component in isolation.

3.3 Fluorescence and MR dual-modality Imaging

Prior to the biological applications, the colloidal stability profiles of the obtained GZCIS/
ZnS@BSA were investigated in detail (Figure S4). Hydrodynamic diameters (HDs) of the
obtained GZCIS/ZnS@BSA nanohybrids were recorded in water, PBS (1x) and human
serum, respectively (Figure S4B). GZCIS/ZnS@BSA had negligible change in HD size
when kept in water and PBS. Exposure to human serum led to an increase to 70 nmin 2 h,
which is most likely due to protein corona formation around the nanoparticle surface. There
was no further increase to HD size over time, excluding the possibility of particle
aggregation. The temporal evolution HD profile depicts a very good colloidal stability of the
GZCIS/ZnS@BSA in water, PBS as well as biological media (e.g. serum).

Invitro cellular dual-modal imaging was performed to confirm the utility of the GZCIS/ZnS
QDs for biological applications. HeLa cells were incubated with the GZCIS/ZnS@BSA
nanoclusters at the Gd concentration of 0.1 mM. As shown in Figure 6, the fluorescence
images could well outline the whole cell except for the nucleus region and the MR signal
was intensely enhanced after the cells were incubated with GZCIS/ZnS QDs for 6 h,
indicating effective cell uptake of the doped QDs.

For in vivo imaging, the tested GZCIS/ZnS QDs emitting at 700 nm are transferred into
water phase via a BSA coating strategy. The cytotoxicity of the obtained QDs was also
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tested on two cell lines (HeLa and A549), and no apparent cell viability loss was found after
incubation with QDs even at a concentration of 500 pg/mL for 24 h (Figure S5). To assess
the feasibility of GZCIS/ZnS QDs as a dual-modal contrast agent, the GZCIS/ZnS@BSA
nanohybrids were injected intravenously into BALB/c mice at a dosage of 0.05 mmol Gd/kg
for both fluorescence and MR imaging. As shown in Figure 7, QDs were rapidly
accumulated in the liver as early as 0.5 h. At 6 h post injection (p.i.), the mice were
sacrificed and major organs (heart, liver, spleen, lung, and kidneys) were imaged ex vivo
(Figure S6). Majority of the QDs were remained in the reticuloendothelial system (RES)
organs such as liver and spleen. No detectable fluorescence in the kidneys suggests that QDs
of this size do not have renal clearance.

In parallel to the fluorescence imaging experiment, we also conducted in vivo MR imaging
studies for the GZCIS/ZnS bimodal QDs on a 7.0 T MRI scanner. As showed in Figure 7b,
we acquired the T1-weighted MR images before and various time points after intravenous
injection of the bimodal QDs, with the same dose of 0.05 mmol Gd/kg of mouse body
weight as that used for optical imaging. Because of the high RES accumulation of the
nanoparticles, we focused on imaging the liver area by acquiring the transverse images. To
quantify the contrast, we calculated the signal-to-noise ratio (SNR) by analyzing regions of
interests (ROIs) of the MR images and calculated the values of SNRpogt/SNRpye to represent
the signal changes. ROIs analysis in Figure 8 showed that signal changes in the liver region
were 1.05+0.12, 1.49+0.11 and 1.55+0.06 at 0.5, 1 and 4 h p.i., respectively. T;-weighted
MR images exhibited significantly enhanced liver signal at 1 h time point as compared with
that before QD injection, which agrees well with the fluorescence imaging results. Based on
the above animal experiments, it can be concluded that here fabricated GZCIS/ZnS QDs
could be a qualified dual-modal contrast agent to simultaneously show strong MR contrast
enhancement as well as fluorescence emission for in vivo imaging, which can provide more
comprehensive imaging information and lead to higher diagnostic accuracy, particularly in
the detection and diagnosis of lesions in the liver.

Since the toxicity of leaked gadolinium can be a major factor impacting the application of
Gd-containing agents, H&E staining examination was carried out to evaluate the potential
toxicity of GZCIS/ZnS QDs (Figure 9). Major organs (heart, liver, spleen, lung and kidney)
were collected at 2 and 14 days post-injection. Gross evaluation and histopathology revealed
no organ abnormality or lesion in QD administrated mice, indicating good biocompatibility
of the obtained GZCIS/ZnS QDs as dual-modal contrast agent.

4. Conclusion

We put forward a facile strategy to fabricate a class of novel color-tunable Cd-free
GZCIS/ZnS core/shell quantum dot nanocrystals, which allows incorporation of high levels
of Gd into the quantum dots to achieve superior MR enhancement without sacrificing the
fluorescence quantum yields. The obtained bimodal QDs are sufficient to offer contrast for
the both fluorescence and magnetic resonance imaging. This type of new Gd containing
QDs shows low toxicity as well as good colloidal stability without obvious Gd dissociation.
The current formula with BSA capping is an effective liver imaging agent. With proper
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modification of the surface chemistry, the QDs developed here are expected to have the
ability to have other target specificity as well.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The PL spectra (a), absorption spectra (b) and PL peaks (Insert) of GZCIS QDs obtained at
various Zn/Cu precursor ratios at fixed Gd/Cu ratio of 4/1.
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Figure 2.
High revolution TEM images of GZCIS QDs obtained with Zn/Cu feed ratio fixed at 2/1 (a),

1/1 (b), 0.5/1 (c) and 0.25/1 (d).
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Figure 3.

XRD patterns of GZCIS QDs obtained with various Zn/Cu feeding ratios at fixed Gd/Cu

ratio of 4/1.
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PL emission spectra (a), quantum yields (b) and digital pictures (c) of the obtained
GZCIS/ZnS NCs with different PL peaks. All the GZCIS/ZnS QDs were prepared with

Gd/Cu ratio fixed at 4/1.
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Figure 5.
(@) Linear relationship between T1 relaxation rate (1/T1) and Gd concentration for

GZCIS/zZnS with different Gd/Cu ratios and Magnevist. (b), Fluorescence (top) and T1-
weighted MR images of GZCIS/ZnS QDs and Magnevist at various Gd contrations. Here
GZCIS/ZnS QDs were prepared with Gd/Cu and Zn/Cu ratio fixed at 4 and 2, respectively.
The QDs present fluorescence emission at 580 nm.
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Figure 6.
The confocal fluorescence and MR images of HeLa cells before and 6 h after incubation

with GZCIS/ZnS@BSA at the Gd concentration of 0.1 mM. The cell nuclei were stained
with DAPI. Here involved GZCIS/ZnS QDs showed PL emission at 625 nm and were
prepared with Gd/Cu and Zn/Cu ratio fixed at 4/1 and 1/2, respectively.
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Pre-injection

(a)

Figure 7.
The fluorescence in vivo images (a) and T1-weighted transverse MR images (b) of the liver

of BALB/c mice acquired before and at various time points post-injection of GZCIS/ZnS at
a dose of 0.05 mmol Gd/kg mouse body weight.
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Figure 8.

Before 30min

Signal change (SNR ratio) in the liver at different time points after administration of
GZCIS/ZnS (0.05 mmol Gd/kg, n = 3). The SNR values were calculated according to
SNRROIs =SIROIs/SInoise (Sl denotes signal intensity).
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Figure 9.
H&E stained images of major organs collected from control and GZCIS/ZnS@BSA

administrated mice at 2 and 14 days post injection.
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Gd*

Ocuet O Oz OGd GzCIS/ZnS QDs

Scheme 1.
Ilustration of the synthesis of GZCIS/ZnS QDs used for MR and fluorescence imaging.
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