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Abstract: Nanoprobes with multiple imaging modality have attracted a great deal of attention
due to the capability of offering complementary information from each individual component.
This work presents a hybrid approach to synthesize manganese doped near infrared (NIR)
emitting quantum dots. The Mn-doping process was accomplished in aqueous phase followed
by a phase transfer to organic phase for ZnS coating. This bimodal nanoprobe displayed high
NIR luminescence quantum yield (~14%) and capability of magnetic resonance imaging
(MRI) (1.44 mM ™" s™"). The RGD-targeted nanoprobes have been exploited for in vitro cell
labelling, in vivo tumor targeting and lymph node mapping. In addition, no adverse toxic
effects were observed, demonstrating the high biocompatibility of this nanoprobe.
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1. Introduction

Biomodal nanoprobes have emerged as powerful materials for nano-theranostics applications
[1]. One of the important reasons is that nanoprobes with multiple imaging modalities can
offer complementary information from each individual component and hence overcome the
limitations from the single-modality counterparts. For instance, as demonstrated by research
groups, fluorescence imaging could provide optical guidance to surgeons for precisely
removing infectious regions [2] while the MRI could offer high spatial resolution and the
capability of 3-dimension image reconstruction for whole body imaging [3], thus makes
optical-magnetic incorporated nanoprobes highly desirable. In addition, the use of near
infrared (NIR, 700 — 1100 nm) emitting quantum dots (QDs) could enhance the signal-to-
noise ratio in optical imaging. It is because the autofluorescence and scattering by the
biological tissues are minimum within this NIR region, or so-called biological transparent
window, thus the use of NIR light source would allow us to have deep tissue examinations [4,
5]. However, the poor spatial resolution of optical imaging was still the major obstacle for
widely use. To address this issue, a various type of nanoprobes with multiple imaging
modalities, that integrated the strengths of each individual imaging modality into one system,
has been developed [6, 7]. By correlating the images/data obtained in different modalities, the
accuracy and speed of diagnosis can be increased.

Among various types of multimodal nanoprobes, the integration of optical and magnetic
imaging modalities has attracted most attention because this combination can provide
complementary solution. In particular, our group demonstrated a dual modal imaging in head
and neck tumor studies utilizing a Gd** containing nanoformulation including NIR-emitting
fluorophores [8]. Another powerful approach for producing multimodal nanoprobes was ion
doping [9]. Unlike the chelation and the co-encapsulation approaches, doping is usually
carried out during the synthesis. It does not require any post-treatment of the as-prepared
nanoparitcles for the addition of modalities and thus the particle size will not be affected.
Doping is a widely used technique for tuning the optical properties of nanoparticles. For
example, the emission of doped QDs can be tuned by controlling the dopant concentrations
[10]. Another typical example is the upconversion nanoparticles in which the upconverting
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process can be tailored by the lanthanide ions doped in a ceramic matrix [11, 12]. Several
reports related to the preparation of manganese (Mn) doped QDs were found [13—15].Sitbon
et. al. synthesized multimodal QDs by doping Mn in the thick ZnS shells [14].Turyanska et.
al. and Takashi et. al. incorporated the paramagnetism into NIR QDs using Mn doped PbS
[13, 15]. Most of the doping processes were carried out in organic synthetic route which
enabled us to have high quality and stable nanoparticles. However, expensive chemicals, high
operating temperature, toxic solvents (e.g. pyrophoric acid) and air-free condition are also
required and they have become the drawbacks of this synthetic approach. In comparison,
direct aqueous synthesis can be exploited as powerful alternative for synthesizing high quality
QD with less demand to the critical environments. Our previous study demonstrated a one-pot
aqueous synthesis of CdTe/ZnTe QD optimized for bioimaging [16]. However, the
preparation of doped-QDs directly in aqueous phase and used for bimodal imaging were
seldom reported [17]. In this contribution, a hybrid approach was employed to synthesize ZnS
coated Mn-doped NIR emitting QDs (Mn:NIR-QDs) for in vivo bioimaging including tumor
targeting and sentinel lymph node mapping. Mn:NIR-QDs were firstly synthesized in aqueous
phase then transferred to organic phase to ensure the complete removal of free ion (e.g. Mn*",
Hg""). The organic phase Mn:NIR-QDs were systemically characterized and exhibited both
excellent NIR luminescence and MRI contrast without any free ion interference. Mn:NIR-
QDs were then passivated with phospholipid to functionalize the nanoprobes, enhancing the
biocompatibility and prolong the circulation time in vivo. The toxicity assessments were also
performed in vitro and in vivo and no adverse effects were found, indicating the promise of
using these bimodal nanoprobes for in vivo cancer detection.

2. Results and discussion
2.1. Mn:NIR-QD synthesis and characterizations

Briefly, 128 mg of tellurium powder and 80 mg of sodium borohydride were mixed with 5
mL of degassed water. The mixture was stirred for 2-3 hours until a light-pink solution was
observed. We refer this solution as the Te precursor. Next, 2 mmol of Cd(ClOy),, 5 mmol of
cysteine, and 150 mL of water were mixed into a three-necked flask under stirring. The pH
was adjusted to 9.5 by adding sodium hydroxide solution. The flask was sealed and 1.5 mL of
Te precursor was injected quickly into the mixture under nitrogen. Hg-precursor was prepared
by dissolving 0.2-0.3 mmol of Hg(ClOy),, 0.5 mmol of cysteine into water with pH 9.5. The
Hg-precursor was injected to the CdTe solution at room temperature dropwise. The color of
solution changed from dark red to black upon the injection. The reaction mixture was slowly
heated to 100 °C. After 30 minutes, Mn-precursor was prepared by dissolving 0.24 mmol of
Mn(CIOy),, 0.3 mmol of cysteine into water and injected dropwise to the hot reaction
solution. At the desire emission wavelength, the quantum dots were purified from the
surfactant solution by the addition of ethanol and centrifugation. The aqueous synthesized
QDs were transferred to organic phase using dodecanethiol. Briefly, purified QDs were
dispersed into 5 mL of water, then a mixture of 5 mL of dodecanethiol, 5 mL of butanol and 2
mL of acetone was added. After stirring for 2 minutes, 200 pl of NH,OH was added. The
transferred QDs were purified and re-dispersed in chloroform by the addition of ethanol and
centrifugation. For ZnS shell coating, a solution containing 5 g of trioctylphosphine oxide, 5
mL of oleic acid and 2 mmol of zinc acetate were prepared and heated to 100 °C under
nitrogen until a clear solution was observed. The Mn:CdHgTe core solution was injected
slowly under stirring into the hot reaction mixture with a needle outlet that allowed the
chloroform to evaporate. The temperature was then raised to 170-180 °C. Upon reaching the
desired temperature, 1 mL of 1 mM TOP-S solution (32 mg of sulfur dissolved in 1 mL of
TOP) was added dropwise into the reaction mixture. The mixture was then maintained at
~180 °C for 2-3 minutes and then separated by addition of ethanol and centrifugation. The as-
prepared Mn:NIR-QDs were filtered with PTFE syringe filter (0.45 um pore size) and then
dried using the evaporator. The dried film was redispersed in chloroform at a concentration of



Research Article Vol. 24, No. 16 | 8 Aug 2016 | OPTICS EXPRESS 17556

Optics EXPRESS 7 _—

2 mgmL™. 0.2 mL of Mn:NIR-QD suspension was mixed with chloroform solutions of
DSPE-mPEG-2000, mPEG-NH2 and DSPE-PEG-Mal at a weight ratio of 4:1:1
(4mg:1mg:1mg) in around bottomed flask with gentle stirring for 5 minutes. Chloroform was
then evaporated using a rotary vacuum evaporator. After evaporation, the residue film was
heated to 50-60 °C and HPLC-grade water was added. The nanomicelle suspension was
filtered through a 0.2 pm filter and purified by centrifugation at 11000 rpm for 15 minutes.
The supernatant was removed and the nanomicelles were redispersed in HPLC water.
Maleimide-terminated nanomicelles were mixed with excess cyclic-RGD peptide in PBS
solution (pH = 7.2) for bioconjugation. After 2 hours of incubation, the mixture was
centrifuged at 11000 rpm for 15 minutes to remove excess cyclic-RGD peptide and
redispersed in 200 pL of PBS (the concentration was referred as 2 mgmL™"). Nanomicelles
without RGD peptide conjugation were used in the control experiment.

Figure 1(a) shows the TEM image of Mn:NIR-QDs dispersed in organic solvent. The
lattice fringes are readily shown in the inset. The size of the particle was estimated as 3.3 nm
in diameter. TEM image of phospholipid encapsulated Mn:NIR-QDs dispersed in aqueous
media is shown in Fig. 1(b). A closely packed QD micelle is illustrated with approximately
60 — 70 nm in diameter. It is worth mentioning that the hydrohynamic diameter of Mn:NIR-
QDs was ~120nm measured by a dynamic light scattering machine. This is because the
polymeric shell was not detectable in TEM. The dispersion of aqueous QD was clear and no
precipitation was observed. To examine the crystal structure of Mn:NIR-QDs, x-ray
diffraction (XRD) profile of Mn:NIR-QDs is shown in Fig. 1(c). The strong peaks at the 26
values 25.10, 41.70 and 48.3oshow that the Mn:NIR-QDs have zinc blende structure.
Furthermore, the elemental composition of Mn:NIR-QDs were analyzed using energy-
dispersive X-ray (EDX) spectroscopy. Part d of Fig. 1 confirms the presence of Cd, Hg, Te
and Mn elements. On the basis of the proportion of Hg and Mn measured from the EDX
(Hg:6.1%, Mn: 5.7%), we assigned the ratio Cdg ssHgo 0sMng 6T €0 24-
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Fig. 1. TEM image of Mn:NIR-QDs dispersed in (a) organic solvent and (b) aqueous media.
(c) XRD, (d) EDX, (e) absorption, emission (excitation: 488nm) and (f) lifetime (excitation:
650nm) profile of Mn:NIR-QDs.

The luminescence and absorption spectra of micelle-encapsulated Mn:NIR-QDs are
shown in Fig. 1(e). The emission peak of this ternary-cored QD is ~791nm which lies into the
so-called “biological transparent window”. Emission in this region is an excellent nanoprobe
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for in vivo biological imaging because of the minimal absorption by the biological tissues [1]
thus enabling a deeper penetration through the tissue and an easy signal subtraction from the
autofluorescence background. The quantum yield of Mn:NIR-QD is estimated ~14%
measured according to the typical procedures using Cy5.5 as a reference. Both Mn:NIR-QD
and Cy5.5 were diluted to have same absorbance (~0.3) at 680nm. The QY was determined
by comparing the integration under the emission curves. The time-resolved PL of Mn:NIR-
QD has been studied by an EasyLife LS fluorescence lifetime system (Photon Technology
International, Inc., Lawrenceville, NJ) with an excitation source 650nm. An exponential
decay is shown in Fig. 1 (f). The measured decay curve (black) was fitted by a single-
exponential formula (red) as given below:

y=exp(-t/7)
where 1 is the decay time constant. In this case, the decay lifetime was estimated ~52 ns.
Comparing with the organic compounds, which the typical fluorescence lifetime is in ns, the
longer decay time of Mn:NIR-QD can be potentially served as contrast agent in time-resolved
microscopy because it can be easily detected by fluorescence lifetime imaging microscopy
(FLIM).

The magnetic behavior of Mn:NIR-QDs were analyzed using vibrating sample
magnetometer (VSM). From the hysteresis loops as shown in Fig. 2 (a), which is associated
with the Mn?', the Mn:NIR-QD can be categorized as paramagnetic material. This
paramagnetic property was further characterized to evaluate the capability of serving as a
magnetic resonance imaging (MRI) contrast agent. The efficacy of Mn®" as T1 (the
longitudinal proton relaxation time) contrast was assessed by a MR relaxometry (General
Electric 4.7 T/33 cm horizontal bore magnet (GE NMRinstruments, Fremont, CA)
incorporating AVANCE digital electronics (Bruker BioSpec platform with ParaVision
Version 3.0.2 acquisition software, Bruker Medical, Billerica, MA)). The relaxation rate R;
(1/T;) at different concentrations of Mn:NIR-QDs were measured, and plotted against the
concentration, as shown in Fig. 2 (b). The relaxivity (r;) of Mn:NIR-QD was determined from
the slope of the linear plot and 1.44 mM™' s™' was obtained, indicating the magnetic modality
of Mn:NIR-QD.
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Fig. 2. (a) Hysteresis curve of Mn:NIR-QDs obtained at room temperature (25°C); (b) R,
relaxivity of Mn:NIR-QD nanomicelles in water.

2.2. In vitro cell labelling and cytotoxicity

For in vitro studies, RAW264.7 macrophage cell lines were treated with Mn:NIR-QDs in a 6-
well plate with culture medium (Dulbecco's Modified Eagle Medium, DMEM). One day
before the treatment, cells were seeded on cover glass slips. Then the glass slips with ~50-
60% confluency were treated with phospholipid encapsulated Mn:NIR-QD at a final
concentration of 100 pg/mL. After 2 hours, dishes were rinsed three times with DMEM and
imaged using Nuance™ optical microscopy complied with “Deep Red” filter set (Objective:
63x, excitation: 661nm, emission: 700 nm long pass). As demonstrated in Fig. 3, a robust NIR
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signal, which was originated from the Mn:NIR-QD, was clearly observed from the cells. The
cellular uptake was not obvious because these nonfunctionalized QDs were passively uptaken
by the macrophages via endocytosis [18].

Transmission Fluorescence Overlaid

Fig. 3. Cell images of macrophages treated with NIR-emitting Mn:NIR-QDs.

Although a tremendous success of utilizing QDs for biomedical applications has been
witnessed, a lot toxicity issues have also been raised. Many studies suggested that the impact
of the heavy-metal containing candidates to human health is still unclear which may be
detrimental to their clinical utility. Recently, heavy-metal containing materials have been
tested in non-human primates over 90 days. No evidence of toxicity was shown in the
phospholipid micelle encapsulated Cd-based QDs [19]. It implicated that the toxicity of
heavy-metals can be drastically reduced or precluded when their integrities can be
maintained. To investigate the potential toxicity of Mn:NIR-QDs towards the biological
subjects, in vitro and in vivo assessments have been performed. Before administrating the
Mn:NIR-QD to the animals, the potential cytotoxicity was assessed by MTS assay on Panc-1
cell line. Figure 4 depicts the viability result of Panc-1 cells treated with various
concentration of Mn:NIR-QDs for 24 and 48 hours. Even at high concentration (500pg/mL),
the cell viability can be maintained over 65%, indicating the high biocompatibility of
Mn:NIR-QD at the safe dosages.
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Fig. 4. Cytotoxicity studies of cells treated with the Mn:NIR-QDs. MTS assays illustrating
percentage cell viability (compared to nontreated cells being arbitrarily assigned 100%
viability) upon exposing the cells to different concentrations of Mn:NIR-QD nanomicelles for
24 and 48 hours.

2.3. In vivo tumor targeting and sentinel lymph node (SLN) mapping

To demonstrate the in vivo tumor targeting capability, Mn:NIR-QDs were functionalized with
RGD peptide (RGD-Mn:NIR-QD) through the thiol-maleimide linkage. It is worth
mentioning that the RGD peptide specifically targeted the a,f; integrin receptors which are
overexpressed on the tumor. Nude mice bearing Panc-1 subcutaneous xenograft were
intravenously injected with RGD-Mn:NIR-QD (25mg/kg). Live whole body imaging was
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performed at various time points (3, 6, 20 and 24 hr) post injection using the Maestro in vivo
imaging system (CRI, Inc). As shown in Fig. 5, the luminescence intensity of Mn:NIR-QD
accumulated at the tumor site and reached the maximum at 20 hr post injection (Excitation:
635nm, emission: 675nm long pass, integration time: 1500ms). In sharp contrast, for the
control mice intravenously injected with Mn:NIR-QD without RGD functionalization,
minimal luminescence signal was observed at the tumor site. This demonstrated the tumor

specificity of Mn:NIR-QD was facilitated by the RGD peptide.
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Fig. 5. Time-dependent in vivo imaging of Panc-1 tumor bearing mice (right shoulder,
indicated by yellow arrow) treated with RGD-conjugated (upper panel) and unconjugated
(lower panel) Mn:NIR-QD nanomicelles. All images were acquired under the same conditions.
Inset is the luminescence spectrum of Mn:NIR-QD.

To confirm the superior accumulation of RGD-Mn:NIR-QD in the tumor, ex vivo imaging
was performed after sacrificing the mice at 24 hr post injection. Major organs (liver, spleen,
kidney, heart and lung) and tumor were resected and imaged under the same condition. As
shown in Fig. 6(a), strong QD signals are detected in lung and spleen in both case due to the
capture by the reticuloendothelial system (RES). It is noted that for the control group treated
with PEGylated Mn:NIR-QD, minimal QD signal was observed as compared with the strong
signal obtained in RGD-Mn:NIR-QD treated group, which shows good agreement with data
shown in Fig. 5.

RGD-
Targeted Spleen Lymph node

Kidneys  Tumor / 0 T00 750 800 850
Control

Spleen

Bright field Fluorescence

Fig. 6. (a) Luminescence images of major organs and tumors harvested at 24 hr post injection.
(b) SLN imaging at 45 minutes post injection of Mn:NIR-QD into left paw. Inset is the
luminescence spectrum of Mn:NIR-QD.

NIR imaging is of great importance for biomedical research. It is not only suitable for
deep tissue imaging due to the penetration power of NIR emission but also served as assisting
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tool for surgeon to precisely remove the infected tissue as it doesn’t interfere with the visible
light. For example, sentinel lymph node (SLN) is a major pathway of spread of cancer.
Therefore, lymph node mapping or removal are valuable for diagnosis or treatment of the
metastatic stage of cancer. To demonstrate the use of Mn:NIR-QD for in vivo mapping of
SLN, the left paw of a mouse was subcutaneously injected with Mn:NIR-QD in 5 pL of
buffer. As the phospholipid encapsulated Mn:NIR-QD drained to the lymph node, a robust
NIR signal was obtained near the left armpit up to 45 minutes post-injection. As shown in
Fig. 6(b), the lymph node was initially invisible in the “bright field” mode. After applying a
suitable set of filters (excitation: 661nm, emission: 700 nm long pass, integration time:
1500ms), the lymph node, which locates under the tissue, can be easily distinguished from the
other tissue. Precise removal of infected lymph node can be facilitated by Mn:NIR-QDs to
impede the spread of cancer.

2.4. Histological studies

In addition to the in vivo applications of Mn:NIR-QD, toxicity is a critical issue that needs to
be addressed [20]. For safe utilization of Mn:NIR-QD, especially for these heavy-metal
containing materials, understanding the interactions between QDs and biological samples is
crucial. As demonstrated by Ye, Yong et. al., no toxic sign was found after systemic injection
of phopholipid-micelle-encapsulated Cd-based QDs into the non-human primate rhesus
macaques [19]. It implies that with good surface passivation and protection, even “high risk”
materials can be safely handled and used in clinical. To access the in vivo toxicity of
Mn:NIR-QD, histological analysis was performed on the tissues obtained from the major
organs such as liver, spleen, kidney, lung, and heart to investigate for any sign of acute
toxicity. Tissues were harvested at 3 weeks post injection of Mn:NIR-QD (25mg/kg) and
processed for pathology evaluation. No abnormal behavior in eating, drinking, exploration or
physical features were observed during this period of time. Then tissue sections were
carefully analyzed by a pathologist for checking tissue toxicity. From these studies, no signs
of toxicity were observed in the tissues from the animals receiving the QDs, when compared
to the control animals receiving only buffer solution (Fig. 7). The results strongly suggest that
the Mn:NIR-QD is nontoxic in vivo at this dosage.

Heart Liver Spleen ~Lun Kidney

Mn:QDs
treated

Control

Fig. 7. Histological studies (Objective: 40x) on the major organs of the Mn:NIR-QD injected
mice after 3 weeks. No damages of tissues have been found.

3. Conclusion

A hybrid approach was employed to synthesized a bimodal nanoprobe, Mn:NIR-QD. Mn-
doped CdHgTe was firstly synthesized in aqueous phase followed by a phase transfer and
ZnS coating. Phospholipid coated Mn:NIR-QDs exhibited hydrodynamic diameter of
~120nm, bio-functionalities, bimodal imaging contrast (optical and MR) and minimal
toxicity. In vitro cellular uptake, tumor targeting and SLN mapping were successfully
demonstrated. The integration of magnetic and optical imaging modality into one system
provides a versatile platform that may be beneficial to a wide range of nanomedicine



Research Article Vol. 24, No. 16 | 8 Aug 2016 | OPTICS EXPRESS 17561 I

Optics EXPRESS N, Y

applications. This work presented a facile method to prepare one of the multimodal
candidates.
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