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ABSTRACT 

Nowadays, with the rapid development of nanotechnology towards personalized and nano-medicine, 

engineering multifunctional nanoplatforms for the purpose of concurrent therapeutic and diagnostic 

(theranostic) modalities is critical for addressing challenging issues associated with cancers. 

Multifunctional nanoparticles (NPs), which integrate superparamagnetic and photoluminescent 

nanocomponents into a single particle, as an emerging class of nanomaterials, are extremely important for 

realizing this ultimate goal. Owing to their unique superparamagnetism, superparamagnetic NPs can be 

used to magnetically confine various biological species (DNAs, proteins, bacteria, cancer cells, etc.), thus 

allowing for ultra-sensitive biological detection. They can also serve as: i) magnetic resonance (MR) 

imaging contrast agents for the diagnosis of malignant tissues, ii) vehicles for carrying therapeutic payloads 

(anticancer drugs, small inhibitory RNA) to desired tumor sites in a target-specific manner, and iii) 

hyperthermia agents for cancer therapy under an alternating magnetic field. On the other hand, 

photoluminescent nanomaterials as contrast agents are widely used for the purposed of photoluminescence 

bioimaging, mainly for cells and tissues, thus allowing to acquire information of biological species and 

events. Therefore, multifunctional (superparamagnetic and photoluminescent) NPs which simultaneously 

possess both diagnostic and therapeutic functions, are expected to lead to a combined range of potential 

applications, such as bimodal imaging, photoluminescence monitored magnetic-driven drug delivery and 

simultaneous in vivo imaging and targeted hyperthermia therapy. However, the photoluminescent 

component in most studies regarding multifunctional NPs has so far been based on visible-emitting organic 

dyes, quantum dots (QDs) and upconverting nanoparticles (UCNPs). These multifunctional NPs exhibit 

low tissue penetration of excitation and emission light as a result of the considerable tissue absorption and 

low signal-to-noise ratio due to strong background autofluorescence from biological tissues, which restrict 

their use as contrast agents for in vivo imaging. To overcome this issue, the alternative contrast agents, 

whose absorption and emission wavelength are both in the so-called biological windows situated in the 

near-infrared (NIR) range (denoted as NIR-I: 700–950 nm; NIR-II: 1000–1350 nm) in which tissues are 

optically transparent, should be used. In this thesis, our work is mainly focused on the development of 

multifunctional magnetic and photoluminescent nanoplatforms in the NIR-I/II range with modalities for 

bioimaging and therapeutics.  

In the first part, we developed a multifunctional core/shell/shell nanoplatform (Fe3O4@SiO2@NaYF4:Nd3+), 

which consists of a superparamagnetic Fe3O4 core surrounded by an intermediate SiO2 shell and further 

coated by an outer photoluminescent shell of NaYF4:Nd3+. Recently, Nd3+-doped NPs became one of the 

most rapidly growing research areas because of their high absorption cross section and low phototoxicity 
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compared with commonly used Yb3+-doped UCNPs. Most importantly, Nd3+-doped NPs can be efficiently 

excited by laser at ca. 800 nm (NIR-I) and present three emission peaks at 900 (NIR-I), 1060 (NIR-II), and 

1340 nm (NIR-II), respectively. Both excitation and emission wavelengths of Nd3+-doped NPs are located 

within the optically transparent biological windows in the NIR. Owing to this unique NIR-to-NIR 

photoluminescence feature, the prepared Fe3O4@SiO2@NaYF4:Nd3+ NPs exhibit deep-tissue penetrated 

optical properties with a high signal-to-noise ratio. Our NIR imaging experiment has demonstrated that the 

NIR photoluminescence signal of Fe3O4@SiO2@NaYF4:Nd3+ NPs can be transmitted across a tissue as 

thick as 13 mm, about three times thicker than that can be achieved by similar core/shell/shell NPs 

containing the upconverting shell of Fe3O4@SiO2@NaYF4:Er3+,Yb3+ NPs. Meanwhile, these 

multifunctional NPs possess excellent superparamagnetic properties due to Fe3O4 core inside, which result 

in rapid magnetic response to an external magnetic field, making them suitable for magnetic-driven 

biological applications. Another important bio-medical application of Fe3O4@SiO2@NaYF4:Nd3+ NPs, 

arising from superparamagnetic propriety, is their exploitation as T2 contrast agents for MR imaging. In 

vivo MR imaging exhibits the significant darkening effect in T2-weighted images with the use of 

Fe3O4@SiO2@NaYF4:Nd3+ NPs as contrast agents. Moreover, by designing this nanoplatform, the potential 

toxicity of highly photoluminescent optical probes, such as QDs that usually contain Pb and/or Cd can be 

largely avoided, as demonstrated through cytotoxicity assay using HeLa cancer cells and human embryonic 

kidney (HEK 293T) cells. Therefore, this multifunctional nanoplatform is a promising candidate for high-

resolution and deep-tissue bimodal (optical and MR) imaging in vivo. 

The multifunctional nanoplatform in Part I shows low magnetization due to their single magnetic core 

feature, which is not suitable for magnetic-driven bioapplications and magnetothermal therapy. Engineering 

multifunctional nanoplatform containing multiple magnetic NPs is beneficial for realizing fast confinement 

bioapplications and achieving more effective magnetothermal therapy. Part II is thus focused on the 

development of novel multifunctional theranostic NPs that exploit multiple superparamagnetic Fe3O4 NPs 

and interesting NIR-emitting PbS/CdS QDs, and their integration into a single nanoplatform. Self-assembly, 

as a powerful tool to design and fabricate functional nanomaterials for the purpose of rational control of the 

optical, electronic and magnetic pairing between distinct NPs, has attracted increasing research attention 

for their applications in biomedical diagnosis, plasmonics, and energy conversion. Self-assembled 

supernanoparticles (SPs) involving different types of NPs can possess not only the intrinsic physical and 

chemical characteristics of their individual NPs but also the collective properties of these NPs due to the 

coupling effect. In this part, the nanoplatform was specifically prepared by the self-assembling of 

superparamagnetic Fe3O4 NPs and photoluminescent PbS/CdS QDs with their emission in NIR-II and its 

self-assembly formation mechanism was systematically studied. Due to their unique NIR 

photoluminescence feature, the self-assembled Fe3O4 and PbS/CdS (NIR-II) supernanoparticles [SASNs 
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(NIR-II)] exhibit outstanding deep-tissue penetration property as an optical imaging probe, allowing the 

NIR photoluminescence signal to be detected through a tissue as thick as 14 mm, about three times thicker 

than that can be achieved by their counterpart operating within the first biological window [SASNs (NIR-

I)]. At the same time, clustered Fe3O4 NPs constituting SASNs (NIR-II) largely increase the magnetic field 

inhomogeneity by the synergistic effect, resulting in a significantly enhanced T2 relaxivity (282 mM-1s-1, 

ca. 4 times higher than that of free Fe3O4 NPs), as demonstrated by the remarkable darkening effect on in 

vivo MR imaging. Regarding the potential nanomedicine-related therapeutic modalities, magnetothermal 

therapy suffers from the low heat conversion efficiency of currently studied magnetic NPs, while 

photothermal therapy is not suitable for deep-lying subcutaneous cancer cells due to the limitation of light 

penetration. More interestingly, the prepared SASNs (NIR-II) in our work possess the dual capacity to act 

as both magnetothermal and photothermal agents, overcoming the main drawbacks of each type of heating 

separately. When SASNs (NIR-II) were exposed to the dual-mode (magnetothermal and photothermal) 

heating set-up, the thermal energy transfer efficiency (specific loss power, SLP) was amplified 7-fold 

compared with magnetic heating alone. These results, in hand with the excellent photo and colloidal 

stability, and negligible cytotoxicity, demonstrate the potential use of SASNs (NIR-II) for deep-tissue 

bimodal (optical and MR) imaging in vivo, while simultaneously enabling SASNs (NIR-II) mediated dual-

mode heating treatment for cancer therapy. 

Although SASNs (NIR-II) possess excellent dual-mode heating therapeutic modality, polyvinylpyrrolidone 

(PVP) coating served as NPs surface stabilizer shows fair biocompatibility and difficulty of further versatile 

functionalization. In addition, we propose to explore drug delivery modality with our multifunctional 

nanoplatform. Previously published work has indicated mesoporous materials are extremely suitable for 

drug delivery. With this consideration, mesoporous silica (mSiO2) appears as a promising drug carrier 

because it generally possesses a rigid mesostructured framework with high stability and ease of surface 

functionalization for linking drug molecules. In the third part, we specifically designed another type of 

multifunctional theranostic nanoplatform based on the large-pore mSiO2. To date, the work regarding the 

preparation of uniform mSiO2 with large pore size (> 5 nm) is very limited. In this part, relatively-large-

pore (>10 nm) mSiO2 as matrix was deliberately synthesized by a biphase stratification continuous growth 

approach, followed by a simple silane coupling reaction to form thiol-modified mSiO2. Owing to its unique 

relatively-large-pore structure with high loading capacity, the nanoplatform (mSiO2@PbS/CdS-Fe3O4) was 

then fabricated by coordination-driven embedding of superparamagnetic Fe3O4 NPs and PbS/CdS QDs of 

suitable size into the mesoporous channels of mSiO2. In particular, the QDs were selected in such a way 

that they could be excited by the light in NIR-I as well as emit in NIR-II. The excellent NIR deep-tissue 

optical and superparamagnetic behavior of mSiO2@PbS/CdS-Fe3O4 particles enables their use as bimodal 

imaging (optical and MR) contrast agents, thus increasing the reliability and accuracy of diagnosis. On the 
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other hand, when the mSiO2@PbS/CdS-Fe3O4 nanoplatform was exposed to external physical stimuli of 

magnetic field (MF) and/or a NIR laser, this nanoplatform produced strong local heating as a highly 

efficient magnetic hyperthermia therapy (MHT)/photothermal therapy (PTT) agent. At last, this 

nanoplatform also demonstrate great potential as a drug delivery carrier due to large-pore characteristics. 

Doxorubicin (DOX), a widely used clinical anticancer drug, was chosen as a model to study their drug 

release behavior. After being loaded with DOX, the release rate of DOX under multi-stimuli (pH/MF/NIR) 

was significantly enhanced at lower pH and higher temperatures, caused by magnethermal/photothermal 

effects. This nanoplatform thus yielded a synergistic effect from the integrated heating mode and multi-

stimuli responsive drug release to achieve a high therapeutic efficacy.  
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LIST OF FIGURES 

Figure 1.1 Schematic illustration of magnetic coercivity (Hc, magnetic field required to reduce the 

magnetization to zero) behavior of a magnetic NP as a function of its size. When the size of NP gradually 

decreases to critical size (rc), the Hc shows an increase as the domain wall in NP disappears. If the size is 

further decreased to r0 in which the thermal agitation energy is higher than magnetic anisotropy energy and 

the magnetic moment of NP fluctuate freely, the NP enters the superparamagnetic regime and shows zero 

coercivity.  

Figure 1.2 (a) Energy diagram of magnetic NPs with different magnetic spin alignment. Thermal energy 

(KBT) represents the energy barrier to the rotation of the magnetization. The large NP shows the 

ferromagnetism on the top and the small NP shows the superparamagnetism on the bottom. (b) The 

comparison of typical magnetic curves for ferromagnetic and superparamagnetic materials. Saturation 

magnetization (MS) is the maximum value of magnetic field; the remanence magnetization (Mr) stands for 

the residual magnetization after removing external magnetic field; and the coercivity (Hc) is the external 

field required to reduce the magnetization to zero.  

Figure 1.3 (a) Absorbance of various tissue and blood components from 200 nm to 10 μm. (b) Optical 

windows in biological tissues. These plots of effective attenuation coefficient (on a log scale) versus 

wavelength show that absorption and scattering from oxygenated blood, deoxygenated blood, skin and fatty 

tissue is lowest in either the first (pink shaded area) or second (grey) near-infrared window. Figure 1.3a 

was taken from reference14 and Figure 1.3b was taken from reference7. 

Figure 1.4 (a) Electronic energy states of a semiconductor in the transition from nanosized crystals to bulk 

crystals. Blue shading denotes ground state electron occupation. (b) Schematic representation of the 

quantum confinement effect on the energy level structure of a semiconductor material. The lower panel 

shows colloidal suspensions of CdSe nanocrystals of different sizes under UV excitation. (c) Absorption 

(upper) and fluorescence (lower) spectra of CdSe semiconductor nanocrystals showing quantum 

confinement and size tunability. Figure 1.4a and c was taken from reference17 and Figure 1.4b was taken 

from reference18. 

Figure 1.5 (a) Absorption spectra spanning the range of tuneable sizes of PbS QDs. (b) Band-edge 

absorption and photoluminescence peaks for PbS QDs 6.5 nm in diameter. (c) TEM image of colloidal PbS 

nanocrystals with an exciton absorption at 1440 nm. Figure 1.5 a~c was obtained from reference29. 
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Figure 1.6 (a) TEM images of CdSe plain core nanocrystals and the corresponding core/shell nanocrystals 

with different shell thickness from the same SILAR reaction. (b) Scheme of synthesis of PbSe/CdSe QDs 

by cation exchange method. (c) PL spectra from a series of aliquots during CdSe shell formation, 

corresponding to 15 min, 2 h, and 24 h of reaction time proceeding from red to blue. Each spectrum is 

corrected for variation in optical density as well as grating and detector efficiencies to reflect relative QY. 

Shown in black is the original PbSe core, magnified 10-fold so its shape is discernible. The inset lists the 

calculated core diameter (column “PbSe”) and shell thickness (“CdSe”) from elemental analysis. Also 

included is the approximate effective core size predicted by the PL peak position (“PL”). Figure 1.6a was 

obtained from reference32 and Figure 1.6b~c was obtained from reference33. 

Figure 1.7 (a) Energy diagrams for Ln3+ in a LaCl3 lattice. (b) UC processes for lanthanide-doped crystals: 

ESA and ETU. (c) Schematic illustration of UC nanoparticles composed of a crystalline host and lanthanide 

dopant ions (activator and sensitizer) embedded in the host lattice. Figure 1.7a was obtained from 

reference35. 

Figure 2.1 (a) Synthetic procedure of Fe3O4@SiO2(F)@meso-SiO2(P)-Folate nanoparticles. (b) Labeling 

of g-Fe2O3-SiO2-AP and g-Fe2O3-SiO2-AP-CMCS nanoparticles with FITC. Figure 2.1a was taken from 

reference50 and Figure 2.1b was taken from reference61. 

Figure 2.2 (a) Schematic illustration of the formation of NaYF4:Yb, Er/Tm@SiO2@Fe3O4 NPs. (b) Bright-

field TEM image and (c~e) EDX elemental mappings of NaYF4:Yb, Er/Tm@SiO2@Fe3O4, (f) HRTEM 

image of NaYF4:Yb, Er/Tm@SiO2@Fe3O4 (inset: SAED image of NaYF4:Yb, Er) and (g) HRTEM image 

of Fe3O4 (inset: FFT image of Fe3O4). (h) Schematic of fabrication of (CdTe/Fe3O4)@SiO2 FMNS with 

different magnetic potentials: weak (WFMNS), moderate (M-FMNS), and strong (S-FMNS), Respectively. 

TEM images of (CdTe/Fe3O4)@SiO2 FMNS: (i) W-FMNS, (j) M-FMNS, and (k) S-FMNS. Figure 2.2a~g 

was taken from reference66 and Figure 2.3h~k was taken from reference65. 

Figure 2.3 (a) Synthetic procedure for the drug-loaded Fe3O4@SiO2@α-NaYF/Yb, Er nanorattles (DOX-

MUC-F-NR). (b) TEM and SEM (the inset in (b)) images of Fe3O4@SiO2 nanospheres. (c) TEM image of 

magnetic upconversion oxide nanospheres (MUC-O-NS); inset in (c) is a HRTEM image after growing the 

outer Y2O3/Yb, Er layer. (d) TEM image of the MUC-F-NR; insets are higher-magnification TEM image 

of one (upper left) and the SAED image recorded on part of the α-NaYF4/Yb, Er shell (lower left). (e) TEM 

image of Fe3O4@SiO2@α-NaYF/Yb, Er with SiO2 fully etched; inset is a higher-magnification TEM image 

of a single hollow nanosphere. (f) Illustration of the preparation of multifunctional mesoporous 

Fe3O4/SiO2/CdTe nanoprobe. (g) TEM images of oleic acid-stabilized Fe3O4 nanoparticles and (h) their 

particle size statistics. (i) TEM images of mesoporous Fe3O4@SiO2 particles and (j) mesoporous 
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Fe3O4/SiO2/CdTe nanoprobes. Figure 2.3a~e was taken from reference72 and Figure 2.3f~j was taken from 

reference73. 

Figure 2.4 (a) Schematic diagram of the conjugation of amine-functionalized quantum dots (QDs) to the 

surface of carboxylate-functionalized MNSs using conventional NHS/EDC coupling method; (b) Scheme 

of PTX loading using a thin PLGA coat on the surface of QD-MNSs. (c) Schematic illustration of the facile 

fabrication of MR/NIR multimodal imaging nanoprobes based on magnetofluorescent polyelectrolyte 

nanocomposites (MagFL-PEN) via electrostatic assembly between polyelectrolytes and functional colloidal 

nanoparticles. (d) SEM and TEM (inset) images of MagFL-PEN after adsorption of QD800(COOH). (e) 

EDX analysis of MagFL-PEN. Figure 2.4a~b was taken from reference81 and Figure 2.4c~e was taken from 

reference85. 

Figure 2.5 (a) The two-step hybrid formation. Step I: A) iron oxide nanocrystals (native ligands not shown), 

B) iron oxide nanoparticles with the first polystyrene shell, C) nanohybrid after the deposition of QDQRs. 

Step II: D) nanohybrid after synthesizing a thin PS shell, E) nanohybrid after second emulsion 

polymerization, when dyads cluster owing to high styrene concentration. (b, c) Representative TEM images 

of the different hybrids achieved using different amounts of monomer during the second emulsion 

polymerization. The inset shows a three-dimensional histogram of the number of QDQRs n (QDQR) and 

the number of iron oxide n (Fe3O4) within one hybrid. Amounts used of each monomer: (b) 4 nmol and (c) 

8 nmol. (d) Scheme for synthesis of MUCNBs; TEM images of 23 nm UCNPs (e), 15 nm IONPs (f), 6 nm 

UCNPs (g), and MUCNBs with 15 nm IONPs and 23 nm UCNPs (h) or 6 nm UCNPs (i). Figure 2.5a~c 

was taken from reference89 and Figure 2.6d~i was taken from reference94. 

Figure 2.6 (a) Schematic representation of the synthetic routine of the water-soluble NaYF4:Yb3+, 

Tm3+@FexOy nanocrystals. (b) TEM image of NaYF4:Yb3+, Tm3+ nanocrystals and (c) NaYF4:Yb3+, 

Tm3+@Fe3O4 nanocrystals. (d) EDX spectrum of the NaYF4:Yb3+, Tm3+@Fe3O4 nanocrystals. (e) 

Illustration of the multistep sequential synthesis producing the magneto-fluorescent hybrid structures. (f) 

TEM images of CdSe@CdS@hollow-Fe2O3 nanostructure. (g) Enlarged TEM image of f. Figure 2.6a~d 

was taken from reference101 and Figure 2.6e~g was taken from reference102. 

Figure 2.7 (a) Architecture of water-dispersible shell-doped mQDs (NAC-CdTe/30%Fe:ZnS) (A) and core-

doped mQDs (NAC-30%Fe-CdTe/ZnS (B). (b) Representative TEM image of shell-doped mQDs and the 

corresponding diffraction pattern (inset), indicating that the mQDs are crystalline. (c) The corresponding 

size distribution, where the average particle diameter was determined to be 2.9 ± 0.3 nm. Figure 2.7a~c was 

taken from reference104.  
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Figure 2.8 Dual-modal UCL/MR in vivo imaging. (a) The bright field, (b) UCL, and (c) merged images of 

a KB tumor-bearing mouse one hour after intravenous injection of PEG–MFNP. Strong UCL signals were 

observed from the liver and tumor sites (arrow) of the mouse. (d) Ex vivo UCL imaging showing 

accumulation of MNFPs in the liver, spleen, tumor, bone, and lung of the injected mouse at 24 h post 

injection. UCL signals from other organs were barely detectable. T2-weighted images of KB-tumor bearing 

nude mice with (e) and without (f) injection of MFNPs. Obvious darkening contrast was shown in the 

mouse liver and tumor. (g) Multimodal UCL and (h) MR imaging for in vivo lymphangiography mapping 

using MFNPs. MR images were taken before (left) and after (right) injection of MFNPs. Figure 2.8a~h was 

taken from reference117. 

Figure 2.9 (a) Schematic illustration of targeting of DOX loaded multifunctional drug carrier to tumor cells 

assisted by an externally applied magnetic field (MF). (b) Tumor location as defined by MUC-F-NR 

intensity increases with 1 h magnetic field treatment. Mice bearing H22 xenograft tumor were injected with 

DOX loaded MUC-F-NR (1 mg/kg) and subjected (+MF) or not subjected (-MF) to the magnetic field for 

1 h. At 24 h postinjection, mice were imaged in vivo. (c) The luminescence signal was measured from the 

whole tumor in vivo and ex vivo. (Excitation was provided by the CW infrared laser at 980 nm and 

upconversion luminescence signals were collected at 650 ± 10 nm. Fluence rates for 980 nm excitation light 

were 80 mW/cm2.) (d) Tumor volume changes of saline-treated mice compared to mice treated with MUC-

F-NR, DOX, and DOX loaded MUC-F-NR over 21 d in the absence and presence of magnetic field. Data 

show mean ± SD (n = 5, *p ≤ 0.05). Figure 2.9a~d was taken from reference72. 

Figure 2.10 (a) Schematic illustration of the preparation of the acetylated hyaluronic acid–pheophorbide-a 

coated Fe3O4 magnetic nanoparticles (AHP@MNPs); amphiphilic and negatively charged AHP can interact 

with positively charged MNP through multibinding interactions. (b) Schematic representation of 

multifunctional AHP@MNPs for tumor-targeted bimodal imaging and photodynamic/hyperthermia 

treatment when AHP@MNPs were irradiated with magnetic and near infrared lasers. Figure 2.10a~b was 

taken from reference120. 

Figure 3.1 Schematic illustration of the setup for synthesis of (a) Fe3O4 NPs, (b) PbS QDs, (c) PbS/CdS 

QDs and (d) Fe3O4/SiO2/NaYF4:Nd3+ NPs. 
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LIST OF CHEMICAL COMPOUNDS, ABBREVIATIONS AND SYMBOLS 

Chemical compounds 

FeCl3·6H2O   iron chloride hexahydrate 

NH3·H2O   ammonium hydroxide solution 

TEOS    tetraethyl orthosilicate 

Y(NO3)3·6H2O   yttrium nitrate hexahydrate 

Yb(NO3)3·5H2O  ytterbium nitrate pentahydrate 

Er(NO3)3·5H2O   erbium nitrate pentahydrate 

Nd(NO3)3·6H2O  neodymium nitrate hexahydrate 

PbCl2    lead chloride 

Pb(OAc)2   lead acetate trihydrate 

CdO    cadmium oxide 

S    sulfur 

N2    nitrogen 

PbS    lead sulfide 

CdS    cadmium sulfide 

NH4NO3   ammonium nitrate 

Abbreviations 

OA    oleic acid 

TDE    1-tetradecene 

ODE    1-octadecene 

OLA    oleylamine 

(TMS)2S   bis(trimethylsilyl) sulfide 

TEA    triethanolamine 

THF    tetrahydrofuran 
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TOP    trioctylphosphine 

PEI    polyethylenimine 

PBS    phosphate buffered saline 

PVP    polyvinylpyrrolidone 

EG    ethylene glycol 

DMSO    dimethyl sulfoxide 

CTAC    cetyltrimethylammonium chloride 

DTAB    dodecyltrimethylammonium bromide 

DOX    doxorubicin hydrochloride 

FBS    fetal bovine serum 

DMEM    dulbecco’s modified Eagle’s medium 

MTT    3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

NPs    nanoparticles 

UCNPs    upconverting nanoparticles 

UV    ultraviolet 

NIR    near-infrared 

PL    photoluminescence 

QDs    quantum dots 

TEM    transmission electron microscopy 

SAED    selected area electron diffraction 

EDX    energy dispersive x-ray spectroscopy 

XRD    x-ray diffraction 

XPS    x-ray photoelectron spectrometry 

DLS    dynamic light scattering 

ICP-OES   inductively coupled plasma-optical emission spectrometry 

FTIR    fourier-transform infrared spectroscopy 
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VSM    vibrating sample magnetometer 

MR    magnetic resonance  

BET    Brunauer-Emmett-Teller 

FC    field-cooled magnetization 

ZFC    zero-field-cooled magnetization 

Symbols 

Tb    blocking temperature 

Oe    Oersted (magnetic field strength unit) 

M    magnetization 

emu/g    mass magnetization 

r    relaxivity coefficient 

H    magnetic field strength 

I    applied current 

V    the volume of sample 

m    the mass of sample 
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Margot, Ricardo Izquierdo, Mohamed Chaker, and Dongling Ma, Enhanced Long-term and Thermal 

Stability of Polymer Solar Cells in Air at High Humidity with the Formation of Unusual Quantum Dot 

Networks. ACS Appl. Mater. Interfaces, 9 (2017) 26257-26267.  

7. Fuqiang Ren, Blanca del Rosal, So Young An, Fan Yang, Elisa Carrasco, Antonio Benayas, Jung Kwon 

Oh, Daniel Jaque, Ángeles Juarranz de la Fuente, Fiorenzo Vetrone, and Dongling Ma, Development and 

Investigation of Ultrastable PbS/CdS/ZnS Quantum Dots for Near-Infrared Tumor Imaging. Part. Part. 

Syst. Charact., 34 (2017) 1600242. 

8. Long Tan, Yufeng Zhou, Fuqiang Ren, Daniele Benetti, Fan Yang, Haiguang Zhao, Federico Rosei, 

Mohamed Chaker and Dongling Ma, Ultrasmall PbS quantum dots: a facile and greener synthetic route and 

their high performance in luminescent solar concentrators. J. Mater. Chem. A, 5 (2017) 10250-10260.  



18 
 

9. Fuqiang Ren, Sarah A. Lindley, Haiguang Zhao, Long Tan, Belete Atomsa Gonfa, Ying-Chih Pu, Fan 

Yang, Xinyu Liu, François Vidal, Jin Z. Zhang, Fiorenzo Vetronead and Dongling Ma, Towards 

understanding the unusual photoluminescence intensity variation of ultrasmall colloidal PbS quantum dots 

with the formation of a thin CdS shell. Phys. Chem. Chem. Phys., 18 (2016) 31828-31835. 

10. Zhenhe Xu, Yanlong Liu, Fuqiang Ren, Fan Yang, Dongling Ma, Development of functional 

nanostructures and their applications in catalysis and solar cells. Coord. Chem. Rev., 320-321 (2016) 153-

180. Invited 

Conference Presentations 

1. Fan Yang, Xinyu Liu, Fiorenzo Vetrone, Dongling Ma. Fluorescent-magnetic nanoparticles for 

bioapplications. International Conference on Energy, Materials and Photonics (EMP19). July 14-16, 

2019, Shanghai, China (Oral presentation) 

2. Fan Yang, Artiom Skripka, Antonio Benayas, Xianke Dong, Sung Hwa Hong, Fuqiang Ren, Jung 

Kwon Oh, Xinyu Liu, Fiorenzo Vetrone, Dongling Ma. An Integrated Multifunctional Nanoplatform 

Based on Superparamagnetism and Near-Infrared to Near-Infrared Photoluminescence for Deep-tissue 

Dual-mode Imaging. 256th ACS Fall National Meeting, August 19-23, 2018, Boston, USA (Oral 

presentation) 

3. Fan Yang, Artiom Skripka, Antonio Benayas, Xianke Dong, Sung Hwa Hong, Fuqiang Ren, Jung 

Kwon Oh, Xinyu Liu, Fiorenzo Vetrone, Dongling Ma. A Dual-mode Nanoparticle Probe for Deep-

tissue Optical and Magnetic Resonance Imaging. International Conference on Energy, Materials and 

Photonics (EMP18). Montreal, July 8-11, 2018 (Poster presentation) 

4. Fan Yang, Artiom Skripka, Antonio Benayas, Xianke Dong, Sung Hwa Hong, Fuqiang Ren, Jung 

Kwon Oh, Xinyu Liu, Fiorenzo Vetrone, Dongling Ma. An Integrated Multifunctional Nanoplatform 

Based on Superparamagnetism and Near-Infrared to Near-Infrared Photoluminescent Nd3+-doped 

NaYF4 Nanoparticles for Deep-tissue Dual-mode Imaging. 2nd annual meeting of Quebec Center for 

Advanced Materials (QCAM), Montreal, May 3-4, 2018 (Oral presentation) 

5. Fan Yang, Fuqiang Ren, Xinyu Liu, Fiorenzo Vetrone, Dongling Ma. Multifunctional 

(superparamagnetic and upconversion) core/shell/shell nanoparticles for biomedical applications. 9e 

Colloque annuel du CQMF, Montreal, November 24 and 25, 2016 (Oral presentation) 

6. Fan Yang, Fuqiang Ren, Xinyu Liu, Fiorenzo Vetrone, Dongling Ma. Synthesis and characterization 

of multifunctional (superparamagnetic and upconversion) core/shell/shell nanoparticles for biomedical 

applications. Materials Science & Technology, October 23-27, 2016 Salt Lake City, Utah USA (Oral 

presentation) 



19 
 

 

CHAPTER 1 INTRODUCTION 

1.1 Superparamagnetic nanoparticles  

Magnetic nanoparticles (NPs) exhibit unique magnetic property, which is totally different from their bulk 

counterparts. The bulk ferromagnetic materials usually consist of a large number of magnetic domains and 

each domain contains parallel magnetic moments that are separated by domain walls. The formation of 

domain walls is driven by the balance between the magnetostatic energy and domain-wall energy. The 

magnetostatic energy increases with the volume of materials proportionally while the domain-wall energy 

is responsible for the increased interfacial area between domains. If the size of ferromagnetic materials is 

reduced to the nanometer regime, there is a critical value below which a stable single domain NP can be 

formed since energy for creating domain walls is much higher than that of magnetostatic energy for the 

single domain state. When magnetostatic energy  

 

Figure 1.1 Schematic illustration of magnetic coercivity (Hc, magnetic field required to reduce the magnetization to zero) 

behavior of a magnetic NP as a function of its size. When the size of NP gradually decreases to critical size (rc), the Hc shows 

an increase as the domain wall in NP disappears. If the size is further decreased to r0 in which the thermal agitation energy 

is higher than magnetic anisotropy energy and the magnetic moment of NP fluctuates freely, the NP enters the 

superparamagnetic regime and shows zero coercivity.  

is equal to domain-wall energy, with NP transferring from multiple domains to the single-domain state, as 

shown in Figure 1.1, the critical size (rc) of NP for can be expressed as the equation (1):1 

𝑟𝑐 = 18.
√𝐴.𝐾𝑒𝑓𝑓

𝜇0𝑀2            (1) 
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where A is the exchange constant, Keff is the anisotropy constant, µ0 is the vacuum permeability and M is 

the saturation magnetization. For the majority of magnetic NPs, the critical diameter typically lies in the 

range of 10~100 nm.   

As mentioned above, the magnetic spins in a single domain of ferromagnetic NPs are coupled and parallel- 

aligned. The magnetic anisotropy energy (∆E) in single domain of ferromagnetic NPs can keep the magnetic 

moments along a certain direction, which is given by the equation (2):   

∆𝐸 = 𝐾𝑒𝑓𝑓. 𝑉            (2) 

where V is the volume of the NP, as exemplified in Figure 1.2a.  

 

Figure 1.2 (a) Energy diagram of magnetic NPs with different magnetic spin alignment. Thermal energy (KBT) represents 

the energy barrier to the rotation of the magnetization. The large NP shows the ferromagnetism on the top and the small 

NP shows the superparamagnetism on the bottom. (b) The comparison of typical magnetic curves for ferromagnetic and 

superparamagnetic materials. Saturation magnetization (MS) is the maximum value of magnetic field; the remanence 

magnetization (Mr) stands for the residual magnetization after removing external magnetic field; and the coercivity (Hc) is 

the external field required to reduce the magnetization to zero.  

The relatively large single-domain ferromagnetic NPs have much larger magnetic anisotropy energy than 

the thermal energy (∆E > KBT, where KB is the Boltzmann constant and T is the temperature) (blue line in 

Figure 1.2a). The thermal energy is not high enough to invert the magnetic spin-spin direction. When the 

size of single-domain ferromagnetic NPs is further decreased from rc to r0 (Figure 1.2a), the thermal energy 

can overcome the magnetic anisotropy barrier (∆E < KBT) (red line in Figure 1.2a), which results in the 

magnetic fluctuation of moment in the domain of NPs. Such magnetic fluctuation will no longer be stable 

and further leads to a zero net-magnetization, and this behavior is said to be superparamagnetism.2-3 The 

comparison of typical magnetic curves for ferromagnetic and superparamagnetic NPs is shown in the Figure 

1.2b. It can be seen that the superparamagnetic NPs are easily saturated under an external magnetic field 

and show similar saturation magnetization value (MS, maximum value of magnetic field) as that of 
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ferromagnetic NPs. Once the magnetic field is removed, the superparamagnetic NPs give a zero remanence 

(Mr, residual magnetization) and coercivity, which is different from ferromagnetic NPs. 

Owing to their unique superparamagnetic properties, along with excellent biocompatibility and 

biodegradability, superparamagnetic NPs have great potential for use as inherent contrast agents for MR 

imaging. Additionally, after conjugation with additional functional targeting groups and therapeutic 

moieties, superparamagnetic NPs can be extended to other bioapplications beyond MR imaging contrast 

enhancer, including, but not limited to, cell separation and targeting, nanocarriers of therapeutic payloads 

(drugs, nucleic acids and proteins) and hyperthermia agents for treating cancers under an alternating 

magnetic field. 

1.2 Fluorescent nanoparticles 

The general definition of fluorescent NPs is nano-sized structure that can produce fluorescence light 

emission under suitable optical excitation. Their fluorescence feature makes them suitable for various 

biomedical applications. In the case of bioimaging, fluorescent NPs are frequently introduced to the 

portions of biological samples in vitro (cell/tissue level) and in vivo (the whole animal) being imaged in 

order to acquire better understanding of the cellular and physiological information. Over the past several 

decades different types of fluorescent NPs, including organic dye-doped silica NPs,4 organic polymer NPs,5 

metallic NPs,6 carbon-based NPs (nanotubes and nanodots),7-8 quantum dots (QDs) and lanthanide-doped 

upconverting nanoparticles (UCNPs),9-10 have emerged for bioimaging. Regarding the constituent of 

fluorescent NPs used for bioimaging, they can be mainly classified into two groups: organic and inorganic 

NPs. As the general criteria for the selection of fluorescent probes for imaging, ideal fluorescent NPs should 

fulfill the following requirements: i) good stability under physiological conditions, ii) high brightness, iii) 

minimal cytotoxicity and minimal distortion of cellular functions, iv) large strokes shifts to avoid self-

quenching and vi) high signal to background ratio.11 Although the organic-based NPs are the earliest and 

classic contrast agents used for bioimaging, they suffer from several inherent drawbacks, such as low 

photostability (susceptible photobleaching), small Stokes shifts (difficulty in separating the excitation and 

emission signals). In addition, in general they have short fluorescence lifetime ca. 10-9 s, which is too short 

for efficient discrimination of short-lived fluorescence interference from scattered excitation light.12 

Nowadays inorganic-based NPs are attracting the interest of the largest scientific community, so in this 

chapter we mainly focus on inorganic-based QDs and lanthanide-doped UCNPs, which are also the 

luminescent nanomaterials explored in this thesis.         
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1.2.1 Biological windows   

As we described above, in biological and preclinical studies, fluorescent NPs are utilized to localize 

biospecies, to elucidate the cellular and tissue structures or to monitor the internal dynamic processes of 

interaction with the biological media in cells or living organisms. For in vitro imaging experiments, the 

medium between cells and the microscope objectives is only composed of water-based phosphate-buffered 

saline or cell growth medium, which has a thickness of several hundred micrometers or less. Therefore, 

even the emission of fluorescent NPs is partially absorbed by the cell medium, they still can be appropriate 

for in vitro imaging, as the reduced thickness of cell medium has negligible effect on the attenuation of 

fluorescence intensity.  

However, regarding in vivo experiments, the situation becomes more complicated as the medium between 

fluorescent NPs and the microscope imaging system is a highly inhomogeneous tissue containing different 

absorbing and scattering components, unlike the thin water-like layer in in vitro imaging study. Both the 

excited/emitted photons can interact with tissues, depending on their optical properties. The sum of the light 

absorption and scattering by tissues is termed as optical extinction (attenuation), which can be expressed as 

the equation (3):13 

𝛼𝑒𝑥𝑡 = 𝛼𝑎𝑏𝑠 + 𝛼𝑠𝑐𝑡          (3) 

The overall value of extinction determines the penetration depth of light (both excitation and emission) in 

living tissue and the relevant extinction coefficient of given tissue strongly depends on wavelengths.  

 

Figure 1.3 (a) Absorbance of various tissue and blood components from 200 nm to 10 μm. (b) Optical windows in biological 

tissues. These plots of effective attenuation coefficient (on a log scale) versus wavelength show that absorption and scattering 

from oxygenated blood, deoxygenated blood, skin and fatty tissue is lowest in either the first (pink shaded area) or second 

(grey) near-infrared window. Figure 1.3a was taken from reference14 and Figure 1.3b was taken from reference7. 
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Normally, the absorbance of the blood component (water, proteins, melanin and hemoglobin-Hb) is quite 

high in the range of 200~650 nm, which almost covers the whole visible range, as can be seen in Figure 

1.3a.14 In this wavelength range study of tissue by fluorescence techniques can only be roughly assessed as 

the light has a small penetration depth due to the heavy tissue absorbance. This is a major barrier for in vivo 

imaging. In order to overcome this issue, it is highly desired to perform fluorescence imaging with the 

wavelength region above 650 nm. Figure 1.3b shows the extinction coefficient of main components in tissue. 

In the visible range tissue extinction shows the similar trend as absorbance of the blood component, mainly 

from the oxygenated and deoxygenated blood.7 For wavelength larger than 1400 nm in the NIR range, the 

oxygenated/deoxygenated blood-induced extinction remains at a high level. Thus, the overall extinction 

coefficient can be minimized in the two wavelength ranges (650-950 nm and 1000-1350 nm), the so-called 

first and second biological windows (NIR-I and NIR-II), as shown in Figure 1.3b. In addition, 

autofluorescence, which comes from the natural light emission by biological tissues and cells under the 

excitation light, is reduced since light absorbed by tissue is negligible in NIR-I/II. Initially most of the in 

vivo imaging studies are performed in the visible range, however, with the objective of deep-tissue in vivo 

imaging, researchers have shown great interest in moving into the NIR-I/II.15 

1.2.2 Quantum dots  

QDs are tiny semiconductor nanocrystals with their diameters varying from 1 nm to about 20 nm, normally 

composed of II-VI, III-V, and IV-VI elements of the periodic table.16 Unlike their bulk semiconductors, the 

most striking characteristic of QDs is the unique size-dependent optical property which arises from the so-

called quantum confinement effect. When the size of the semiconductor material is smaller than the Bohr 

exciton radius (known as the distance in an electron-hole pair), the exciton is spatially confined and the 

electrons of QDs are quantized to certain energies presented as discrete energy levels, rather than “bands” 

of energies in the bulk material (Figure 1.4a).17 The band energy gap of QDs can be regarded as the sum of 

the energy gap of the bulk material, the confinement energy of exciton and the Coulomb attraction energy 

between the electron and hole in a spherical QD, as described in the equation (4): 

𝐸𝑔(𝑄𝐷𝑠) = 𝐸𝑔(𝑏𝑢𝑙𝑘) +
ℎ2

8𝑅2 (
1

𝑚𝑒
∗ +

1

𝑚ℎ
∗ ) −

1.8𝑒2

4𝜋𝜀𝜀0𝑅
            (4) 

where  𝐸𝑔(𝑏𝑢𝑙𝑘)is the band gap energy of the bulk material, h is the Plank constant, R is the radius of QDs, 

𝑚𝑒
∗  and 𝑚ℎ

∗ are the effective mass of electron and hole, 𝜀0 and 𝜀 are the vacuum permittivity and permittivity 

of QDs. The second term and the third term are the confinement and Coulomb attraction energy of exciton, 

respectively.  

From the equation (4) above, it can be concluded that the QDs show size-dependent band gap when the 

dimension of semiconductor nanocrystal is smaller than the exciton Bohr radius. That is to say that the 
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bandgap of QDs decreases as the size of QDs increases because more and more atoms are bound together 

which makes the discrete energy levels gradually merge into energy bands, as shown in Figure 1.4b.18 

Meanwhile, the optical properties of the QDs become size-dependent, which allows their absorption and 

photoluminescence (PL) tuned through a wide spectral range by varying their size. For example, the PL 

emission wavelength of CdSe QDs (Eg = 1.76 eV for the bulk, Bohr radius = 9.6 nm) can be tuned within 

the visible range from 450 nm to 750 nm by controlling their size, as shown in Figure 1.4c17. The unique 

size-dependent optical properties of QDs make them extremely useful for bioimaging, diagnostics and 

various types of optoelectronic devices.  

 

Figure 1.4 (a) Electronic energy states of a semiconductor in the transition from nanosized crystals to bulk crystals. Blue 

shading denotes ground state electron occupation. (b) Schematic representation of the quantum confinement effect on the 

energy level structure of a semiconductor material. The lower panel shows colloidal suspensions of CdSe nanocrystals of 

different sizes under UV excitation. (c) Absorption (upper) and fluorescence (lower) spectra of CdSe semiconductor 

nanocrystals showing quantum confinement and size tunability. Figure 1.4a and c was taken from reference17 and Figure 

1.4b was taken from reference18. 

1.2.2.1 PbS quantum dots  

NIR-emitting QDs, with their wavelengths tuned from 750~3700 nm, are of great interest in the past two 

decades due to their potential applications in the field of solar cells, telecommunications, quantum 

computing and biomedicine.19 Of all these applications, NIR QDs appear as a very powerful and crucial 

tool for in vivo bioimaging, diagnostics and possible therapeutics since they exhibit deep-tissue penetration 

of excitation and emission light through thick tissue and reduced autofluorescence background in the NIR-



25 
 

I/II, as we mentioned in the chapter 1.2.1. A variety of NIR QDs including, InX (X= As, P, III-V),20-21 PbX 

(X= S, Se, Te, IV-VI),22-24 Ag2X (X=S, Se, I-VI) 25-26 and CuInX2 (X= S, Se, I-III-VI2),27-28 have been 

reported for bio-related applications.  

Among these NIR QDs, PbS QDs with a direct band gap of 0.41 eV at room temperature and large exciton 

 

Figure 1.5 (a) Absorption spectra spanning the range of tuneable sizes of PbS QDs. (b) Band-edge absorption and 

photoluminescence peaks for PbS QDs 6.5 nm in diameter. (c) TEM image of colloidal PbS nanocrystals with an exciton 

absorption at 1440 nm. Figure 1.5 a~ c was obtained from reference29. 

Bohr radius of 18 nm, providing tunable fluorescence emission in the NIR regions (825-1750 nm), have 

gained increasing attention for bioimaging application. There are various synthetic routes for the synthesis 

of PbS QDs, including gas phase, solid-state synthesis and wet chemistry.29 However, the gas phase and 

solid-state synthesis are limited as both are difficult to achieve tunable yet highly uniform particle size. The 

wet chemistry method, normally based on hot-injection of sulfur source to lead organometallic precursors, 

can solve this problem as an efficient low-cost approach to obtain high-quality PbS QDs because the 

nucleation and growth stages of PbS QDs are effectively separated by precisely controlling temperature 

during the hot-injection process. The initial well-known hot-injection synthesis for the production of 

monodisperse PbS QDs using lead oxide and bis(trimethylsilyl) sulfide [(TMS)2S] was reported by Hines 

and Scholes.29 The PbS QDs show first-excitonic absorption peaks tuned from 800 nm to 1800 nm (Figure 

1.5a) and narrow size dispersion (15-20%, Figure 1.5c) with full width at half maximum (FWHM) of PL 

peak about 100 meV without any post-synthesis size-selective precipitation (Figure 1.5b). Currently, most 

of the studies regarding synthesis of PbS QDs follow this or slightly modified method. However, toxic 

chemical (TMS)2S was involved as the sulfur source in the QDs synthesis and the obligatory manipulation 

of air and moisture-sensitive (TMS)2S in a glove box made this synthesis complicated and inconvenient for 

large-scale industrial production. Another route, green hot-injection, in which (TMS)2S was replaced with 

elemental sulfur, has been subsequently developed for synthesizing PbS QDs by Ozin’s group.30 The high-
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quality PbS QDs (with FWHM of PL peak ca. 52 meV) could be produced in multigram-scale quantities. 

However, the synthetic reaction was achieved in viscous solution with high concentration of lead precursors 

and molar ratio of (Pb/S), which could not easily operate under certain circumstances. Recently, Owen et 

al.31 reported a fast and reproducible method of preparing PbS QDs with comparatively small sizes (first-

excitonic absorption peak tuned down to 850 nm) and narrow size distribution using thiourea derivatives 

as sulfur source, which could be produced at industrially relevant reaction scales. Although other sulfur 

source can be used, complicated procedure was required to synthesize the thiourea precursors. Among these 

previously reported studies, Ozin’s method is considered as relatively green and less costly due to the use 

of elemental sulfur. In our work, we made our effort to synthesize PbS QDs in a simpler and greener “non-

viscous” oleylamine (OLA) system.   

1.2.2.2 Core/shell quantum dots  

Normally, QDs synthesized by the wet chemistry method are capped by organic ligands, which are sensitive 

to the surface state due to the large surface-to-volume ratio. The introduction of trap states on the surface 

of QDs increases the probability of nonradiative decay, thus decreasing the fluorescence quantum yield 

(QY). They also make QDs unstable during manipulation. It is thus essential to eliminate the surface trap 

by surface engineering to obtain more stable QDs with higher QY. To this end, a few groups have tried to 

grow an inorganic shell of larger band gap over the QDs to form a core/shell structure.32-33 After coating 

with a robust inorganic shell, the core QDs are not only protected by shell against the surrounding 

environment, but also passivated with reduced surface trap sites. Therefore, the stability and fluorescence 

QY of core/shell QDs can be largely enhanced compared to the initial core QDs. For example, the cadmium-

based QDs have been passivated by growing a CdS or ZnS shell using classical epitaxial growth. Peng et 

al.32 firstly applied an extremely efficient technique named successive ion layer adsorption and reaction 

(SILAR) to grow a passivating shell of CdS over CdSe core (Figure 1.6a), in which the increase of QDs’ 

size observed by TEM correlates well with the numbers of CdS monolayers estimated from the injected 

amount of Cd or S precursors. The synthesis of core/shell CdSe/CdS QDs with PLQY of 20~40% can be 

readily performed on a multigram scale and their size distribution was maintained even after five 

monolayers of CdS shell were grown onto the core CdSe QDs. The SILAR method is based on the formation 

of monolayer of shell at one time by alternating injections of cationic and anionic precursors into the 

reaction mixture of core QDs. The most attractive feature of SILAR technique is the precise thickness 

control without homogeneous nucleation of the shell QDs. This technique has been extended to NIR 

core/shell QDs, such as PbSe/PbS QDs.34 

Recently, another less used approach, named cation exchange, has been reported to synthesize high-quality 

core/shell QDs. In this approach, the cationic precursor of shell materials is introduced during the reaction 
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and the shell growth proceeds at the expense of core cations; they are replaced by newly introduced cations 

and the anion sublattice remains basically undisturbed. Hollingsworth et al.33 firstly demonstrated the 

controllable synthesis of PbSe/CdSe core/shell QDs via partially cation exchange method [Figure 1.6b and 

c]. The observed PL peak shifts to shorter wavelength as the effective size of PbSe core decreases resulting 

from sacrificial replacement of Pb with Cd during cation exchange. In addition, the PbSe/CdSe QDs exhibit 

enhanced PLQY compared to bare PbSe QDs due to the surface passivation of CdSe shell. Although a large 

number of visible-emitting core/shell QDs have been studied, relevant publications regarding NIR-emitting 

lead chalcogenide-based core/shell QDs, especially PbS-based core/shell QDs, are limited. 

 

Figure 1.6 (a) TEM images of CdSe plain core nanocrystals and the corresponding core/shell nanocrystals with different 

shell thickness from the same SILAR reaction. (b) Scheme of synthesis of PbSe/CdSe QDs by cation exchange method. (c) 

PL spectra from a series of aliquots during CdSe shell formation, corresponding to 15 min, 2 h, and 24 h of reaction time 

proceeding from red to blue. Each spectrum is corrected for variation in optical density as well as grating and detector 

efficiencies to reflect relative QY. Shown in black is the original PbSe core, magnified 10-fold so its shape is discernible. 

The inset lists the calculated core diameter (column “PbSe”) and shell thickness (“CdSe”) from elemental analysis. Also 

included is the approximate effective core size predicted by the PL peak position (“PL”). Figure 1.6a was obtained from 

reference32 and Figure 1.6b~c was obtained from reference33.  

1.2.3 Lanthanide-doped upconverting nanoparticles  

Lanthanides (Ln) refer to the series of metallic chemical elements with atomic numbers 57 through 71 from 

lanthanum (La) to lutetium (Lu). Owing to their similar electron configuration [Ln]4fn5d0-16s2, Ln exhibits 

similar physical properties. Ln ions, normally exist in their most stable oxidation state as trivalent ions 

(Ln3+), which are characterized by their unique 4fn (0<n<14) electron configuration. Because of the diverse 

arrangements of electrons within the 4fn configuration, Ln3+ ions offer abundant energy levels, mostly 
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originating from the Coulombic interaction and the spin-orbit coupling between f electrons,35 as shown in 

Figure 1.7a. These arrangements endow Ln3+ capability of emitting photons in the UV-visible-NIR range 

through 4f-4f intra-configurational transitions. The radiative transition between the energy levels depends 

on the selected Ln3+ ions. It is obvious that a less radiative process occurs if the transition happens between 

a larger energy gap. For example, the radiation of Gd3+ locates at shorter wavelength in the UV region due 

to lack of adequate intermediate states while the transition of Sm3+ (4f5), Eu3+ (4f6), Tb3+ (4f8), Dy3+ (4f9) 

and Ho3+ (4f10) can give out strong emission in the visible resulting from their adequate energy gaps. In 

addition, compared with those five ions mentioned above, Nd3+ (4f3), Er3+ (4f11) and Tm3+ (4f12) possess 

smaller energy gaps, which usually leads to the NIR emission. With the rapid developments on lanthanide 

luminescence and related materials, especially on upconversion luminescence, the versatile lanthanide-

doped UCNPs have gained tremendous attraction for bioimaging, diagnostics and therapeutics.   

   

Figure 1.7 (a) Energy diagrams for Ln3+ in a LaCl3 lattice. (b) UC processes for lanthanide-doped crystals: ESA and ETU. 

(c) Schematic illustration of UC nanoparticles composed of a crystalline host and lanthanide dopant ions (activator and 

sensitizer) embedded in the host lattice. Figure 1.7a was obtained from reference35. 

Upconversion is a phenomenon by the conversion of low energy of long-wavelength radiation (NIR 

excitation), to higher energy short-wavelength emission, usually in the UV and visible range via the anti-

Stokes optical process. In this process, upconversion is achieved by absorbing two or more excitation 

photons to generate one emission photon, which can be explained by two main mechanisms: excited state 

absorption (ESA) and energy transfer upconversion (ETU), as shown in Figure 1.7b. In a typical ESA 

process, the emitting ions in the ground state sequentially absorb at least two photons of suitable energy to 

promote to the higher excited state. The UC emission occurs when the electron returns back to the ground 

state in a radiative manner. The requirements for ESA are rigorous as the adequate population of the 
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intermediate state is required to capture the second photon. Unlike ESA, ETU process usually involves two 

types of luminescent centers (sensitizer and activator). In ETU, one photon of energy is absorbed by the 

activator, but the absorbed sequential photon energy transferred from the neighboring ions (sensitizer) result 

in the population of higher excited states of emitting ions. Radiative emission could be observed as the 

activator drops back to the ground state. ETU is the most frequently observed in the lanthanide-doped 

UCNPs since it is easier to achieve compared to ESA. The UC process benefits from the long lifetime of 

intermediate excited states of excited Ln3+ ions, typically in the μs to ms range. These long lifetimes allow 

Ln3+ ions to be promoted to higher energy states by step-wise absorption of photons before returning to the 

ground state, followed by the generation of higher energy photon.  

Basically, the lanthanide-doped UCNPs consist of inorganic crystalline host and doped ions (Ln3+ ions) 

acting as activators/sensitizers (Figure 1.7c). In addition to acting as a host matrix, the lattice has a strong 

influence on the UC of doped ions because it determines the distance between the doped ions, their 

coordination numbers and the anions surrounding the dopant. In order to achieve efficient UC, the optimal 

host should have low lattice phonon energy in order to reduce nonradiative losses, as well as high chemical 

stability. Of the available host materials for UC Ln3+ ions pairs, fluoride materials can fulfill these 

requirements, which possess low phonon energies (ca. 350 cm-1) of the crystal lattice accompanied with the 

long lifetimes of the excited states of Ln3+ ions.36 Among fluoride hosts, hexagonal (β-) phase NaYF4 and 

NaGdF4 are extensively studied as the most efficient UC host materials to date. It is believed that the high 

emission intensity of Ln3+ ions in β-phase NaYF4/NaGdF4 results from the interaction of doped ions located 

at two different lattice sites.37 Regarding doped ions (Figure 1.7c), Yb3+ is normally selected as the sensitizer 

in the ETU system due to its unique and simple energy level with only one excited level of 2F5/2 (Figure 

1.7a), which is in resonance with the energy of excited 980 nm photons; While Er3+, Tm3+ and Ho3+ are 

typically employed as activators in UC system owing to the long lifetime of excited states and excellent 

resonance energy transfer with transition (2F7/2-2F5/2) of Yb3+.  
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1.3 Research Objectives and Organization 

1.3.1 Our objectives 

This thesis is divided into two parts with two highly related objectives. Specifically, two different main 

types of multifunctional nanoplatforms will be designed based on magnetic core. The first type is a 

core/shell structure with a fluorescence shell around a single magnetic core while the other multifunctional 

nanoplatform contains randomly distributed hundreds of magnetic and fluorescent NPs.  

Part I: Multifunctional (superparamagnetic and NIR-to-NIR photoluminescent) nanocomposites 

with single magnetic core for dual-mode bioimaging.  

So far, multifunctional (superparamagnetic and photoluminescent) NPs have been shown as extremely 

useful tools for bioapplications. One of the most interesting bioapplications is dual-mode imaging. It is well 

known that optical imaging shows great potential to translate into the clinic due to its high sensitivity at the 

subcellular level and the relatively low cost of imaging facilities; whereas MR imaging is considered as a 

superior technique for obtaining anatomical, physiological and functional images with high 3D spatial 

resolution. The integration of optical and MR imaging for dual-mode imaging is clearly advantageous as it 

will allow retrieving both macroscopic and subcellular information of biological species, thus leading to 

improved diagnostic accuracy. Thus, it is of great importance to engineer new, high-sensitivity 

multifunctional (superparamagnetic and photoluminescent) NPs for dual-mode imaging. However, 

multifunctional (superparamagnetic and photoluminescent) NPs in most cases are based on visible emitting 

organic dyes, QDs and UCNPs, which show low tissue penetration and severe autofluorescence from 

biological tissue, thereby limiting their use as bioprobe for in vivo imaging. To address this issue, the ideal 

photoluminescent components with their absorption and emission wavelengths in the optically transparent 

biological windows (NIR-I/II) are highly desired. This can ensure that both the excitation and emission 

signals are less attenuated for acquiring deep-tissue imaging with higher signal-to-noise ratio. 

Therefore, the objectives for this part are as follows: 

1. Preparing and characterizing novel multifunctional (superparamagnetic and photoluminescent) 

core/shell/shell Fe3O4/SiO2/NaYF4:Nd3+ NPs. 

2.  Investigating the NIR-to-NIR photoluminescence properties of Fe3O4/SiO2/NaYF4:Nd3+ NPs. 

3.  Comparing the deep-tissue penetration properties of NIR-to-NIR Fe3O4/SiO2/NaYF4:Nd3+ NPs 

with visible-emitting upconverting Fe3O4/SiO2/NaYF4:Er3+, Yb3+ NPs by ex vivo optical imaging.  

4. Exploiting Fe3O4/SiO2/NaYF4:Nd3+ NPs as T2 contrast agents for MR imaging  
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Part II: Multifunctional nanoplatforms based on multiple magnetic NPs and NIR QDs with 

therapeutic modality 

The development of advanced multifunctional theranostic nanoplatforms is critical for addressing the 

challenges with cancers treatment, aiming to realize the ultimate goals of personalized medicine. These 

systems are expected to simultaneously carry both diagnostic and therapeutic functions to get high-quality 

images identifying the tumor site/morphology and to achieve the enhanced cure rate of cancers through 

specific therapeutic strategies. The survival rate can be largely increased using these multifunctional 

theranostic nanoplatforms. Specifically, compared with optical imaging and MR imaging alone, as 

individual diagnostic tools, bimodal imaging has shown to be particularly attractive because they can 

provide complementary information, as we mentioned above. Regarding the nanoplatform-related 

therapeutic modalities, magnetothermal therapy is hindered by poor thermal energy transfer efficiency of 

currently reported magnetic NPs, while photothermal therapy is not suitable for cancer cells in distant 

organs due to the limited penetration depth of light into the tissue. Thus, the integration of magnetothermal 

and photothermal therapy into a single nanoplatform may provide a dual-mode therapeutic approach to 

achieve high-efficiency and deep-tissue cancer treatment. In addition, conventional chemotherapy against 

cancers often suffers from the low therapeutic efficacy (since the mono-therapy approach cannot cure 

cancer in a synergistic or an additive manner) and severe side effects due to uncontrollable drug release 

characteristics. Multifunctional (superparamagnetic and photoluminescent) nanoplatform with drug-

delivery modality can improve the performance of chemotherapeutic agents and reduce the overall toxicity 

by enhancing the specificity of the drug delivery through tumor targeting in the presence of an applied 

magnetic field. Furthermore, designing external stimulus-responsive nanoplatform for remotely controlled 

cancer treatment can potentially avoid drug overdose and reduce side effects.  

Therefore, the objectives for this part are as follows: 

1. Preparing and characterizing self-assembled Fe3O4 and PbS/CdS (NIR-II) supernanoparticles 

[SASNs (NIR-II)], and studying their self-assembly formation mechanism.  

2. Investigating the application of SASNs (NIR-II) for deep-tissue bimodal (optical and MR) imaging.  

3.  Studying the dual-mode (magnetothermal and photothermal therapy) heating treatment using 

SASNs (NIR-II). 

4. Synthesizing and characterizing large-pore mSiO2 and mSiO2 based multifunctional 

(superparamagnetic and photoluminescent) nanoplatform (mSiO2@PbS/CdS-Fe3O4). 

5. Monitoring the multi-stimuli (pH/MF/NIR) responsive drug release behavior of mSiO2@PbS/CdS-

Fe3O4 after being loaded with anticancer drug.  
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6. Studying the synergistic effect from the integrated heating mode and multi-stimuli responsive drug 

release of mSiO2@PbS/CdS-Fe3O4.  
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1.3.2 Thesis organization 

This thesis is divided into four chapters and organized as follows: 

Chapter 1 Introduction: This chapter briefly introduces the basic knowledge of the background and 

objectives of this thesis.  

Chapter 2 Literature review on multifunctional magnetic-fluorescent hybrid nanoparticles for 

bioapplication 

Chapter 3 Experimental and characterization: This chapter describes the experimental details of synthesis 

of Fe3O4 NPs, PbS QDs, PbS/CdS QDs, mSiO2 and other related hybrid (superparamagnetic and 

photoluminescent) nanocomposites. The main characterization techniques for obtained NPs are also 

presented.   

Chapter 4 Results and discussion: 

Part I: Multifunctional (superparamagnetic and NIR-to-NIR photoluminescent) nanocomposites for dual-

mode (optical and MR) bioimaging, and the publication related to this chapter is 

Fan Yang, Artiom Skripka, Antonio Benayas, Xianke Dong, Sung Hwa Hong, Fuqiang Ren, Jung Kwon 

Oh, Xinyu Liu, Fiorenzo Vetrone, and Dongling Ma, An Integrated Multifunctional Nanoplatform for 

Deep-tissue Dual-Mode Imaging. Adv. Funct. Mater., 28 (2018) 1706235.  

Part II: Self-assembled iron oxide and NIR PbS/CdS QDs for deep-tissue bimodal imaging and amplified 

dual-mode (magnetothermal and photothermal therapy) heating treatment, and the publication related to 

this chapter is 

Fan Yang, Artiom Skripka, Maryam Sadat Tabatabaei, Sung Hwa Hong, Fuqiang Ren, Antonio Benayas, 

Jung Kwon Oh, Sylvain Martel, Xinyu Liu, Fiorenzo Vetrone, and Dongling Ma, Multifunctional self-

assembled supernanoparticles for deep-tissue bimodal imaging and amplified dual-mode heating treatment. 

ACS Nano, 13 (2019) 408-420. 

Part III: Multifunctional large-pore mSiO2 based multifunctional nanoplatforms used for bioimaging and 

multi-stimuli responsive drug delivery, and the publication related to this chapter is  

Fan Yang, Artiom Skripka, Maryam Sadat Tabatabaei, Sung Hwa Hong, Fuqiang Ren, Yue Huang, Jung 

Kwon Oh, Sylvain Martel, Xinyu Liu, Fiorenzo Vetrone, and Dongling Ma, Magnetic-Photoluminescent 

Nanoplatform Built from Large-Pore Mesoporous Silica. Chem. Mater., 31 (2019) 3201-3210.  

Chapter 5 Conclusions and Perspectives: Main conclusions are presented based on the results and analysis, 

and some potential work in the future is proposed. 
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In this thesis, most of the work was completed by Fan Yang, however, some parts were conducted through 
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The TEM measurements were carried out by Jean-Philippe Masse at Polytechnique Montréal. Artiom 
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CHAPTER 2 LITERATURE REVIEW ON MUTIFUNCTIONAL 

FLUORESCENT-MAGNETIC HYBIRD NANOPARTICLES FOR 

BIOAPPLICATION 

In this chapter a literature survey on synthesis of multifunctional fluorescent-magnetic hybrid NPs and their 

bioapplications is presented. In particular, various synthetic strategies and approaches for the preparation 

of multifunctional fluorescent-magnetic hybrid NPs are described and discussed. The main bioapplications 

of multifunctional fluorescent-magnetic NPs, including multimodal imaging, magnetic targeted drug 

delivery and cancer therapy, are discussed. 

2.1 Introduction 

Over the last two decades, the rapid development in nanotechnology has allowed researchers to engineer 

various functional nanomaterials with distinct chemical and physical properties. Up to now, a large variety 

of NPs with different shapes, such as nanospheres, nanocubes and nanocages made of different materials, 

mainly including metals, semiconductors, carbon and oxide-based materials, have been fabricated and 

explored for their application in many scientific fields, such as plasmonics, energy conversion, catalysis 

and biomedicine.38-42 Amongst these NPs, unlike the properties of the corresponding bulk materials, 

magnetic NPs (e.g. superparamagnetic iron oxide NPs) and fluorescent nanocomponents (e.g. QDs and 

lanthanide-doped UCNPs) represent nowadays extremely hot research fields due to their intrinsic 

physicochemical properties and potential bioapplications.41-43  

Magnetic iron oxide NPs, such as magnetite (Fe3O4), maghemite (γ-Fe2O3) and MFe2O4 (M= Ni, Co, or 

Mn), belong to the spinel-structured ferrite family. They have been widely used for biomedical applications 

over the past few decades. The main reason is that iron oxide NPs are biocompatible as iron is a naturally 

essential element in the human body and can be utilized by the body in metabolic processes. When the size 

of magnetic NPs decreases to a critical size (of the order of 10 nm), each NP becomes a single magnetic 

domain, which results in superparamagnetic behavior since the thermal energy can overcome the anisotropy 

energy barrier of a single NP. The superparamagnetic NPs are easily saturated under an external magnetic 

field and show near-zero residual magnetization and coercivity upon removal of external magnetic field. 

Therefore, the superparamagnetic NPs can be easily manipulated by an external magnetic field and well 

dispersed again in solution in the absence of external magnetic field, distinctly different from the behavior 

of classic ferromagnetic NPs that form nonseparable agglomerates after initial magnetic confinement. This 

unique superparamagnetic property endows them tremendous advantages for bioapplications. For example, 

superparamagnetic NPs can be used to magnetically confine, label and separate various biological species 
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(DNAs/mRNA, proteins, bacteria, cancer cells, etc.) and thus allow for ultrasensitive biodetection. They 

can also serve as magnetic resonance (MR) imaging contrast agents for the diagnosis of malignant tissues, 

nanoscale vehicles for carrying therapeutic payloads (anticancer drugs, small inhibitory RNA) and 

delivering them to desired tumor sites in a target-specific manner, as well as hyperthermia agents for 

treating cancers under an alternating magnetic field.  

The other attractive possibility of magnetic NPs is the fact that they can be integrated with fluorescent 

nanocomponents to form new types of multifunctional fluorescent-magnetic hybrid NPs. These fluorescent 

nanocomponents include organic dyes, QDs and lanthanide-doped UCNPs as mentioned above, which are 

very promising probes for bioimaging application. In the last decade, the research field of combined 

magnetic and fluorescent NPs has become a fast-evolving branch of science with increasing number of 

developments every year. The combination of magnetic and fluorescent entities provides new two-in-one 

multi-functional nanomaterials to act as multi-dimensional (imaging, confining and treatment) tools with a 

broad range of bioapplications. Firstly, multifunctional fluorescent-magnetic hybrid NPs are capable of 

separation, detection and tracking of different cells by the application of external magnetic field. After 

operation by magnetic field, the fluorescent component can be beneficial for distinguishing the normal cells 

and cancer cells via a fluorescent microscope, which in principle could achieve the cancer cells diagnosis 

at an early stage. Secondly, these nanocomposites can serve as diagnostic imaging tools based on bimodal 

(optical and MR) imaging, which allow retrieving macroscopic (MR imaging) and subcellular information 

(optical imaging) of biological species, thereby leading to improved diagnostic accuracy. Furthermore, 

another important bioapplication of these NPs is their use as effective carriers to deliver anticancer drugs 

and biomolecules to specific sites under an external magnetic field, and thus largely reducing the side effects 

to other normal tissues compared with conventional chemotherapy. The fluorescence signal can 

simultaneously provide the visual imaging of cancer treatment for the purpose of realizing two-in-one 

theranostic (i.e., therapeutic and diagnostic) tool. Finally, multifunctional fluorescent-magnetic NPs can be 

potentially exploited for both magnetothermal and photothermal heating therapy, overcoming the main 

drawbacks of each type of heating separately and realizing high-efficiency and deep-tissue cancer treatment. 

The dual-mode (magnetothermal and photothermal) heating can be provided as an adjuvant therapy tool in 

targeted-drug delivery therapy with multifunctional NPs for cancer treatment.    

As we can see, the integration of fluorescent and magnetic nanocomponents into single nanocomposite 

leads to fascinating multifunctional properties, which hold great potential to open up the prospects in the 

field of nanobiotechnology. Therefore, the multifunctional fluorescent-magnetic hybrid NPs have attracted 

increasing research interest and been the subject of several interesting review articles.44-48 In this review, 

we will only focus on the recent developments of multifunctional fluorescent-magnetic hybrid NPs since 
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2010 and describe the classifications and synthetic routes that used to prepare such hybrid NPs in detail. In 

addition, the potential applications of these fluorescent-magnetic multifunctional NPs in multimodal 

bioimaging, magnetic targeted drug delivery and cancer therapy will be introduced.  

2.2 Types and synthetic routes of multifunctional fluorescent-magnetic hybrid nanoparticles 

The integration of magnetic and fluorescent components into a desired multifunctional nanoplatform is of 

great importance for biomedical applications. Up to date, although several strategies were attempted to 

fabricate highly stable and monodispersed multifunctional NPs with both fluorescent and magnetic 

properties, the area is still in its developing stage and synthesis could be quite complicated. In the following 

text, we describe the four major types of multifunctional fluorescent-magnetic NPs based on the synthetic 

strategies and their structure. 

2.2.1 Silica-based fluorescent-magnetic nanoparticles 

Silica coating has been a widely used technique for surface modification of NPs since silica has remarkable 

stability, optical transparency, high biocompatibility and ease of surface modification.49 Moreover, the 

silica coating enables the transfer of functional NPs from an organic phase to aqueous solution and protects 

the NPs against the physicochemical influence from aqueous media, thus enhancing their colloidal 

stability.49 With all these advantages, silica-based method is considered to be one of the most effective 

routes to prepare fluorescent-magnetic NPs. 

2.2.1.1 Fluorescent silica shell coated magnetic nanoparticles 

Many fluorescent-magnetic NPs based on fluorescent silica shell have been reported in the last few years. 

In most cases, dyes are physically incorporated into a silica shell in the hydrolysis process of tetraethyl 

orthosilicate (TEOS) during the formation of the silica shell around magnetic cores. The others immobilize 

dyes on the surface of silica coated magnetic NPs through a stable covalent linkage.  

Zheng et al.50 fabricated novel multifunctional core/shell mesoporous silica NPs for dual-mode (MR and 

fluorescence) imaging, cell targeting and photosensitization treatment (Figure 2.1a). To incorporate 

fluorescein isothiocyanate (FITC) into the multifunctional NPs, FITC was treated with 3-

aminopropyltriethoxysilane (APTES) and then co-hydrolyzed with TEOS during the reverse micelle 

encapsulation process to yield Fe3O4@fluorescent-SiO2-shell NPs. The encapsulation of superparamagnetic 

NPs and dyes into mesoporous silica matrix endowed the multifunctional NPs with MR and fluorescence 

imaging capabilities, allowing non-invasive tracking and monitoring of NPs within cells. The same method 

has also been reported to prepare other similar multifunctional fluorescent-magnetic NPs, including β-

cyclodextrin conjugated fluorescein-doped magnetic silica NPs [Fe3O4@SiO2(FITC)-FA/CMCD NPs,51 

Janus fluorescent-magnetic mesoporous silica NPs,52 chlorotoxin-conjugated magnetic and fluorescent 
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NPs,53 multilayer fluorescent-magnetic FA-conjugated Fe3O4@SiO2@P(HEMA)@P(NIPAAM-co-AA) 

NPs,54 multifunctional fluorescent-magnetic eccentric-(concentric-Fe3O4@SiO2)@polyacrylic acid core-

shell nanocomposites.55 With the same isothiocyanate moiety as FITC, rhodamine B isothiocyanate (RITC) 

is another commonly used fluorescent dye that has been embedded within silica matrix to fabricate the 

fluorescent-magnetic NPs. For example, Li et al. 56 reported a facile and reproducible route to prepare 

monodisperse and highly uniform branched polyethyleneimine (PEI) coated fluorescent mesoporous SiO2 

(fmSiO2) shells and Fe3O4 cores (denoted as PEI-Fe3O4@fmSiO2 yolk–shell NPs), in which RITC as 

fluorescent component was entrapped in silica shell during the hydrolysis process of TEOS. Chang and co-

workers presented the incorporation of iron oxide NPs and RITC into a silica coating of NPs with further 

conjugation with cetuximab for targeting and imaging of cancer cells.57 In addition, highly versatile 

nanocomposites were synthesized by decorating the surface of mesoporous FITC/RITC-incorporated silica 

NPs with multiple magnetic NPs, for the purpose of achieving simultaneous enhanced MR and fluorescence 

imaging and drug delivery.58 By utilizing this method, other dyes, such as Tris(2,2’-

bipyridyl)dichlororuthenium(II) hexahydrate (Rubpy) 59 and 7-hydroxycoumarin,60 were also encapsulated 

into the silica shell to form fluorescent-magnetic NPs.   

Another strategy to obtain fluorescent silica shell coated magnetic NPs is to link the dye on the surface of 

the silica shell through covalent interaction. Sykova et al.61 reported the preparation of multifunctional 

fluorescent-magnetic FITC-labeled γ-Fe2O3 NPs for MR and fluorescent imaging of a rat brain (Figure 

2.1b). The synthesis of these hybrid NPs involved the reaction of the isothiocyanate groups of FITC with 

the primary amino groups of APTES on the silica surface, resulting in the formation of a stable thiourea 

linkage between FITC and APTES on the NPs surface.62 Following the same method, cyanine dyes, 

including Cy563 and Cy5.564, were immobilized on the silica shell via covalent linking to fabricated 

multifunctional fluorescent-magnetic core/shell NPs for bioimaging.  

Considering the small size of organic dye molecules, these multifunctional fluorescent-magnetic NPs can 

retain relatively small size while with reasonable brightness.  The silica surface makes it suitable for further 

functionalization with other biomolecules (proteins, DNA, antibodies, peptides, drugs). Nonetheless, these 

NPs usually suffer from intrinsically poor photostability arise from organic dyes and easy to agglomerated 

in solution due to the lack of appropriate surface modification. The potential fluorescence quenching due 

to the close distance between magnetic core and incorporated dye in silica shell is another concern.  
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Figure 2.1 (a) Synthetic procedure of Fe3O4@SiO2(F)@meso-SiO2(P)-Folate nanoparticles. (b) Labeling of γ-Fe2O3-SiO2-

AP and γ-Fe2O3-SiO2-AP-CMCS nanoparticles with FITC. Figure 2.1a was taken from reference50 and Figure 2.1b was 

taken from reference61. 

2.2.1.2 Magnetic and fluorescent nanoparticles co-embedded into silica matrix  

The co-embedment of magnetic and fluorescent NPs into silica matrix is a simple strategy to prepare 

multifunctional NPs, which has been reported by several groups.65-67 This approach involves the 

encapsulation of mixed fluorescent and magnetic NPs in a silica matrix in a random way by hydrolysis and 

condensation of TEOS under ammonia catalysis based on the Stöber or reverse microemulsion method, 

which are known as two common strategies for silica particle synthesis and silica coating.68 The Stöber 

synthesis is generally applied to the NPs that are dispersed in polar media while the reverse microemulsion 

synthesis is an excellent approach for silica coating of hydrophobic NPs.69 As a simple one-step synthesis 

protocol to prepare silica coating, the Stöber synthesis can be adopted to prepare silica encapsulated 

magnetic and fluorescent NPs in the mixture of ethanol and water under alkaline condition. For example, 

Wu et al.66 presented the fabrication of core-shell-structured NaYF4:Yb, Er/Tm@SiO2@Fe3O4 NPs for 

bioimaging (Figure 2.2a~g) using the Stöber method. In their process, the EDTA-capped NaYF4:Yb, Er/Tm 

NPs were mixed with oleic acid (OA)-modified magnetic Fe3O4 NPs in isopropyl alcohol, followed by the 

addition of TEOS, APTES and ammonium hydroxide. Similarly, Alveroglu et al. reported ZnS@Fe3O4 

fluorescent/magnetic bifunctional nanospheres in which the QDs and Fe3O4 NPs were located inside a SiO2 

network.67  

In addition to the Stöber synthesis, reverse microemulsions, also termed water-in-oil microemulsions, 

which requires the addition of surfactant (such as Triton-X 100, Igepal CO-520, etc.) to the organic phase, 

have been found favorable as nanoreactors for the synthesis of multifunctional fluorescent-magnetic NPs 

with diverse sizes and functions.69 For example, Tan et al.65 reported magnetic-encoded fluorescent 

(CdTe/Fe3O4)@SiO2 multifunctional nanospheres (FMNS) by adjusting the initial ratio of Fe3O4 to CdTe  
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Figure 2.2 (a) Schematic illustration of the formation of NaYF4:Yb, Er/Tm@SiO2@Fe3O4 NPs. (b) Bright-field TEM image 

and (c~e) EDX elemental mappings of NaYF4:Yb, Er/Tm@SiO2@Fe3O4, (f) HRTEM image of NaYF4:Yb, 

Er/Tm@SiO2@Fe3O4 (inset: SAED image of NaYF4:Yb, Er) and (g) HRTEM image of Fe3O4 (inset: FFT image of Fe3O4). 

(h) Schematic of fabrication of (CdTe/Fe3O4)@SiO2 FMNS with different magnetic potentials: weak (WFMNS), moderate 

(M-FMNS), and strong (S-FMNS), Respectively. TEM images of (CdTe/Fe3O4)@SiO2 FMNS: (i) W-FMNS, (j) M-FMNS, 

and (k) S-FMNS. Figure 2.2a~g was taken from reference66 and Figure 2.3h~k was taken from reference65. 

in the synthesis process based on reverse microemulsion method, as demonstrated in Figure 2.2h~k. The 

same method was also used by Su and co-workers to fabricate CdTe-Fe3O4-SiO2 microspheres, which 

further covalently bonded to graphene oxide (GO) via a facile amidation process between the carboxyl 

groups on GO and the amino groups on SiO2 microspheres.70 The reverse microemulsion method was also 

chosen for the synthesis of BRCAA1 monoclonal antibody-conjugated fluorescent magnetic nanoprobes, 

which consist of silica encapsulated CdTe QDs and Fe3O4 NPs.71  

Unlike other strategies requiring complicated multi-step reactions to prepare multifunctional fluorescent 

and magnetic NPs, co-embedment of fluorescent and magnetic NPs into silica matrix is based on a simple 

one-step synthetic approach. Moreover, as the fluorescent and magnetic NPs are co-encapsulated by the 

robust silica shell, these multifunctional NPs are relatively stable in biological environment and the toxicity 

of the NPs can be effectively suppressed.  

2.2.1.3 Magnetic nanoparticles linked to fluorescent entity via silica spacer 

Direct linking of magnetic NPs to fluorescent entity, such as lanthanide-doped NPs and QDs, usually 

requires the use of silica shell as a spacer in order to minimize the lattice mismatch between magnetic NPs 

and fluorescent entity and bypass any possible fluorescent quenching by the superparamagnetic core.  
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Figure 2.3 (a) Synthetic procedure for the drug-loaded Fe3O4@SiO2@α-NaYF/Yb, Er nanorattles (DOX-MUC-F-NR). (b) 

TEM and SEM (the inset in (b)) images of Fe3O4@SiO2 nanospheres. (c) TEM image of magnetic upconversion oxide 

nanospheres (MUC-O-NS); inset in (c) is a HRTEM image after growing the outer Y2O3/Yb, Er layer. (d) TEM image of 

the MUC-F-NR; insets are higher-magnification TEM image of one (upper left) and the SAED image recorded on part of 

the α-NaYF4/Yb, Er shell (lower left). (e) TEM image of Fe3O4@SiO2@α-NaYF/Yb, Er with SiO2 fully etched; inset is a 

higher-magnification TEM image of a single hollow nanosphere. (f) Illustration of the preparation of multifunctional 

mesoporous Fe3O4/SiO2/CdTe nanoprobe. (g) TEM images of oleic acid-stabilized Fe3O4 nanoparticles and (h) their particle 

size statistics. (i) TEM images of mesoporous Fe3O4@SiO2 particles and (j) mesoporous Fe3O4/SiO2/CdTe nanoprobes. 

Figures 2.3a~e was taken from reference72 and Figure 2.3f~j was taken from reference73. 

Recently, Zhang et al.72 prepared mesoporous multifunctional fluorescent and magnetic nanorattles, in 

which each hydrophilic rare earth-doped NaYF4 shell contained loose magnetic NPs inside (Figure 2.3a~e). 

The magnetic upconversion fluoride nanorattles (MUC-F-NR) were synthesized by a multistep method. 

Specifically, the Fe3O4@SiO2 NPs with diameters of ∼90 nm (Figure 2.3b) were prepared using the reverse-

microemulsion method, followed by coating a layer of Y/Yb, Er(OH)CO3.H2O via a homogeneous 

precipitation method. The thermal treatment then transformed the amorphous Y/Yb, Er(OH)CO3.H2O into 

the cubic phase of Y2O3:Yb, Er (Figure 2.3c). The final product of magnetic upconversion fluoride 

nanorattles (MUC-F-NR) Fe3O4@SiO2@α-NaYF4/Yb,Er NPs was formed via an ion-exchange process of 

magnetic upconversion oxide nanospheres (MUC-O-NS) in the presence of HF and NaF solution (Figure 

2.3d,e). In their synthesis, the SiO2 layer can not only reduce the lattice mismatch between the Fe3O4 core 

and UCNPs shell and fluorescence quenching by the Fe3O4 NPs, but also avoid iron leaching in acidic 

biological environments. Following the similar synthesis routine, other multifunctional particles based on 

rare earth-doped NPs via silica spacer, such as superparamagnetic iron oxide yolk-shell nanocapsules 
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(SPIO@Y2O3:Eu)74, multifunctional monodispersed magnetic radioluminescent NPs (γ-

Fe2O3@SiO2@Gd2O3:Eu)75, core-shell Fe3O4@NaLuF4:Yb,Er/Tm nanostructure76, multifunctional 

(magnetic, mesoporous, and upconversion luminescent) Fe3O4@nSiO2@mSiO2@NaYF4:Yb3+, Er3+ 

nanocomposites77 have been reported. The rare earth precursors of all these multifunctional NPs are 

deposited on the silica shell by the homogeneous precipitation method. Interestingly, the calcination 

treatment at high temperature (> 400 ℃) required to transform amorphous lanthanide precursors to 

crystalline lanthanide-doped shells results in the shrink of silica, thus generating the yolk-shell structure. 

Such structure is extremely suitable for drug loading and delivery.   

Alternatively, QDs as another fluorescent entity can be linked to magnetic NPs via silica spacer. For 

example, Cheng and co-works73 reported multifunctional mesoporous Fe3O4/SiO2/CdTe magnetic-

fluorescent composite nanoprobes (Figure 2.3f~j). The synthetic procedure involves two steps: 1) the 

controlled growth of mesoporous silica layer on the surface of Fe3O4 NPs (Figure 2.3i); 2) layer-by-layer 

assembly of APTES and fluorescent CdTe QDs on the surface of mesoporous Fe3O4/SiO2 NPs (Figure 2.3j). 

The coupling of QDs to mesoporous silica shell is mainly due to the electrostatic interaction between 

negative-charged carboxyl groups on QDs and positive-charged amino groups on SiO2 NPs. Following the 

same synthesis, Zhu et al. 78 proposed a novel type of multi-shell structured multi-functional nanoprobe 

(Fe3O4/SiO2/CdSeTe@ZnS-SiO2/polydopamine), which is favored for its high fluorescent intensity and 

rapid magnetic separation. In another study, owing to strong coordination interaction between thiol-

modified Fe3O4/SiO2 NPs and water-soluble mercaptopropionic acid (MPA)-capped CdSe-ZnS QDs, a 

multifunctional magnetic-fluorescent nanocomposite (Fe3O4/SiO2-QDs) was fabricated for radio frequency 

(RF) nanohyperthermia of cancer cells79. The same method was used by Dong et al.80 in the development 

of hydrangea-like magneto-fluorescent Fe3O4-SH@CdSe/CdS/ZnS NPs.  

Although these multifunctional NPs prepared with the use of silica spacer can maintain high fluorescence 

due to the effective separation of fluorescent and magnetic components, the multi-step synthetic method 

could increase the complexity for preparing NPs and have a reproducibility issue.  

2.2.2 Polymer based fluorescent-magnetic nanoparticles 

The polymerization coating method is another common routine to prepare multifunctional NPs. Normally, 

the polymer-based fluorescent-magnetic NPs can be achieved by polymer assisted coupling method and co-

embedment method, similar to that of the silica method (2.2.1) in basic principle.  

2.2.2.1 Polymer assisted fluorescent-magnetic nanoparticles via coupling method 

Magnetic NPs or fluorescent NPs synthesized by chemical or physical method may not be directly 

integrated, depending on their surface chemistry. With the use of a polymer, the combination of 
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magnetic/fluorescent NPs becomes versatile and can proceed through coupling interactions (covalent 

linking or electrostatic adsorption) between the functional groups of polymer and ligands on the surface of 

magnetic/fluorescent NPs. 

Covalent linking method is a commonly used method to bind different functional NPs together. With regard 

to the preparation of multifunctional NPs, the polymer bearing functional groups, such as -SH, -NH2 and -

COOH, is required to coat either magnetic or fluorescent NPs, which subsequently reacts with each other 

to form an irreversible bonding and produces multifunctional nanocomposites. By employing this approach, 

Shi et al.81 prepared multifunctional nanospheres for cancer diagnosis and treatment (Figure 2.4a). The 

synthesis of these multifunctional nanospheres included two steps:1) covalent conjugation of amine-

functionalized fluorescent QDs in the NIR range (~800 nm) to the surface of carboxylate-functionalized 

polyethylene oxide modified magnetic NPs through conventional 1-Ethyl-3-(3-

dimethylaminopropyl)carbodiimide hydrochloride/N-hydroxysuccinimide (EDC/NHS) coupling; 2) 

loading of chemotherapeutic agent paclitaxel (PTX) onto the surface of these QDs-conjugated magnetic 

NPs using a layer of biodegradable poly(lactic-co-glycolic acid) (PLGA). The same method was used by 

Pham et al.82 to prepare hybrid imaging nanoprobes for multimodal bioimaging, in which the 

superparamagnetic Fe3O4 NPs were conjugated with the visible emitting (∼600 nm) fluorescent CdTe/CdS 

QDs via covalent linking between the oxidized dextran shell of magnetic NPs and the glutathione ligands 

of QDs. In addition, magnetic NPs coated by polymer with sticking-out functional groups are easily linked 

to the dyes with different functional groups (-COOH, -CHO, -NH2) via covalent bonding. For example, 

fluorescent-magnetic NPs were obtained by covalently bonding FITC to the NH2 group of 

poly(poly(ethylene glycol)monomethacrylate)-grafted Fe3O4
83; O-carboxymethyl chitosan stabilized 

magnetic NPs with amine groups on the surface allowed for the covalent attachment of RITC.84  

Alternatively, electrostatic adsorption can also be used to form multifunctional NPs. In this scenario, the 

charged polymers are coated on the magnetic (or fluorescent) NPs and then coupled with oppositely charged 

fluorescent (or magnetic) NPs via electrostatic interaction. In some cases, differently charged polymer or 

polyelectrolyte layers are applied layer by layer (LBL). This method has several advantages, including the 

flexibility to have either positively or negatively charged NPs simply by changing the last deposition layer 

and relatively easy and accurate tuning of polymer coating’s thickness by controlling the number of 

deposition cycles of polymers. For example, Lim et al.85 presented a robust chemical strategy to synthesize 

high-performance MR/NIR multimodal imaging nanoprobes (Figure 2.4 c-e). In their synthesis, poly-(γ-

glutamic acid), as a negatively charged polyelectrolyte, was first used to transfer MnFe2O4 NPs from an 

organic solvent into aqueous solution and further facilitated ionic gelation with cationic polymer poly(L-

lysine); the positive charged outer layer could be assembled with negatively charged carboxyl- 
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Figure 2.4 (a) Schematic diagram of the conjugation of amine-functionalized quantum dots (QDs) to the surface of 

carboxylate-functionalized MNSs using conventional NHS/EDC coupling method; (b) Scheme of PTX loading using a thin 

PLGA coat on the surface of QD-MNSs. (c) Schematic illustration of the facile fabrication of MR/NIR multimodal imaging 

nanoprobes based on magnetofluorescent polyelectrolyte nanocomposites (MagFL-PEN) via electrostatic assembly between 

polyelectrolytes and functional colloidal nanoparticles. (d) SEM and TEM (inset) images of MagFL-PEN after adsorption 

of QD800(COOH). (e) EDX analysis of MagFL-PEN. Figure 2.4a~b was taken from reference81 and Figure 2.4c~e was taken 

from reference85. 

functionalized NIR emitting QDs. Ding and co-workers86 reported a new class of magnetic-fluorescent 

nanoprobe, in which cationic PEI capped CdSe/ZnS QDs were firmly grafted with negatively charged 

magnetic nanorings via electrostatic interaction. Following the same synthetic strategy, Yu et al.87 also 

synthesized water-soluble hybrid NPs based on the PEI coated magnetic NPs and trioctylphosphine oxide 

(TOPO)-capped CdSe/ZnS QDs. Similarly, Dong et al.88 prepared hydrophilic magnetofluorescent 

nanobowls consisting of positively charged PEI-coated CdSe/CdS/ZnS QDs anchoring on the 

polyelectrolyte polyepoxysuccinic acid (PESA) modified magnetic NPs through electrostatic interaction.  

Compared with other methods, polymer assisted coupling method has been widely adopted for preparation 

of multifunctional NPs due to its simplicity. The multifunctional NPs synthesized through this method 

might remain relatively small size, and can be easily separated from the solution under external magnetic 

field. But the poor stability under certain conditions may result in the agglomeration of NPs, which can 

restrict their bioapplications.  

2.2.2.2 Magnetic and fluorescent nanoparticles co-embedded into polymer matrix 

Same as the co-embedment of magnetic and fluorescent NPs into the silica matrix, the co-encapsulation of 

magnetic and fluorescent NPs can also be achieved in a polymer matrix. Generally, this approach uses 

amphiphilic copolymers to form a microemulsion solution and then coat both magnetic and fluorescent NPs 
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to form the multifunctional fluorescent-magnetic NPs, which not only possess the magnetic/fluorescent 

properties of embedded NPs, but also have the excellent biocompatibility of the polymer.    

Weller et al.89 reported co-encapsulation of iron oxide and elongated quantum dots-in-quantum rods 

(QDQRs) in a polystyrene (PS) matrix via consecutive emulsion polymerization (Figure 2.5a). The 

composition of the as-synthesized hybrid nanocomposites can be tuned from dyads to clusters containing 

30~40 NPs with diameters ranging from 50 nm to 150 nm (Figure 2.5b-c). In another study, Pan and co-

workers90 prepared fluorescent-magnetic-biotargeting multifunctional nanobioprobes consisting of poly-

(styrene/acrylamide) copolymer nanospheres and encapsulated CdSe/ZnS QDs and γ-Fe2O3 NPs. After 

coupling with monoclonal antibody (mAb), these multifunctional NPs can be used to detect and extract two 

different types of tumor cells (leukemia cells and prostate cancer cells) from complex samples containing 

both normal cells and the target cancer cells. The same encapsulation method was used by Pellegrino et 

al.91 in the development of multifunctional nanobeads (MFNBs), which was made by embedding both 

superparamagnetic iron oxide NPs and core-shell CdSe/ZnS QDs into [poly(maleic anhydride-alt-1-

octadecene), PMAO] matrix. Interestingly, since the addition of the destabilizing solvent could induce 

controlled aggregation of the components, a careful choice of destabilizing solvent allowed tuning both the 

total bead size and the distributions of iron oxide NPs and QDs within the polymer. Winter et al.92 also 

reported amphiphilic block copolymers encapsulated superparamagnetic iron oxide NPs and QDs, in which 

the number of QDs and iron oxide NPs was controlled by the molecular structure of the polymer and the 

quantities of polymer, iron oxide NPs and QDs used. In addition to co-encapsulation with visible emitting 

QDs, Rodríguez et al.93 demonstrated the encapsulation of nontoxic iron oxide superparamagnetic NPs and 

PbS QDs emitting in the second biological window (NIR-II) into a biocompatible and FDA-approved 

polymeric matrix [poly(lactic-co-glycolic-acid), PLGA], which hold great potential for simultaneous deep-

tissue fluorescence and MR imaging, overcoming the tissue penetration limits of classical visible emitting 

based optical imaging in living mice.  

The encapsulation method was also chosen for the preparation of multifunctional NPs consisting of 

lanthanide-doped NPs and iron oxide NPs. For example, Pellegrino et al.94 presented the fabrication of 

aqueous multimodal imaging nanocomposites based on superparamagnetic NPs and two different sizes of 

lanthanide-doped UCNPs (Figure 2.5d-i). The simultaneous incorporation of both NPs was implemented 

by the amphiphilic PMAO polymer and the size of the resultant nanocomposites can be tuned in the range 

of 80 ~ 130 nm mainly depending on the NPs and polymer concentrations. Liu and co-workers95 

encapsulated hydrophobic UCNPs with iron oxide NPs using amphiphilic block copolymer [poly (styrene-

block-allyl alcohol) (PS16-b-PAA10)] to obtain multifunctional nanocomposites for multimodal imaging and 

magnetic targeted drug delivery. Similarly, Ortgies et al. prepared hybrid nanostructures by joint  



46 
 

 

Figure 2.5 (a) The two-step hybrid formation. Step I: A) iron oxide nanocrystals (native ligands not shown), B) iron oxide 

nanoparticles with the first polystyrene shell, C) nanohybrid after the deposition of QDQRs. Step II: D) nanohybrid after 

synthesizing a thin PS shell, E) nanohybrid after second emulsion polymerization, when dyads cluster owing to high styrene 

concentration. (b, c) Representative TEM images of the different hybrids achieved using different amounts of monomer 

during the second emulsion polymerization. The inset shows a three-dimensional histogram of the number of QDQRs n 

(QDQR) and the number of iron oxide n (Fe3O4) within one hybrid. Amounts used of each monomer: (b) 4 nmol and (c) 8 

nmol. (d) Scheme for synthesis of MUCNBs; TEM images of 23 nm UCNPs (e), 15 nm IONPs (f), 6 nm UCNPs (g), and 

MUCNBs with 15 nm IONPs and 23 nm UCNPs (h) or 6 nm UCNPs (i). Figure 2.5a~c was taken from reference89 and 

Figure 2.6d~i was taken from reference94. 

encapsulation of both magnetic NPs and neodymium-doped NPs within the biocompatible polymer PLGA.  

The co-encapsulation of fluorescent and magnetic NPs by polymer holds great potential for bioapplications 

compared with multifunctional NPs prepared by other methods since the toxicity of the NPs, like heavy 

metal toxicity of (Pb, Cd)-based QDs, can be significantly decreased due to the polymer coating. In addition, 

the polymer coating can be nontoxic, biocompatible and biodegradable in biological environments and can 

be easily coupled with other bioconjugators, such as DNA, peptides and antibodies.   

2.2.3 Fluorescent-magnetic nanoparticles by seed-mediated growth method 

The formation of NPs in solution phase are generally divided into two different stages: nucleation and 

growth. Based on the temporal and spatial differences of these two stages, the synthesis of crystal NPs can 

be classified into categories: homogeneous nucleation and heterogeneous nucleation. In the case of 

homogeneous nucleation, the decomposition or the redox reaction of relative precursors leads to the 
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formation of crystal nuclei during the nucleation stage, further serving as seeds in situ for the subsequent 

growth of NPs. Regarding the heterogeneous nucleation, the seed NPs are pre-synthesized and added into 

the growth solution to further grow into crystal NPs. In order to form high-quality and narrow sized NPs, 

the distinct temporal separation of nucleation and growth stages is required. On this regard, the seed-

mediated growth method can definitely fulfill the requirement and becomes one of the most versatile 

methods for realizing crystallographic (shape, size and composition) control of NPs. In a typical seed-

mediated growth of fluorescent-magnetic NPs, the fluorescent (or magnetic) NPs are firstly synthesized  as 

seeds, followed by heterogeneous nucleation onto the seeds in a second solution containing magnetic (or 

fluorescent) precursors.   

Li et al.96 prepared bifunctional magnetic and upconversion NIR-to-NIR core-shell structured NaYF4:Yb3+, 

Tm3+@FexOy NPs (Figure 2.6a~d). Firstly, 20 nm of NaYF4:Yb3+, Tm3+ NPs (Figure 2.6b) were synthesized 

by thermal decomposition strategy, subsequently adding into iron precursor to from a 5 nm of Fe3O4 outer 

shell by the similar thermolysis process (Figure 2.6c). At last, ligand exchange with dopamine was carried 

out to transfer multifunctional NPs into water phase. Similarly, Lin and co-works97  reported core-shell 

monodisperse bifunctional (magnetic and upconverting luminescent) NPs 

(Fe3O4@NaGdF4:Yb/Er@NaGdF4:Yb/Er) using the seed-mediated growth method, in which OA-capped 

Fe3O4 cores were obtained from the thermal decomposition of the iron-oleate precursor and then served as 

seeds for the outer shell growth of NaGdF4:Yb/Er in the lanthanide precursor solution. Each of the 

components in the nanocomposites presents a unique function. Fe3O4 core endows NPs with magnetic 

property and the outer NaGdF4:Yb/Er shell is to improve the luminescence efficiency of the intermediate 

upconverting shell. Blower et al.98 designed two types of core-shell Co0.16Fe2.84O4@NaYF4(Yb, Er) and 

Fe3O4@NaYF4(Yb, Tm) NPs for trimodal [MR, positron emission tomography/single photon emission 

commuted tomography (PET/SPECT), and optical] imaging. In another study, multifunctional 

magnetic/upconversion luminescent Fe3O4@LaF3:Yb3+, Er3+ NPs have been developed for dual-modal 

bioimaging.99 Yan et al.100 also demonstrated superparamagnetic and upconversion emitting Fe3O4/NaYF4: 

Yb, Er hetero-NPs by a modified seed-mediated growth method. These NPs were prepared by two steps: 1) 

high-quality β-NaYF4:Yb, Er NPs were obtained via a thermal decomposition route; 2) as-obtained UCNPs 

were re-dispersed in the mixture of iron precursor and ODE-OA-OLA. In the second step, a crucial 

crosslinker, 1,10-decanedicarboxylic acid (DDA) or 11-mercaptoundecanoic acid (MUA), was introduced 

for anchoring Fe3O4 NPs onto the surface of UCNPs. More interestingly, resulting from the ligand spacing 

between Fe3O4 and NaYF4:Yb, Er, the hetero-NPs preserve the superparamagnetic and UC emission 

properties simultaneously, which enables both effective optical detection and magnetic trapping.  

In addition to forming UCNP-based fluorescent-magnetic NPs by seed-mediated growth method, Lilac et  
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Figure 2.6 (a) Schematic representation of the synthetic routine of the water-soluble NaYF4:Yb3+, Tm3+@FexOy 

nanocrystals. (b) TEM image of NaYF4:Yb3+, Tm3+ nanocrystals and (c) NaYF4:Yb3+, Tm3+@Fe3O4 nanocrystals. (d) EDX 

spectrum of the NaYF4:Yb3+, Tm3+@Fe3O4 nanocrystals. (e) Illustration of the multistep sequential synthesis producing the 

magneto-fluorescent hybrid structures. (f) TEM images of CdSe@CdS@hollow-Fe2O3 nanostructure. (g) Enlarged TEM 

image of f. Figure 2.6a~d was taken from reference101 and Figure 2.6e~g was taken from reference102. 

al.102 introduced a modified strategy for the fabrication of ultrasmall (hydrodynamic size: 15 nm in diameter) 

QDs-based magneto-fluorescent NPs (Figure 2.6e~g). The production of hybrid structures includes the 

successive procedure of CdSe@CdS QD synthesis, metallic iron deposition on the surface of CdSe@CdS 

QDs and controlled oxidation of the iron to form hollow iron oxide shell, as illustrated in Figure 2.6e. The 

yolk-shell morphology of CdSe@CdS@hollow-Fe2O3 (Figure 2.6f-g) avoids the direct contact between 

semiconductor and magnetic domains, which typically results in undesirable fluorescence quenching. 

Similarly, a one-pot facile synthesis of hydrophilic colloidal bimodal nanoprobe (FePt-CdS) was prepared 

through a seed-mediated nucleation and growth technique for efficient bimodal imaging application.103 

Since fluorescent-magnetic NPs synthesized by seed-mediated growth method are required to grow the 

fluorescent/magnetic shell in their relevant precursors, it offers high tunability with respect to the 

composition, size and surface functionalization. However, the direct growth of second fluorescent/magnetic 

shell may result in fluorescence quenching of UCNPs/QDs by magnetic components due to the close 

distance between each other during shell growth process. It is also challenging as homogenous nucleation 

can compete with heterogeneous nucleation.  

2.2.4 Magnetically doped quantum dots 

Doping is a versatile strategy in material science to yield promising materials with desired properties and 

functions. The underlying mechanism of doping is based on the introduction of atoms/ions of appropriate 

elements into host lattices. Regarding crystalline NPs, doping is of great importance to modify electronic 

properties,16, 104 tune emission properties105-106 and modulate magnetism.107 Magnetic ion doping into QDs 

offers the unique possibility to integrate fluorescent and magnetic properties in a single material. The  
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Figure 2.7 (a) Architecture of water-dispersible shell-doped mQDs (NAC-CdTe/30%Fe:ZnS) (A) and core-doped mQDs 

(NAC-30%Fe-CdTe/ZnS (B). (b) Representative TEM image of shell-doped mQDs and the corresponding diffraction 

pattern (inset), indicating that the mQDs are crystalline. (c) The corresponding size distribution, where the average particle 

diameter was determined to be 2.9 ± 0.3 nm. Figure 2.7a~c was taken from reference108. 

obtained magnetic QDs can serve as probes for multimodal bioimaging and labels for various applications 

in nanomedicine.    

Ehmoser et al.108 prepared water-dispersible magnetic CdTe/ZnS QDs via a facile aqueous synthesis route, 

in which ferrous ions were selectively doped in either their cores or shells (Figure 2.7a-c). The magnetic 

QDs show spherical shapes with diameter of 2.9 ± 0.3 nm (Figure 2.7b-c). The presented N-acetyl-L-

cysteine (NAC)-capped magnetic QDs possess high water dispersibility and colloidal stability, which could 

be potentially used for multimodal (optical and MR) imaging. In addition to Fe2+ doping, paramagnetic ions 

(Mn2+ and Gd3+) doped QDs, such as Gd-doped CuInS2/ZnS,109 Gd-Zn-Cu-In-S/ZnS,110 Gd-Cu-In-S/ZnS,111 

Gd‑doped CdTe QDs,112 Gd-doped CuInS2,113 Zn1-xGdxS (x=0.1, 0.2 and 0.3),114 Mn-doped ZnSe,115 and 

Mn-doped NIR emitting QDs,116 were reported and presented great potential as bimodal (fluorescence and 

MR) imaging contrast agents. 

These magnetically doped QDs have demonstrated both fluorescent and magnetic properties and can be 

further functionalized with DNA, antibodies and proteins of particular interest for bioapplications. However, 

Mn2+ and Gd3+ doped QDs might suffer from the decreased fluorescence due to the introduction of 

paramagnetic ions. It is still challenging to engineer magnetically doped QDs without compromising 
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fluorescent/magnetic properties of each component for fluorescence or MR imaging. In addition, 

paramagnetic ions (Mn2+ and Gd3+) doped QDs exhibit lower magnetization with respect to 

superparamagnetic NPs, which may limit their actual use for high-efficiency, magnetic manipulation-

related bioapplications.   

2.3 Bioapplication of multifunctional fluorescent-magnetic hybrid nanoparticles 

Since fluorescent NPs have been widely used for fluorescence biosensing as well as bioimaging, while the 

magnetic NPs are of interest for various bioapplications, especially in the field of MR imaging and drug 

delivery, these fluorescent-magnetic hybrid NPs are naturally expected to be extremely attractive in various 

bioapplications, including, but not limited to, multimodal bioimaging, magnetic targeted drug delivery and 

cancer therapy.  

2.3.1 Multimodal bioimaging  

Fluorescent and MR imaging are two important imaging techniques for studying the biological processes 

at cellular/organic level, which have a tremendous impact on biomedical science. MR imaging involves 

proton alignment of water molecules in the soft tissues of human body under varying magnetic field, which 

is mainly used for in vivo imaging. Fluorescent imaging depending on the optical fluorescence signal is not 

only widely used for in vitro studies of fixed samples, such as cell labeling, monitoring and tracking under 

fluorescent microscope, but also allows for the imaging of live and intact organisms in vivo. However, MR 

imaging cannot provide high sensitivity and spatial resolution for in vitro cellular level study and 

fluorescent imaging are limited by the shallow tissue penetration of light and fair to work for deep-tissue 

imaging in distant organs. Obviously, these two imaging techniques are complementary to each other and 

can be integrated for more effective detection both in vivo and in vitro, which is promising for more accurate 

diagnosis of cancers and other diseases. In this case, multifunctional fluorescent-magnetic NPs can serve 

as dual mode contrast agents, which can be simultaneously used in fluorescent and MR imaging. In addition, 

they allow us to perform optical tracking of biological species with magnetic manipulation.   

Several interesting advances have been achieved on the utilization of multifunctional NPs for dual mode 

imaging in recent years. For example, Liu et al.117 reported multifunctional nanoprobes via LBL self-

assembly of iron oxide NPs on the surface of NaYF4-based UCNPs (Figure 2.8a-h). The capability of these 

nanocomposites as multimodal imaging probes was demonstrated in vivo. Specifically, female nude mice 

bearing tumors exhibited strong UCL signals in the liver and tumor sites after one-hour intravenous 

injection of these nanocomposites (Figure 2.8a-c). The high accumulation of these NPs in the tumor and 

reticuloendothelial systems (RES), including liver, spleen, lung, and bone marrow, was found after 24h  
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Figure 2.8 Dual-modal UCL/MR in vivo imaging. (a) The bright field, (b) UCL, and (c) merged images of a KB tumor-

bearing mouse one hour after intravenous injection of PEG–MFNP. Strong UCL signals were observed from the liver and 

tumor sites (arrow) of the mouse. (d) Ex vivo UCL imaging showing accumulation of MNFPs in the liver, spleen, tumor, 

bone, and lung of the injected mouse at 24 h post injection. UCL signals from other organs were barely detectable. T2-

weighted images of KB-tumor bearing nude mice with (e) and without (f) injection of MFNPs. Obvious darkening contrast 

was shown in the mouse liver and tumor. (g) Multimodal UCL and (h) MR imaging for in vivo lymphangiography mapping 

using MFNPs. MR images were taken before (left) and after (right) injection of MFNPs. Figure 2.8a~h was taken from 

reference117. 

post-injection (Figure 2.8d). Meanwhile, the darkening effects (from 45.4 to 38.6%) in the liver and tumor 

area were observed in the T2-weighted MR imaging (Figure 2.8e-f). Furthermore, multifunctional 

nanocomposites were also used for multimodal mapping of lymph nodes in mice after intracutaneous 

injection (Figure 2.8g-h). Similarly, Li et al.101 also designed core/shell structured NaYF4:Yb3+, 

Tm3+@FexOy NPs for dual model T2-enhanced MR and NIR-to-NIR UCL imaging for small-animal of 

lymphatic node. In addition to dual model imaging in vivo, Zhang et al.118 prepared fluorescent mesoporous 
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silica coated magnetic NPs with high MR sensitivity and excellent cell labelling efficiency. In their 

experiments, the labeled cells could be tracked migrating to the lesion sites by MR and fluorescent imaging.   

2.3.2 Drug delivery 

Conventional chemotherapy is commonly used for the clinic cancer treatment. However, the 

chemotherapeutic drugs are highly toxic and often cause severe side effects to the normal tissue and organs 

due to non-specific drug uptake. Ideally, the drugs should intelligently accumulate in the tumor sites, 

subsequently following controllable release. Multifunctional nanoplatforms can serve as vehicles for 

carrying drugs to desired tumor sites in a target-specific manner. The chemotherapy-related side effects 

could thus be eliminated since the administration of drug dosage is reduced while maintain the high 

concentration of drugs in the tumor site without affecting other normal tissue. In addition, these 

nanoplatforms can monitor the pharmacokinetics and biodistribution of NPs during the delivery process of 

therapeutic drugs to tumor site, which can largely enhance the sensitivity and efficiency of cancer therapy.  

Regarding drug delivery using fluorescent-magnetic NPs, this process can be achieved by at least two 

different ways. First, these NPs can passively act as drug carriers for delivering drugs to tumor sites via the 

enhanced permeation and retention (EPR) effect, which arises from extravasation into leaky vascular 

endothelial cells around tumors. Most of the NPs related drug delivery system are based on passive targeting 

of NPs to tumors. For example, Hyeon et al.58 reported a highly versatile nanocomposite which was 

prepared by decorating the surface of mesoporous dye-doped silica NPs with magnetic NPs. To examine 

drug delivery, DOX was loaded into the pores of nanocomposite and intravenously injected into nude mice 

bearing a tumor. The accumulation of NPs in the tumor sites via passive targeting was confirmed by the 

MR and fluorescence imaging. After treating with DOX loaded nanocomposite, apoptotic cells in tumor 

tissue were clearly detected, demonstrating that DOX was successfully delivered to the tumor sites and its 

anticancer activity was maintained. Drug delivery through passive targeting is directly related to the 

circulation time which means that the longer circulation time can promote more NPs to accumulate in the 

tumor sites. This is usually achieved by coating NPs with some sorts of hydrophilic, biocompatible polymer, 

such as PEG. But still, it cannot be completely avoided that some drugs will be released to normal tissues 

in the passive targeting, thus causing some relative side effects. The other route for drug delivery using 

fluorescent-magnetic NPs is realized by active targeting. The success of active targeting of NPs strongly 

depends on the targeting moiety that has specific affinity of binding to the receptors on the cell surface. For 

example, Shi et al.119 reported a fluorescent-magnetic nanocarrier, in which the chemotherapeutic agent 

paclitaxel (PTX) was loaded by using a biodegradable PLGA layer. In order to realize active targeting, 

PTX-loaded nanocarrier was conjugated with anti-prostate specific membrane antigen (anti-PSMA). The 

anti-PSMA-conjugated nanocarrier was successfully targeted at LNCaP prostate cancer cells in vitro. The 
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in vivo experiments also observed the different fluorescent signals between tumor regions with targeted 

nanocarrier and non-targeted nanocarrier system, indicating the active targeting effect.  

Owing to their unique magnetic property, in some cases, fluorescent-magnetic NPs can realize 

magnetically-guided drug delivery under external magnetic field, thus allowing remote drug manipulation. 

For example, Zhang et al.72 reported mesoporous multifunctional fluorescent and magnetic nanocarriers for 

delivering drugs to tumor by an externally applied magnetic field (Figure 2.9a). To demonstrate their 

potential use for drug delivery, nanocarriers were loaded with DOX and injected into mice bearing a tumor. 

The significant increase of fluorescence (Figure 2.9b-c) in the tumor site by applying an external magnetic 

field demonstrated the accumulation of nanocarriers in the tumor. In addition, compared with free DOX 

and DOX-loaded nanocarrier without magnetic field, the DOX-loaded nanocarrier with magnetic field 

(Figure 2.9d) exhibited great inhibition of tumor growth. Similarly, Liu and coworkers95 prepared polymer 

encapsulated UCNPs/iron oxide/DOX nanocomposites for multimodal imaging and imaging-guided 

magnetic targeted drug delivery.  

 

Figure 2.9 (a) Schematic illustration of targeting of DOX loaded multifunctional drug carrier to tumor cells assisted by an 

externally applied magnetic field (MF). (b) Tumor location as defined by MUC-F-NR intensity increases with 1 h magnetic 

field treatment. Mice bearing H22 xenograft tumor were injected with DOX loaded MUC-F-NR (1 mg/kg) and subjected 

(+MF) or not subjected (-MF) to the magnetic field for 1 h. At 24 h postinjection, mice were imaged in vivo. (c) The 

luminescence signal was measured from the whole tumor in vivo and ex vivo. (Excitation was provided by the CW infrared 

laser at 980 nm and upconversion luminescence signals were collected at 650 ± 10 nm. Fluence rates for 980 nm excitation 

light were 80 mW/cm2.) (d) Tumor volume changes of saline-treated mice compared to mice treated with MUC-F-NR, DOX, 

and DOX loaded MUC-F-NR over 21 d in the absence and presence of magnetic field. Data show mean ± SD (n = 5, *p ≤ 

0.05). Figure 2.9a~d was taken from reference72.  
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2.3.3 Cancer therapy  

 

Figure 2.10 (a) Schematic illustration of the preparation of the acetylated hyaluronic acid–pheophorbide-a coated Fe3O4 

magnetic nanoparticles (AHP@MNPs); amphiphilic and negatively charged AHP can interact with positively charged MNP 

through multibinding interactions. (b) Schematic representation of multifunctional AHP@MNPs for tumor-targeted 

bimodal imaging and photodynamic/hyperthermia treatment when AHP@MNPs were irradiated with magnetic and near 

infrared lasers. Figure 2.10a~b was taken from reference120.  

Magnetic hyperthermia (MHT) is a well-known thermal treatment for cancer, which was initially described 

by Gilchrist et al. in 1957.121 The magnetic hyperthermia is based on the heating of magnetic NPs placed 

in a targeted tissue by applying an alternative magnetic field. Consequently, the cancer tissue is destroyed 

if the temperature in the cancer site can be held over 41 ℃ for several hours while the normal tissue is not 

affected.122 Numerous researches emerged to optimize magnetic hyperthermia through studying different 

types of magnetic materials, surface modification and magnetic field strengths and frequencies, which paves 

the way for translating NanoTherm™ Therapy (MagForce AG) into commercial clinical setting for the 

treatment of cancers.123 The main drawback of magnetic hyperthermia is the necessity of large amounts of 

magnetic NPs in tumor site to efficiently convert magnetic energy. Another thermal therapy modality, 

photothermal therapy (PTT), employing NIR photoabsorbing agents to generate heat from NIR laser 

irradiation to burn cancer cells, has received considerable attention. It has many advantages, such as non-

invasion, high specificity and precise spatial-temporal selectivity. However, PTT is not applicable for 

cancer cells in distant organs due to the limited penetration depth of NIR light into the tissue.  

In recently years, photodynamic therapy (PDT) has been one of the most rapidly growing scientific areas 

due to its low cost, non-invasion and repeatable treatment at the same site if needed. PDT involves the 

administration of a photosensitizing drug, followed by the irradiation of targeted tissue with light to trigger 

the generation of highly reactive singlet oxygen to kill cancer cells. The photosensitizer only becomes active 
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under light, so PDT also has the similar problem as PTT, which is not suitable for cancers grown deeply 

into the skin or other organs. In addition, it cannot be used to treat cancers that have spread to many places 

in the body.  

Generally, multifunctional fluorescent-magnetic NPs can be utilized for MHT or PTT due to their magnetic 

and NIR absorbing properties. For example, Biris et al.79 reported water-soluble magnetic-fluorescent 

nanocomposites, which acted as high-efficiency radio frequency absorber for nanohyperthermia of cancer 

cells. Later, Ortgies et al.124 reported optomagnetic hybrid nanostructures comprising of iron oxide and Nd-

doped NPs. These nanostructures not only show great potential for MHT under alternating magnetic field, 

but also for PTT by using NIR irradiation as external stimulus. In addition, the developed nanostructures 

can be capable of monitor subtissue thermal feedback while preserving their heating efficiency in biological 

tissues.  

On the other hand, MHT and PDT can be combined using fluorescent-magnetic NPs, if appropriate 

photosensitizers are incorporated into the hybrid nanocomposites. It is expected that MHT and PDT could 

be complementary method in the cancer treatment. For example, Na et al.120 prepared multifunctional 

fluorescent-magnetic nanocomposites, which is composed of acetylated hyaluronic acid coated Fe3O4 NPs 

and photosensitizer (Pheophorbide-a) (Figure 2.10a-b). These nanocomposites were allowed for cancer 

treatments by three therapeutic modes: MHT alone, PDT alone and integrated MHT/PDT. The final results 

demonstrated that each of single treatments slightly inhibited tumor growth, while their combination 

showed significant tumor growth inhibition, through the synergistic potential of combination therapy. 

Besides, the authors have used these multifunctional nanocomposites for in vivo detection of tumors by MR 

and optical imaging. In another study, the synergistic effect can also be observed by the combination of 

MHT/PDT for the treatment of glioblastoma.125  
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CHAPTER 3 EXPERIMENTS AND CHARACTERIZATIONS 

In this chapter, experimental details for the synthesis and characterization of three kinds of multifunctional 

nanoplatforms using superparamagnetic Fe3O4 NPs, and NIR photoluminescent NPs are described. The first 

section mainly introduces the synthesis of Fe3O4 NPs with different morphology and size, and PbS and 

PbS/CdS QDs in the NIR-I and NIR-II windows. Subsequently, a nanoplatform based on Fe3O4 NPs and 

NIR-to-NIR photoluminescent NaYF4:Nd3+ was synthesized by a multistep procedure and their use for 

deep-tissue dual-mode (optical and magnetic resonance) imaging was investigated. Moreover, we prepared 

supernanoparticles consisting of Fe3O4 NPs and PbS/CdS QDs by self-assembly method and studied their 

amplified dual-mode (magnetothermal and photothermal) heating properties for therapeutics. The last 

section focuses on the synthesis and surface modification of large-pore dendritic mesoporous silica (mSiO2), 

followed by embedding with Fe3O4 NPs and PbS/CdS QDs in NIR-II; DOX was further loaded into them 

and the drug release was evaluated under multi-stimuli (pH/MF/NIR). 

3.1 Materials 

Iron chloride hexahydrate (FeCl3·6H2O), sodium oleate, ammonium hydroxide solution (NH3·H2O, 

28.0~30.0% ammonia content), lead chloride (PbCl2, 98%), lead acetate trihydrate (Pb(OAc)2.3H2O, 

99.9%), cadmium oxide (CdO, 99%), sulfur (S, 100%), bis(trimethylsilyl) sulfide ((TMS)2S, synthesis 

grade), Triton X-100, tetraethyl orthosilicate (TEOS, 99.999%), (3-mercaptopropyl)trimethoxysilane 

(MPTS, 95%), 1-hexanol (99%), rare earth nitrate [Y(NO)3·6H2O, Yb(NO)3·5H2O, Er(NO)3·5H2O 

Nd(NO3)·6H2O, 99.9%], urea (99.0%), oleic acid (OA, technical grade 90%), oleylamine (OLA, technical 

grade, 70%),1-Tetradecene (TDE, technical grade 92%), 1-Octadecene (ODE, technical grade 90%), 

branched polyethylenimine (PEI, Mw ≈ 25 000), polyvinylpyrrolidone (PVP, MW~55000), triethanolamine 

(TEA), cetyltrimethylammonium chloride solution (CTAC, 25 wt% in H2O), ethylene glycol (EG, 99.8%), 

dimethyl sulfoxide (DMSO, ≥ 99.9%), dodecyltrimethylammonium bromide (DTAB, 99%), ammonium 

nitrate (NH4NO3), phosphate buffered saline (PBS) and doxorubicin hydrochloride (DOX) were purchased 

from Sigma-Aldrich Inc. Hexane, toluene, chloroform, cyclohexane, methanol and ethanol were purchased 

from Fisher Scientific Company. All chemicals were used as purchased.  

3.2 Reaction setup 

The schematic illustration of the typical reaction setup for synthesis of Fe3O4 NPs, PbS QDs, PbS/CdS QDs 

and Fe3O4/SiO2/NaYF4:Nd3+ NPs is shown in Figure 2. Fe3O4 NPs were synthesized by a modified thermal 

decomposition method using the setup shown in Figure 2.1a. In this reaction, a heating mantle was adopted 

for a higher temperature (> 290 ℃). Both smaller and larger PbS QDs were synthesized by a hot-injection 



57 
 

method using the oil bath with lower temperature (100~120 ℃) shown in Figure 2.1b. PbS/CdS QDs were 

synthesized by a microwave reactor, as shown in Figure 2.1c. Fe3O4/SiO2/NaYF4:Nd3+ NPs were prepared 

by hydrothermal method and Teflon lined autoclave is shown in Figure 2.1d.  

 

Figure 3.1 Schematic illustration of the setup for synthesis of (a) Fe3O4 NPs, (b) PbS QDs, (c) PbS/CdS QDs and (d) 

Fe3O4/SiO2/NaYF4:Nd3+ NPs. 

3.3 Synthesis of Fe3O4 nanoparticles, PbS and PbS/CdS quantum dots 

3.3.1 Synthesis of Fe3O4 nanoparticles  

Fe3O4 NPs were synthesized by a modified thermal decomposition method.  

Firstly, the Fe(oleate)3 complex precursor was prepared by reacting iron chloride and sodium oleate. In a 

typical synthesis of Fe(oleate)3 precursor, 1.08 g (4 mmol) of FeCl3·6H2O and 4.87 g (16 mmol) of sodium 

oleate in a mixed solution of 8 mL of ethanol, 6 mL of distilled water and 14 mL of hexane was refluxed at 

70 °C for 6 h. Then the formed Fe(oleate)3 was washed several times by hot water to remove the unreacted 

iron chloride. After washing, the Fe(oleate)3
 was kept in a vacuum oven at 70 °C for 12 h in order to remove 

excess hexane.  

Secondly, Fe3O4 NPs were synthesized by thermal decomposition of Fe(oleate)3 precursor. 0.9 g (1 mmol) 

of Fe(oleate)3, 142 mg (0.5 mmol) of OA and 10 mL of ODE were added to a three-neck round bottom 

flask and heated to 320 °C under N2 protection for 1h. After cooling to room temperature, the Fe3O4 NPs 
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were washed several times with ethanol and hexane. Finally, the prepared Fe3O4 NPs were separated by 

centrifugation and dispersed in organic solvent such as hexane, chloroform or toluene.    

Fe3O4 NPs synthesized by above method are usually larger than 10 nm in diameter. In order to obtain 

ultrasmall Fe3O4 NPs, the ODE (boiling point: 320 ℃) solvent was replaced by a mixture of TDE/ODE 

(boiling point: 290 ℃) to get a lower boiling solvent. Simply, 0.9 g (1 mmol) of Fe(oleate)3, 142 mg (0.5 

mmol) of OA, 5 mL of TDE and 10 mL of ODE were added to a three-neck round bottom flask and heated 

to 290 °C under N2 protection for 1h. 

In addition, Fe3O4 NPs synthesized by above method are usually spherical. Their morphology can be tuned 

from sphere to cube by adding sodium oleate in the decomposition step. Typically, 0.30g (1 mmol) sodium 

oleate, 0.9 g (1 mmol) of Fe(oleate)3, 142 mg (0.5 mmol) of OA and 10 mL of ODE were added to a three-

neck round bottom flask and heated to 320 °C under N2 protection for 1h.  

3.3.2 Synthesis of larger PbS quantum dots 

The large size of PbS QDs (3.4 to 6 nm in diameter) were synthesized by a hot-injection method using OLA 

as capping ligands. Briefly, 10 g of PbCl2 and 24 mL of OLA were added into a 50 mL flask and heated to 

160 C under N2 protection for 1 h. The PbCl2-OLA mixture was then cooled to 120 C and degassed under 

vacuum for 30 min. Subsequently, 4 mL of OLA containing 115 mg of sulfur in syringe was quickly injected 

into the PbCl2-OLA mixture under N2 flow. The growth reaction of PbS QDs was conducted at 100 C for 

several min. Once the PbS QDs reached the desired size (3.4 ~ 6 nm), the reaction was quenched by cold 

water. The purification of PbS QDs was performed by adding ethanol and toluene, followed by 

centrifugation to separate the PbS QDs. At last, the PbS QDs were dispersed in toluene for the further 

growth of CdS shell.  

3.3.3 Synthesis of smaller PbS quantum dots 

The smaller PbS QDs (less than 3 nm in diameter) were also synthesized by hot-injection method. The 

setup for synthesis of smaller PbS QDs is the same as that of synthesis of larger PbS QDs. Typically, 760 

mg of Pb(OAc)2·3H2O, 2.4 mL of OA and 15 mL of ODE were added into a 25 mL flask and heated to 150 

C under N2 protection for 1 h. The mixture was then cooled to 130 C and degassed under vacuum for 30 

min. Then 2 mL mixture of (TMS)2S and TOP (1:10 ratio by volume) in the syringe was quickly injected 

into the flask. The temperature of the mixture was decreased and kept at 100 C for 5 min under N2 flow. 

Finally, the reaction was quenched by cold water. The smaller PbS QDs were purified by adding methanol 

and separated by centrifugation. The purification was repeated one more time and dispersed in toluene for 

the further growth of CdS shell. 
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3.3.4 Synthesis of PbS/CdS core/shell quantum dots 

The PbS/CdS core/shell QDs were synthesized by a microwave-assisted cation exchange method. In a 

typical reaction of Cd oleate solution, 3 g of CdO, 15 mL of OA and 20 mL of ODE were heated to 230 C 

to form a colorless solution. The Cd oleate solution was then cooled to 100 C and degassed under vacuum 

for 30 min. Subsequently, 12 mL of PbS QDs and 8 mL of Cd oleate solution were added into a 35 mL 

microwave reaction tube and heated to 100 C under microwave radiation for several min. At last, PbS/CdS 

QDs were purified by adding ethanol/toluene and separated by centrifugation. The purification procedure 

was repeated twice and dispersed in toluene/chloroform as stock solution.   

3.4 Synthesis of Fe3O4/SiO2 and Fe3O4/SiO2/NaYF4:Nd3+ nanoparticles 

3.4.1 Synthesis of Fe3O4/SiO2 core/shell nanoparticles 

The Fe3O4@SiO2 core/shell NPs were synthesized by a simple microemulsion method. Briefly, 5 mL of 

Triton X-100, 4 mL of 1-hexanol, 0.5 mL of distilled water, 15 mL of cyclohexane and 125 μL of NH3·H2O 

were mixed in a flask under gentle stirring to form a microemulsion solution. 200 μL of Fe3O4 cyclohexane 

dispersion was then added into the above solution. Subsequently, 40 μL of TEOS was added and stirred for 

24 h at room temperature. Finally, the Fe3O4@SiO2 NPs were precipitated by adding methanol and 

separated by centrifuge.  

3.4.2 Synthesis of core/shell/shell Fe3O4/SiO2/NaYF4:Nd3+ nanoparticles  

Firstly, a Y(OH)CO3:Nd3+ precursor layer was synthesized by a urea-assisted homogeneous precipitation 

method. Typically, 0.364 g (0.95 mmol) of Y(NO3)3·6H2O, 0.0219 g (0.05 mmol) of Nd(NO3)3·6H2O and 

2 g of urea were added into 25 mL of distilled water. Then 20 mg of Fe3O4@SiO2 NPs were added into the 

above solution and kept at 90 °C for 2 h. At last, Fe3O4/SiO2/Y(OH)CO3:Nd3+ NPs were collected by 

centrifugation and washed with distilled water twice.   

In the second step for synthesis of Fe3O4/SiO2/NaYF4:Nd3+, the outer shell of Y(OH)CO3:Nd3+ was 

transformed into NaYF4:Nd3+ by a hydrothermal method. Briefly, 0.042 g (1 mmol) of NaF, 0.111 g (3 

mmol) of NH4F and 0.025 g (1 mmol) of PEI were dissolved in 10 mL of distilled water and transferred to 

a 25 ml Teflon lined autoclave at 110 °C for 3.5 h. The final Fe3O4/SiO2/NaYF4:Nd3+ NPs were separated 

by centrifugation and washed with distilled water several times. 

3.5 Synthesis of self-assembled Fe3O4 and PbS/CdS supernanoparticles 

In a typical synthesis of SASNs, 1 mL of Fe3O4 (4 mg/mL) NPs and 1mL of PbS/CdS (NIR-II) QDs (6 

mg/mL) chloroform dispersion were added into 1 mL of DTAB (20 mg/mL) aqueous solution and 

thoroughly mixed by vortex. After evaporating the chloroform by N2 flow, the mixed aqueous solution was 



60 
 

swiftly injected into a PVP-in- EG solution (20 mg/mL) under vigorous stirring for 4 h. The resulting 

SASNs were separated by centrifugation and washed with ethanol several times. Finally, SASNs were 

dispersed in water as stock solution.  

3.6 Synthesis of Fe3O4 and PbS/CdS loaded mesoporous silica nanospheres  

3.6.1 Synthesis of large-pore mesoporous silica nanospheres  

The large-pore mSiO2 nanospheres were synthesized by a one-pot biphase stratification method. Typically, 

12 mL of CTAC solution (25 wt%) and 0.09 g of TEA were dissolved in 18 mL of distilled water at 60 ℃ 

for 1 h. Subsequently, 0.5 mL of TEOS and 9.5 mL of cyclohexane were added to the above solution. The 

reaction was kept at 60 ℃ for 60 h. The mSiO2 were collected by centrifugation and washed with ethanol 

several times. At last, the mSiO2 nanospheres were refluxed with 0.6 wt% NH4NO3 ethanol solution at 60 ℃ 

for 6 h to remove the CTAC template completely. 

3.6.2 Synthesis of thiol-modified mesoporous silica nanospheres  

300 mg of mSiO2 nanospheres dispersed in 15 mL of ethanol were added with 150 μL of MPTS and 375 

μL of NH3.H2O and gently stirred for 12 h at room temperature. Finally, the mSiO2-SH were collected by 

centrifugation and washed with ethanol twice, and dispersed in chloroform.    

3.6.3 Synthesis of Fe3O4 and PbS/CdS mesoporous silica nanospheres 

Briefly, 1mL of Fe3O4 and PbS/CdS (4 mg/mL) chloroform solution were added into 4 mL of mSiO2-SH 

chloroform solution (2 mg/mL) and stirred for 30 min at room temperature. Then mSiO2@PbS/CdS-Fe3O4 

were isolated by centrifugation and washed with chloroform twice to remove free Fe3O4 NPs and PbS/CdS 

QDs. Subsequently, 1 mL of mSiO2@PbS/CdS-Fe3O4 in chloroform dispersion (5 mg/mL) was mixed with 

20 mg of PEI and stirred for 2 h to transfer the mSiO2@PbS/CdS-Fe3O4 into water by forming a PEI coating. 

Finally, the PEI-coated mSiO2@PbS/CdS-Fe3O4 were precipitated by adding cyclohexane and re-dispersed 

in water.  

3.7 Characterization 

3.7.1 Transmission electron microscopy and energy dispersive X-ray spectroscopy 

Transmission electron microscopy (TEM) is a major analysis tool for directly observing the morphology 

and size of nanostructures by using a beam of electrons to transmit through a specimen to form an image. 

In my experiment, NPs dispersed in water or organic solvent were deposited onto copper TEM grids coated 

with a thin (5-50 nm in thickness) carbon film. The grid was then dried in the air before TEM measurements. 

Low and High-resolution TEM images were obtained by using a JEOL-2100F microscope at 200 kV 

equipped with a charge-coupled device (CCD) camera. Meanwhile, energy dispersive X-ray spectroscopy 
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(EDX) was used to determine the elemental composition of prepared NPs at different areas on the sample 

during TEM measurement.   

3.7.2 X-ray diffraction  

X-ray diffraction (XRD) is an analytical technique used for identifying the crystalline structure of materials. 

The sample for XRD measurement was simply prepared by depositing the NPs solution on glass substrate 

and dried in fume hood to form a thin film. The XRD study for all samples was carried out with XRD 

diffractometer (Bruker D8 Advance) using Cu Kα radiation source (λ = 0.1540598 nm) at a 40 kV tube 

voltage and 40 mA tube current. Diffraction patterns were collected in the 2θ range of 5-80°, by using the 

step of 0.1° and counting time of 0.02 s.   

3.7.3 Absorption spectroscopy 

The absorption spectra of all samples were measured by a UV-visible-NIR spectrophotometer (Cary 5000) 

with scan speed of 600 nm/min. All experiments were done in a transmission mode on NPs solution filled 

in a quartz cuvette. A reference was used to obtain a baseline before each experiment.  

3.7.4 Photoluminescence spectroscopy 

The upconverting and NIR photoluminescence spectra of lanthanide-doped NPs were acquired under 

continuous laser excitation of 980 and 806 nm, respectively. The upconverting emission signal focused by 

a lens in 90o configuration was collected by an Avaspec-ULS2048L spectrometer (Avantes) through an 

optical fiber. By keeping the same optical path configuration, the NIR emission spectra was detected by a 

Shamrock 500i monochromator (Andor) equipped with an iDus InGaAs 1.7 NIR detector (Andor).  

Photoluminescence spectra of QDs were taken with a Fluorolog®-3 system (Horiba Jobin Yvon) using a 

CCD or photomultiplier tube detector which depends on the emission wavelength of QDs. A Xenon lamp 

was used as excitation source.   

3.7.5 Inductively coupled plasma optical emission spectroscopy 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an analytical technique for the 

detection of trace chemical elements, which is based on characteristic electromagnetic emission of 

particular elements when using inductively coupled plasma to produce excited atoms and ions. The 

concentration of the elements within the sample can be determined by the emission intensity in comparison 

with the standard sample. In our experiments, the content of Pb, Cd and Fe elements was assessed by ICP-

OES (Agilent Technologies, 5100).  
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3.7.6 Fourier-transform infrared spectroscopy  

Fourier-transform infrared (FTIR) Spectroscopy is an effective analytical method for detecting functional 

groups through characteristic IR absorption of chemical bonds in organic molecules. In my experiments, 

the FTIR spectra were collected in the range of 4000-500 cm-1 by a ThermoFisher Scientific Nicolet 6700 

FTIR spectrometer using KBr as a reference. 

3.7.7 Magnetic characterization 

The magnetic hysteresis loop was taken by a vibrating sample magnetometer (VSM, Model 4 HF-VSM, 

ADE USA) at working temperature of 300 K with magnetic field up to 3 T. Temperature-dependent zero-

field-cooled (ZFC) and field-cooled (FC) magnetization curves of the samples were measured by the same 

magnetometer under an applied field of 100 Oe between 5 K and 300 K. 

3.7.8 Viability assay 

In order to apply the as-prepared NPs for bioapplications, the cytotoxicity of NPs was studied firstly by 

using HeLa cancer cells and human embryonic kidney (HEK 293T) cells. They were plated into a 96-well 

plate with a density of 5 × 105 cells/well and incubated in 100 μL of Dulbecco’s modified Eagle’s medium 

(DMEM) for 24 h, followed by adding various concentrations of NPs dispersion. Blank controls without 

NPs dispersion (i.e., cells only) were run simultaneously. Cell viability was measured using CellTiter 96 

Non-Radioactive Cell Proliferation Assay kit (MTT, Promega) according to the manufacturer’s protocol. 

Briefly, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) solution (15 μL) was added 

into each well. After 24 h incubation, the medium containing unreacted MTT was carefully removed and 

the formed formazan blue crystals were dissolved by adding 100 μL of DMSO. The absorbance at λ = 570 

nm was then measured using Powerwave HT Microplate Reader (Bio-Tek). Each concentration was 

replicated by 6 times. Cell viability was calculated as the ratio of absorbance of mixtures containing NPs 

to control cells.  

3.7.9 NIR and visible imaging ex vivo 

A homemade setup was designed to acquire the NIR and visible imaging ex vivo and estimate the 

photoluminescence penetration depth. Specifically, aqueous dispersion of NPs was filled in a microchannel 

underneath pieces of chicken tissue with various thickness and a NIR or visible camera was fixed on the 

top to take images.     

The NIR images of samples were recorded by an Xeva-1.7 infrared camera (Xenics Corp), in which the 

InGaAs array is used to detect the emitting signal ranging from 900 nm to 1700 nm. The laser diode of 806 

nm with power density of 10 W/cm2 was used as excitation source. Appropriate long-pass optical filters 
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(830 nm, 980 nm and 1200 nm) were used to take the images in the specific spectral range and block the 

scattered excitation light of the 806 nm laser.  

The visible images of samples were taken by a silicon chip camera (Point Grey) equipped with a 980 nm 

short-pass filter to remove the emission wavelengths beyond 980 nm. The laser diode of 980 nm with power 

density of 300 W/cm2 was used as excitation source.  

3.7.10 T2 relaxivity measurements in vitro and MR imaging in vivo 

T2-weighted MR images were acquired by a 3T clinic MRI scanner (Bruker Biospin Corporation, Billerica, 

MA, USA) at room temperature. Briefly, NPs in PBS buffer with various concentrations were placed in a 

series of tubes for T2-weighted MR imaging. The relaxivity value (r2) was calculated based on the fitting 

curve of 1/T2 relaxation time (s-1) vs the concentration of Fe (mM). 

Mouse bearing one 4T1 tumor was injected with 200 µL of PBS buffer containing NPs (2 mg/mL, dose=10 

mg/kg). The MR imaging of the mouse was conducted on the same MR imaging scanner equipped with a 

special coil designed for small animal imaging. The mouse was scanned before and after injection of the 

NPs. 
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CHAPTER 4 RESULTS 

This chapter is divided into three different parts, each corresponding to published (or accepted) articles. 

The first part is about synthesis of novel multifunctional (superparamagnetic and NIR-to-NIR 

photoluminescent) nanocomposite and its application for dual-mode (optical and MR) imaging. However, 

the aforementioned multifunctional nanocomposite exhibits slow confinement due to the single magnetic 

core character, which restricts its use for magnetic-driven bioapplications and magnetothermal therapy. In 

the second part we develop another multifunctional nanoplatform containing multiple magnetic NPs and 

NIR PbS/CdS QDs by self-assembly. This nanoplatform constituted by multiple magnetic NPs can be not 

only used for deep-tissue bimodal imaging but also for amplified dual-mode (magnetothermal and 

photothermal therapy) heating treatment. Inspired by the promising drug delivery modality and ease of 

surface functionalization of large-pore mSiO2, we engineer a new sort of multifunctional nanoplatform 

integrating magnetic NPs and PbS/CdS QDs based on large-pore mSiO2 in the last part. By using this 

multifunctional nanoplatform, the bimodal imaging and synergistic effect from the dual-mode heating mode 

and multi-stimuli responsive drug release behavior are systematically studied.  

4.1 An Integrated Multifunctional Nanoplatform for Deep-tissue Dual-mode Imaging  

Fan Yang, Artiom Skripka, Antonio Benayas, Xianke Dong, Sung Hwa Hong, Fuqiang Ren, Jung Kwon 

Oh, Xinyu Liu, Fiorenzo Vetrone, and Dongling Ma 

Adv. Funct. Mater. 28 (2018) 1706235.  

 

As introduced in Chapter 1, multifunctional (superparamagnetic and photoluminescent) NPs, as an 

emerging class of highly functional nanomaterials, have drawn considerable attention for dual-mode 

imaging. However, because most of the photoluminescent components in these hybrid NPs are operated in 

the visible range, they show shallow tissue penetration and ambiguous signal contrast in optical imaging 

due to the tissue-induced optical extinction and autofluorescence. To address this issue, it is highly desirable 

but also challenging to develop new multifunctional (superparamagnetic and photoluminescent) NPs, with 

both of their excitation and emission in the optically transparent biological windows situated in the NIR 

range (NIR-I: 700–950 nm; NIR-II: 1000–1350 nm), for in vivo, deep-tissue dual-mode imaging. Recent 

studies have revealed that Nd3+ doped NPs as photoluminescent component possess both excitation and 

emission wavelength within the biological windows, which results in excellent deep-tissue in vivo 

bioimaging.  



65 
 

In this paper, we specifically designed a multifunctional nanoplatform that exploits unique 

superparamagnetic and NIR-to-NIR photoluminescence properties. This core/shell/shell nanoplatform 

(Fe3O4@SiO2@NaYF4:Nd3+) is composed of superparamagnetic Fe3O4 core, intermediate silica shell and 

outer NIR-to-NIR photoluminescent shell of NaYF4:Nd3+. Due to their unique NIR-to-NIR 

photoluminescence properties, this nanoplatform exhibits three emission at 900 (NIR-I), 1060 (NIR-II), and 

1340 nm (NIR-II) under excitation by by laser at ≈ 800 nm (NIR-I), allowing the NIR photoluminescence 

signal to be detected through a tissue as thick as 13 mm, superior to similar visible-emitting nanoplatform 

containing upconverting shell (Fe3O4@SiO2@NaYF4:Er3+,Yb3+). On the other hand, 

Fe3O4@SiO2@NaYF4:Nd3+ can serve as a T2 negative contrast agent for MR imaging, as demonstrated by 

the remarkable darkening effect in in vivo MR imaging experiment. These results suggest that 

Fe3O4@SiO2@NaYF4:Nd3+ NPs are highly promising candidates for high-resolution and deep-tissue dual-

mode (optical and MR) in vivo imaging.    
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4.2 Multifunctional Self-Assembled Supernanoparticles for Deep-Tissue Bimodal Imaging 

and Amplified Dual-Mode Heating Treatment 

Fan Yang, Artiom Skripka, Maryam Sadat Tabatabaei, Sung Hwa Hong, Fuqiang Ren, Antonio Benayas, 

Jung Kwon Oh, Sylvain Martel, Xinyu Liu, Fiorenzo Vetrone, and Dongling Ma 

ACS Nano, 13 (2019) 408-420. 

 

Although above mentioned core/shell/shell Fe3O4@SiO2@NaYF4:Nd3+ nanoplatform can be potentially 

used for high-resolution and deep-tissue bimodal imaging in vivo, the single magnetic core feature induced 

low magnetism restricts its use for magnetic-driven bioapplications and magnetothermal therapy. The 

development of multifunctional theranostic nanoplatform containing multiple magnetic NPs is highly 

desirable. On the other hand, despite the great potential for cancer therapy, magnetothermal therapy suffers 

from relatively poor thermal energy transfer efficiency of currently studied magnetic NPs, while 

photothermal therapy is not applicable to deep-lying subcutaneous cancer cells due to the limitation of light 

penetration. The integration of magnetothermal and photothermal therapy into a single nanoplatform can 

solve therapeutic issue above, providing a dual-mode therapeutic approach to realize high-efficiency and 

deep-tissue cancer treatment. 

In this paper, we developed a multifunctional nanoplatform consisting of multiple superparamagnetic Fe3O4 

NPs and photoluminescent PbS/CdS QDs with their emission in NIR-II by self-assembly method, aiming 

at synergistic bimodal imaging and amplified heating treatment. Our ex vivo photoluminescence imaging 

experiments revealed the outstanding deep-tissue penetrating capabilities of self-assembled Fe3O4 and 

PbS/CdS (NIR-II) supernanoparticles [SASNs (NIR-II)], which is beneficial for optical bioimaging. 

Meanwhile, the self-assembly-induced clustering characteristic of SASNs (NIR-II)] endowed them 

enhanced T2 relaxivity property for MR imaging. Subsequently, the prepared SASNs (NIR-II) exhibited the 

dual capacity to act as both magnetothermal and photothermal agents with extremely efficient heating 

output at the local site, overcoming the main drawbacks of each type of heating individually. This work 

represents the first study realizing the highly promising multifunctional theranostic nanoplatforms, i.e. NIR-

excited deep-tissue bimodal imaging and dual-mode heating agents, by self-assembly of NIR-II PbS/CdS 

QDs with superparamagnetic Fe3O4 NPs. 
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4.3 Magnetic-Photoluminescent Nanoplatform Built from Large-Pore Mesoporous Silica  

Fan Yang, Artiom Skripka, Maryam Sadat Tabatabaei, Sung Hwa Hong, Fuqiang Ren, Yue Huang, Jung 

Kwon Oh, Sylvain Martel, Xinyu Liu, Fiorenzo Vetrone, and Dongling Ma  

Chem. Mater., 31 (2019) 3201-3210. 

 

Mesoporous silica (mSiO2) NPs are widely implemented as multifunctional nanoplatforms for drug delivery 

due to their unique characteristics, including biocompatibility, high stability and ease of surface 

modification of linking drug molecules. Unfortunately, mSiO2 NPs normally prepared by CTAB or other 

soft templates show small pore size (< 2 nm), which greatly restricts their use for encapsulation of 

macromolecular drugs (> 2 nm) and multifunctional NPs (QDs, iron oxide, gold NPs, etc.). Therefore, it is 

highly desired to fabricate uniform mSiO2 with large pore size (> 5 nm) for in vivo biomedical applications.  

In this paper, we synthesized a relatively-large-pore (>10 nm) mSiO2 by a biphase stratification continuous 

growth approach. After simple silane coupling reaction, owing to its unique relatively-large-pore structure 

with high loading capacity, the thiol-modified mSiO2 can be used as matrix to incorporate 

superparamagnetic Fe3O4 NPs and PbS/CdS QDs by coordination-driven reaction. This theranostic 

nanoplatform (mSiO2@PbS/CdS-Fe3O4) exhibited excellent NIR-excitation and NIR-emission 

photoluminescence features for deep-tissue bioimaging, which was demonstrated ex vivo with tissue as 

thick as 14 mm. Meanwhile, mSiO2@PbS/CdS-Fe3O4 can be rapidly confined under an external magnetic 

field (MF) and possess a significantly high T2 relaxivity resulting from the synergistic effect induced by 

superparamagnetic NPs coupling. On the other hand, this nanoplatform can produce strong local heating as 

a highly efficient magnetic hyperthermia therapy (MHT)/ photothermal therapy (PTT) agent under external 

physical stimuli of MF and/or a NIR laser. After being loaded with DOX, the release rate of DOX under 

multi-stimuli (pH/MF/NIR) was significantly enhanced at lower pH and higher temperatures, caused by 

magnetothermal/photothermal effects. Our results pave the avenue towards developing a promising 

multifunctional theranostic nanoplatform for bimodal imaging, and simultaneously for integrating 

synergistic and highly localized treatment capabilities of MHT/PTT and pH/MF/NIR-responsive drug 

release. 
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CHAPTER 5 CONCLUSIONS AND PERSPECTIVES 

5.1 Conclusions 

Multifunctional (superparamagnetic and photoluminescent) NPs are intensively studied as highly promising 

tools (magnetic confinement and targeting, imaging, therapeutic, etc.) for biomedical applications. 

However, most of these multifunctional NPs show low tissue penetration properties for optical imaging due 

to tissue-induced optical extinction and autofluorescence as the photoluminescent components in many 

cases emit in the visible range. To overcome this issue, in this thesis, we focus on the designing and 

synthesis of multifunctional (superparamagnetic and photoluminescent) NPs in the so-called biological 

windows (NIR-I/II) with modalities for bioimaging and therapeutics. So, the results of this thesis project 

are divided into three parts based on the structure of nanocomposites and their potential biomedical 

applications. 

Part I is mainly focused on the development of multifunctional core/shell/shell nanoplatform 

(Fe3O4@SiO2@NaYF4:Nd3+) by a multistep synthetic procedure. The uniform Fe3O4@SiO2@NaYF4:Nd3+ 

NPs exhibit excellent photostability, impressive superparamagnetic properties and strong 

photoluminescence emission. Under the excitation of an 806 nm (NIR-I) laser, these NPs present three 

emission wavelengths (900 nm, 1060 nm and 1340 nm), all lying within the biological windows (NIR-I and 

NIR-II). The ex vivo imaging testing indicates that the unique NIR-to-NIR photoluminescence property 

endows Fe3O4@SiO2@NaYF4:Nd3+ NPs with capability for deep-tissue optical imaging. The 

superparamagnetic Fe3O4 core inside these multifunctional nanoplatform results in rapid magnetic response 

to an external magnetic field. In vivo MR imaging exhibits a significant darkening effect in T2-weighted 

images with the use of Fe3O4@SiO2@NaYF4:Nd3+ NPs as a contrast agent. Another important advantage 

of the developed nanoplatform is that they are much less toxic than semiconductor QDs, which usually 

contain Pb and/or Cd. Therefore, this nanoplatform can be considered as potential bioprobe for deep-tissue 

dual-mode (optical and MR) imaging in vivo and magnetic-driven applications.  

In part II, we prepared novel multifunctional (superparamagnetic and photoluminescent) self-assembled 

Fe3O4 and PbS/CdS (NIR-II) supernanoparticles [SASNs (NIR-II)] and their formation mechanism during 

the self-assembly was studied. Due to their unique NIR photoluminescence feature, the SASNs (NIR-II) 

are allowed to obtain NIR optical imaging with enhanced tissue penetration depth compared with that of 

SASNs (NIR-I) due to minimized light extinction in biological tissues. In addition to their excellent NIR 

photoluminescence properties, the SASNs (NIR-II) exhibit remarkable photostability and colloidal stability. 

Subsequently, owing to the synergistic effect of their clustering characteristic inside SASNs (NIR-II), the 

significantly enhanced T2 relaxivity is proved by MR imaging experiment. At last, the prepared SASNs 
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(NIR-II) can be served as both magnetothermal and photothermal agents, which can overcome the main 

drawbacks of each type of heating separately. The overwhelming thermal conversion efficiency at the local 

site with the use of SASNs (NIR-II) can be achieved under dual-mode (magnetothermal and photothermal) 

heating modality. Overall these results, in hand with their excellent photo and colloidal stability, make 

SASNs (NIR-II) extremely promising for use in deep-tissue bimodal (optical and MR) imaging in vivo and 

amplified dual-mode heating treatment associated with cancers.  

Part III is mainly focused on another multifunctional nanoplatform (mSiO2@PbS/CdS-Fe3O4), which 

integrated superparamagnetic Fe3O4 NPs and NIR photoluminescent PbS/CdS QDs into a large pore 

mesoporous silica nanospheres (mSiO2). The relatively-large-pore (>10 nm) mSiO2 was deliberately 

synthesized by a biphase stratification continuous growth approach and the final mSiO2@PbS/CdS-Fe3O4 

was prepared by coordination-driven embedding of Fe3O4 NPs and PbS/CdS QDs into the mesoporous 

channels of mSiO2. The mSiO2@PbS/CdS-Fe3O4 nanoplatform exhibits excellent photoluminescence in the 

NIR-II window enabling its use for deep-tissue imaging as well as superb superparamagnetic properties 

that make it easily confined by an external MF and ideal as a highly efficient T2 contrast agent for MR 

imaging in vivo. Due to large-pore characteristics, the nanoplatform also demonstrates great potential as a 

drug delivery carrier for cancer therapy. After being loaded with DOX, in addition to showing pH-

responsive drug release behavior, mSiO2@PbS/CdS-Fe3O4 can produce local heat and accelerate the drug 

release via the magnetothermal effect. In addition, benefitting from the presence of the NIR-absorbing QDs, 

mSiO2@PbS/CdS-Fe3O4 can not only serve as a highly efficient PTT agent, but also promote the drug 

release rate under NIR irradiation. Thus, such multifunctional nanoplatform has a great potential for 

bimodal imaging and highly efficient therapeutic effect from the integrated heating mode (PTT/MHT) and 

multi-stimuli (pH/MF/NIR) responsive drug release. 

5.2 Perspectives 

We have developed several multifunctional (superparamagnetic and photoluminescent) nanoplatforms and 

studied their bioimaging and therapeutic modalities. However, despite of certain progress we made, the 

research area of multifunctional (superparamagnetic and photoluminescent) NPs is still in its infant stage 

and significant efforts are still needed for further development of these kinds of NPs and their utilization 

for biomedical application. There are several interesting research directions in this highly promising field. 

5.2.1 Synthetic procedures optimization  

Even though the multifunctional (superparamagnetic and photoluminescent) NPs have tremendous 

applications in the field of biomedicine, this research field is still far from sufficient because of the 

complexity in the synthetic procedures and intricacies associated with the combination of quite different 
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materials presenting diverse properties. For example, it is hard to precisely control the synthesis to get 

uniform and size-tunable NPs with both desired superparamagnetic and fluorescent properties; it is difficult 

to obtain small size multifunctional NPs, which however is very important since the size of NPs decides 

the uptake mechanism of cells and affects cellular uptake efficiency and subcellular distribution for 

bioimaging of intracellular environment; long-term colloidal stability and versatile surface modifications 

for meeting the specific requirements of different biological applications are important for designing 

multifunctional NPs. Therefore, in the future, more simple and versatile synthetic strategies should be 

developed to fulfill the following design criteria of multifunctional (superparamagnetic and fluorescent) 

NPs: uniform and tunable sizes, optimal magnetic component loading for synergistic magnetic properties, 

appropriate fluorescence component loading for optimized fluorescence signal, long-term colloidal stability, 

versatile surface functionality and effective bioconjugation/specific-targeting capability for bioapplications.  

5.2.2 Photoluminescence efficiency optimization  

One major challenge in the synthesis of such multifunctional NPs is to avoid the quenching effect of the 

photoluminescent NPs by the superparamagnetic iron oxide NPs due to the energy transfer. In other words, 

it is highly desired to construct multifunctional NPs with optimal photoluminescence to ensure their use as 

an effective optical imaging probe. With respect to Fe3O4@SiO2@NaYF4:Nd3+ NPs in chapter 4.1, the 

intermediate silica shell can effectively minimize the photoluminescence quenching by the Fe3O4 core. 

While regarding SASNs (NIR-II) in chapter 4.2 and mSiO2@PbS/CdS-Fe3O4 in chapter 4.3, the random 

distribution of PbS/CdS QDs and Fe3O4 NPs inside multifunctional particles and the possible close distance 

between PbS/CdS QDs themselves and between PbS/CdS QDs and Fe3O4 NPs causes photoluminescence 

quenching by Fe3O4 and/or the self-quenching of the QDs. So, the optimal photoluminescence in both cases 

can be regarded as the interplay between quenching effect by Fe3O4 NPs and self-quenching. It may be 

improved by controlling the distribution of the QDs and Fe3O4 NPs. Although out of the scope of this thesis, 

the optimization of their photoluminescence efficiency will be investigated in the future.  

5.2.3 Toxicity investigation  

Although these multifunctional (superparamagnetic and photoluminescent) NPs are very stable in aqueous 

solution and our cell viability MTT tests studies show that these multifunctional NPs are not toxic in the 

cell level, more systematic toxicity study needs to be done at different levels and for the lone term before 

any clinic trials. The toxicity of NPs to the normal tissues in vivo is largely depend on their intrinsic 

physicochemical properties, such as size, chemical composition and surface functionalization. However, 

such information of these multifunctional NPs is lacking. Further systematic and thorough investigation on 

the toxic effects of these hybrid NPs at organ level, and whole organism level is still required. Particularly, 

the toxicity of QDs-based multifunctional (superparamagnetic and photoluminescent) NPs which contain 
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heavy metals of Pb and Cd remains a strong concern. To be specific, the systematic biosafety evaluations 

of QDs-based multifunctional NPs in vivo, including physical appearance and body weight every day, H&E 

staining images of major organs and tumors, and complete blood panel test of treated mice and control 

group, are still necessary before further exploring their bioapplications, such as human cancer imaging. 

5.2.4 Surface modification  

It is well known that the surface modification of multifunctional NPs plays a crucial role in determining 

their toxicity and effectivity when they are introduced into biological media. Specifically, the surface 

modification is important for 1) prohibiting the agglomeration of NPs due to interparticle interactions and 

eventually providing their colloidal stability; 2) enhancing biocompatibility of NPs by preventing the 

leakage of toxic ions to the exterior environment; 3) serving as a base for further anchoring of functional 

groups such as antibodies, peptides and biomarkers. However, the main focus of the multifunctional 

nanoplatforms in this thesis is still on their magnetic and optical properties, but not on their bioengineering 

for in vivo applications. The non-modified characteristic makes these NPs more visible to the immune 

system, which results in the fast elimination from the bloodstream.   

To improve the biocompatibility and circulation time of multifunctional NPs for future in vivo experiments, 

it is of great importance to extend PEG modification on these NPs. Previously reported studies have proved 

that PEG coating reveals excellent stability in aqueous dispersions and physiological media and 

dramatically increases the blood circulation time of NPs by enhancing their hindrance from the body’s 

defence system. Additionally, after surface coating of PEG to provide suitable base, we propose to 

conjugate functional groups with PEG to the multifunctional NPs. In this case, the new formed 

nanoplatforms are expected to target NPs to specific tissue or cells by specific recognition, thus improving 

therapeutic efficiency and minimizing the toxicity to normal tissue/cells.        
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Résumé  

L’introduction  

Les nanoparticules (NP) magnétiques  ont été largement utilisées pour des applications biomédicales au 

cours des dernières décennies. Lorsque la taille des NP magnétiques diminue à une taille critique, chaque 

NP devient un seul domaine magnétique, ce qui donne lieu à la formation de NP superparamagnétiques. 

Les NPs superparamagnétiques sont rapidement saturés sous un champ magnétique (MF) externe et 

présentent une magnétisation et une coercivité résiduelles nulles lors de l'élimination du MF externe. [2,3] 

Par conséquent, les NPs superparamagnétiques peuvent être facilement manipulés par une MF externe et 

bien dispersés dans la solution après élimination de la MF externe, ce qui diffère nettement du 

comportement des NP ferromagnétiques classiques, qui forment des agglomérats non séparables après le 

confinement magnétique initial. Cette unique propriété super-paramagnétique leur confère d’énormes 

avantages pour diverses applications biologiques, notamment les agents de contraste pour imagerie par 

résonance magnétique (IRM), les diagnostics médicaux et le traitement de l’hyperthermie magnétique. 

D'autre part, les NP fluorescents, qui présentent la fluorescence souhaitée sous une excitation optique 

appropriée, ont attiré une attention considérable pour les applications biologiques. Parmi ces NP 

fluorescents, les points quantiques (QD), également connus sous le nom de minuscules nanocristaux semi-

conducteurs dont la taille est inférieure au rayon de l'exciton de Bohr, sont devenus des marqueurs 

fluorescents prometteurs. Contrairement à leurs matériaux massifs, les QD possèdent une bande interdite 

dépendante de la taille et résultant de l’effet de confinement quantique. Cela signifie que la bande interdite 

des QD diminue à mesure que la taille des QD augmente, car de plus en plus d'atomes sont liés les uns aux 

autres, ce qui fait que les niveaux d'énergie discrets se fondent progressivement en bandes d'énergie 

continuées. [17] La caractéristique unique de la bande interdite accordable résulte en les propriétés optiques 

des QD dépendantes de la taille, qui permettent éventuellement d'accorder leur photoluminescence sur une 

large plage spectrale en faisant varier leur taille. [18] Outre les QD, les NP à conversion ascendante dopées 

au lanthanide (UCNP) constituent une autre nouvelle classe de marque-bio fluorescent utilisé couramment 

pour les applications biologiques, en raison de plusieurs avantages, notamment de grands décalages de 

Stokes, une bonne stabilité chimique et physique et une faible toxicité. Fondamentalement, les UCNP sont 

constitués d’hôte cristallin inorganique et d’ions lanthanides dopés. Dans le processus fluorescent de 

conversion ascendante, les ions lanthanides dopés absorbent deux ou plusieurs photons d'excitation à basse 

énergie séquentiels dans la gamme NIR, puis se convertissent en un photon d'émission de haute énergie, 

généralement dans la gamme de UV/visible. [36, 37] 
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Cependant, les marqueurs fluorescents traditionnels sont basés sur des QD et des UCNP à émission visible, 

qui souffrent d'une faible profondeur de pénétration dans les tissus en raison de l'absorption considérable 

de lumière par les tissus et d'un faible rapport signal sur fond en raison d'une forte fluorescence du fond et 

aussi de diffusion de la lumière à partir de tissus biologiques. [7, 14] C’est une barrière majeure pour 

l'imagerie in vivo. Afin de résoudre ce problème, l’imagerie par fluorescence doit être réalisée avec une 

région de longueur d’onde supérieure à 650 nm. Des études précédemment rapportées ont prouvé que 

l'extinction globale pouvait être minimisée dans les deux gammes de longueurs d'onde (650-950 nm et 

1000-1350 nm), appelées première et deuxième fenêtres biologiques (NIR-I et NIR-II). [15] De plus, le 

fond d’auto-fluorescence peut être minimisé car la lumière d’excitation absorbée par les tissus est 

négligeable dans NIR-I/II. Le développement de QD NIR et de NPs dopés au lanthanide est donc hautement 

souhaité pour les applications biologiques. 

Au cours de la dernière décennie, les QD PbS émettant des signaux NIR avec une bande interdite directe 

de 0.41 eV à la température ambiante et un rayon de Bohr de 18 nm exciton large, fournissant une émission 

de fluorescence ajustable dans les régions NIR (825-1750 nm), suscitent une attention croissante pour les 

applications biologiques. [29] Normalement, les QD PbS étaient synthétisés selon la méthode d’injection à 

chaud, dans laquelle la source de soufre était directement injectée dans les précurseurs organométalliques 

de plomb. [29] En utilisant cette méthode, des QD PbS de haute qualité peuvent être obtenus, car les étapes 

de nucléation et de croissance des QD PbS sont efficacement séparées en contrôlant précisément la 

température pendant le processus d’injection à chaud. Cependant, le sulfure de bis (triméthylsilyle) toxique 

[(TMS)2S] en tant que source de soufre dans la synthèse des QD et la manipulation obligatoire de la 

sensibilité à l'air et à l'humidité (TMS)2S dans la boîte à gants ont rendu cette synthèse compliquée et peu 

pratique pour la fabrication à grande échelle dans l’industrie. Dans notre travail, nous avons fait notre 

possible pour synthétiser les QD PbS en remplaçant (TMS)2S par du soufre élémentaire dans un système 

plus simple et plus vert de l’OLA « non visqueux». Récemment, les NP dopés au Nd3+ sont en train de 

devenir l’un des domaines de recherche qui se développent le plus rapidement en raison de leur section 

efficace d’absorption élevée et de leur faible phototoxicité par rapport aux UCNP dopés au Yb3+ 

couramment utilisés. Plus important encore, les nanoparticules dopées au Nd3+ peuvent être efficacement 

excitées par laser à environs 800 nm (NIR-I) et présentent trois pics d'émission à 900 (NIR-I), 1060 (NIR-

II) et 1340 nm (NIR-II). Les longueurs d'onde d'excitation et d'émission des NP dopées au Nd3+  sont situées 

dans les fenêtres biologiques optiquement transparentes dans le proche infrarouge, ce qui leur permet 

d’avoir une propriété optique pénétrée dans le tissu profond avec un rapport signal sur bruit élevé. 
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Compte tenu de tous ces avantages des NP super-paramagnétiques et des Nd3+ fluorescents PbS fluorescents, 

combiner ces deux composants en une seule nano-architecture va sans aucun doute mener à une nouvelle 

gamme d'applications potentielles dans le domaine de la biomédecine. En bref, ces NP multifonctionnelles 

présentent au moins deux caractéristiques attrayantes, les propriétés de fluorescence (avec absorption et 

émission dans les régions NIR) et le super-paramagnétisme, qui leur permettent de jouer le rôle d’outils 

multidimensionnels (imagerie, confinement et traitement) dans les applications biomédicales. . 

Les objectifs de la thèse 

Cette thèse est divisée en deux parties avec deux objectifs étroitement liés. Spécifiquement, deux types 

principaux de nano-plateforme multifonctionnelles seront conçus sur la base d'un noyau magnétique. Le 

premier type est une structure noyau / coque avec une couche de fluorescence autour d’un seul noyau 

magnétique, tandis que l’autre nano-plateforme multifonctionnelle contient des NPS magnétiques et 

fluorescents qui se distribuent de façon aléatoire. 

Partie I: Nano-composites multifonctionnels (super-paramagnétiques et photoluminescents NIR à NIR) 

avec un seul noyau magnétique pour la bio-imagerie bimodale. 

Jusqu'ici, les NP multifonctionnels (superparamagnétiques et photoluminescents) se sont révélés être des 

outils extrêmement utiles pour les applications biologiques. L'une des applications biologiques les plus 

intéressantes est leur utilisation pour l'imagerie bimodale. Il est bien connu que l’imagerie optique présente 

un grand potentiel de traduction dans la clinique en raison de sa grande sensibilité au niveau subcellulaire 

et du coût relativement bas des installations d’imagerie; tandis que l'IRM est considérée comme une 

technique supérieure pour obtenir des images anatomiques, physiologiques et fonctionnelles avec une 

résolution spatiale 3D élevée. L’intégration de l’imagerie optique et IRM pour l’imagerie bimodale est 

clairement avantageuse dans la mesure où elle permettra de récupérer des informations macroscopiques et 

subcellulaires d’espèces biologiques, qui peut finalement améliorer la précision du diagnostic. Il est donc 

très important de concevoir de nouveaux NP multifonctionnels (super-paramagnétiques et 

photoluminescents) à haute sensibilité pour l’imagerie bimodale. Cependant, les NP multifonctionnelles 

(super-paramagnétiques et photoluminescentes) sont dans la plupart des cas basées sur des colorants 

organiques émetteurs visibles, des QD et des UCNPs, qui présentent une faible pénétration dans le tissu et 

une autofluorescence sévère à partir de tissu biologique, limitant ainsi leur utilisation comme bio-sonde 

pour l'imagerie in vivo. Pour résoudre ce problème, les composants photoluminescents idéaux avec leurs 

longueurs d'onde d'absorption et d'émission dans les fenêtres biologiques optiquement transparentes (NIR-
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I/II) sont hautement souhaités. Cela peut garantir que les signaux d'excitation et d'émission sont moins 

atténués pour l'acquisition d'une imagerie des tissus profonds avec un rapport signal sur bruit plus élevé. 

Par conséquent, les objectifs pour cette partie sont les suivants: 

1. Préparation et caractérisation de nouveaux nano-composites multifonctionnels (superparamagnétiques et 

photoluminescents) noyau / coquille / coquille Fe3O4/SiO2/NaYF4:Nd3+. 

2. Recherche des propriétés de photoluminescence NIR à NIR de Fe3O4/SiO2/NaYF4:Nd3+. 

3. En comparant les propriétés de pénétration des tissus profonds de NIR-à-NIR Fe3O4/SiO2/NaYF4:Nd3+ 

IP avec visible émettant de la conversion ascendante Fe3O4/SiO2/NaYF4:Er3+, Yb3+ IP par imagerie optique 

ex vivo. 

4. Exploitation de Fe3O4/SiO2/NaYF4:Nd3+ comme agent de contraste T2 pour l'IRM 

Partie II: Nano-plateforme multifonctionnelles basées sur plusieurs NP magnétiques et QD NIR à modalité 

thérapeutique 

Le développement de nano-plateforme théranostiques multifonctionnelles avancées est essentiel pour 

relever les défis du traitement du cancer, dans l'objectif de réaliser les objectifs ultimes de la médecine 

personnalisée. On s'attend à ce que ces systèmes assument simultanément des fonctions diagnostiques et 

thérapeutiques afin d'obtenir des images de haute qualité identifiant le site et la morphologie de la tumeur 

et d'atteindre le taux de guérison accru des cancers par le biais de stratégies thérapeutiques spécifiques. Le 

taux de survie peut être largement augmenté grâce à ces nano-plateforme théranostiques multifonctionnelles. 

Plus précisément, comparée avec l’imagerie optique et à l’imagerie par résonance magnétique uniquement, 

en tant qu’outil de diagnostic individuel, l’imagerie bimodale s’est révélée particulièrement intéressante, 

car elle peut fournir des informations complémentaires, comme indiqué dans la partie de l’introduction. En 

ce qui concerne les modalités thérapeutiques liées aux nano-plateforme, la thérapie magnétothermique est 

gênée par la faible efficacité de transfert d’énergie thermique des nanoparticules magnétiques, tandis que 

la thérapie photo-thermique ne convient pas aux cellules cancéreuses dans des organes distants en raison 

de la profondeur de pénétration de la lumière dans les tissus. Ainsi, l’intégration de la thérapie 

magnétothermique et photo-thermique dans une seule nano-plateforme peut constituer une approche 

thérapeutique à deux modes permettant d’obtenir un traitement du cancer des tissus profonds à haute 

efficacité. En outre, les chimiothérapies conventionnelles contre les cancers souffrent souvent de la faible 

efficacité thérapeutique (la monothérapie n’ayant pas la capacité de guérir le cancer de manière synergique 
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ou additive) et d’effets secondaires graves à cause des caractéristiques de libération incontrôlable du 

médicament. Une nano-plateforme multifonctionnelle (super-paramagnétique et photoluminescente) avec 

mode de délivrance de médicament peut améliorer les performances des agents chimiothérapeutiques, et 

réduire la toxicité globale en renforçant la spécificité de la délivrance de médicament par ciblage tumoral 

en présence d'un champ magnétique appliqué. En outre, la conception de nano-plateforme externes 

sensibles au stimulus pour un traitement du cancer contrôlé à distance peut potentiellement éviter une 

surdose de médicament et réduire les effets secondaires. 

Par conséquent, les objectifs pour cette partie sont les suivants: 

1. Préparer et caractériser les super-nanoparticules de Fe3O4 et PbS/CdS (NIR-II) auto-assemblées [SASN 

(NIR-II)], et étudier leur mécanisme de formation d'auto-assemblage. 

2. Recherche de l'application des SASN (NIR-II) pour l'imagerie bimodale des tissus profonds (optique et 

IRM). 

3. Étudier le traitement thermique bimodale (thérapie magnétothermique et photo-thermique) à l'aide de 

SASN (NIR-II). 

4. Synthétiser et caractériser une nano-plateforme multifonctionnelle (super-paramagnétique et 

photoluminescente) à base de mSiO2 et de mSiO2 à grands pores (mSiO2@PbS/CdS-Fe3O4). 

5. Surveiller le comportement de libération du médicament en réponse aux multi-stimuli (pH / MF / NIR) 

de mSiO2@PbS/CdS-Fe3O4 après avoir été chargé avec un médicament anticancéreux. 

6. Étudier l'effet synergique du mode de chauffage intégré et de la libération de mSiO2@PbS/CdS-Fe3O4 

par un médicament sensible aux stimuli. 

Dans la première section, nous avons spécifiquement développé une nano-plateforme multifonctionnelle 

cœur/coque /coque (Fe3O4@SiO2@NaYF4:Nd3+), qui consiste en un noyau super-paramagnétique en Fe3O4 

entouré d'une coque intermédiaire en SiO2 et recouvert d'une couche de photoluminescence externe en 

NaYF4:Nd3+, comme le montre sur la Figure 1. Cette nano-plateforme multifonctionnelle peut être 

efficacement excitée par laser à environ. 800 nm (NIR-I) et présentent trois pics d'émission à 900 (NIR-I), 

1060 (NIR-II) et 1340 nm (NIR-II). Les longueurs d'onde d'excitation et d'émission sont situées à l'intérieur 

des fenêtres biologiques optiquement transparentes dans le proche infrarouge (figure 2). En raison de cette 

caractéristique unique de photoluminescence NIR à NIR, les NPs Fe3O4@SiO2@NaYF4:Nd3+ préparées 
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présentent une propriété optique pénétrée dans le tissu profond avec un rapport signal sur bruit élevé. Notre 

expérience d'imagerie NIR a démontré que le signal de photoluminescence NIR de 

Fe3O4@SiO2@NaYF4:Nd3+ peuvent être transmis à travers un tissu aussi épais que 13 mm (Figure 2), 

environ trois fois plus épais que celui obtenu par les similaire NPs de noyau/coquille/coquille contenant la 

coquille de Fe3O4@SiO2@NaYF4:Er3+,Yb3+. D'autre part, Fe3O4@SiO2@NaYF4:Nd3+ peut servir d'agent de 

contraste T2 négatif pour l'imagerie par résonance magnétique, comme en témoigne le remarquable effet  

 

Figure 1. Illustration schématique de la procédure de synthèse de NPs Fe3O4@SiO2@NaYF4:Nd3+ . 

 

Figure 2. Imagerie en TEM de NPs Fe3O4@SiO2@NaYF4:Nd3+ et leur caractéristique de 

photoluminescence NIR à NIR; Images IRM in vivo pondérées en T2 de souris nue portant une tumeur 

acquise 30 minutes après l'injection intra-tumorale de Fe3O4@SiO2@NaYF4:Nd3+; Imagerie 

photoluminescente d'échantillons de poitrines de poulet d'épaisseurs différentes (0, 2, 4, 6, 8 et 10 mm) 

placées au sommet d'un microcanal contenant du Fe3O4@SiO2@NaYF4:Nd3+ dispersés dans une solution 

aqueuse sous excitation d'un laser à 806 nm. 



164 
 

d'assombrissement dans une expérience d'imagerie par résonance magnétique in vivo (Figure 2). Ces 

résultats suggèrent que les NP Fe3O4@SiO2@NaYF4:Nd3+ sont des candidats très prometteurs pour 

l’imagerie in vivo à haute résolution et en mode double dans les tissus profonds (optique et MR). 

Les résultats correspondants dans cette section sont publiés dans l’article suivante: 

Fan Yang, Artiom Skripka, Antonio Benayas, Xianke Dong, Sung Hwa Hong, Fuqiang Ren, Jung Kwon 

Oh, Xinyu Liu, Fiorenzo Vetrone, and Dongling Ma, An Integrated Multifunctional Nanoplatform for 

Deep-tissue Dual-Mode Imaging. Adv. Funct. Mater., 28 (2018) 1706235.  

La nano-plateforme multifonctionnelle de la partie I présente une faible aimantation en raison de sa 

caractéristique de noyau magnétique unique, qui ne convient pas aux applications biologiques par 

entraînement magnétique et à la thérapie magnétothermique. L'ingénierie d'une nano-plateforme 

multifonctionnelle contenant de multiples NP magnétiques est bénéfique pour réaliser des bio-applications 

de confinement rapides et pour obtenir une thérapie magnétothermique plus efficace. La partie II est donc 

centrée sur le développement de nouveaux NPs théranostiques multifonctionnels exploitant plusieurs NPs 

Fe3O4 super-paramagnétiques et d'intéressants QD PbS/CdS émetteurs de NIR, ainsi que leur intégration 

dans une nano-plateforme unique par auto-assemblage. Il est bien connu que les super-nanoparticules (SP) 

multifonctionnelles synthétisées par auto-assemblage possèdent non seulement les caractéristiques 

physiques et chimiques intrinsèques de leurs NP individuelles, mais également les propriétés collectives de 

ces NP dues aux effets de couplage. Par conséquent, cette nano-plateforme a été spécifiquement préparée 

par auto-assemblage de NPs Fe3O4 et de QD photoluminescents PbS/CdS avec leur émission dans NIR-II 

[SASN (NIR-II)] et son mécanisme de formation d’auto-assemblage a été systématiquement étudié dans la 

Figure 3a. Les SASN sphériques 3D résultants (NIR-II) sont composés de multiples NPs Fe3O4 et QD 

PbS/CdS distribués de manière aléatoire, avec une taille moyenne totale de 61.3 ± 0.4 nm de diamètre 

(Figure 3b-d). Les expériences d'imagerie par photoluminescence ex vivo ont révélé les remarquables 

capacités de pénétration des super-nanoparticules autoa-ssemblées de Fe3O4 et de PbS/CdS (NIR-II) [SASN 

(NIR-II)], qui sont bénéfiques pour la bio-imagerie optique. Pendant ce temps, la caractéristique de 

regroupement induite par l'auto-assemblage des SASN (NIR-II)] leur a conféré une propriété de relaxivité 

T2 améliorée pour l'imagerie par résonance magnétique. En plus, les SASN préparés (NIR-II) dans notre 

travail possèdent la double capacité d'agir simultanément comme agents magnétothermiques et photo-

thermiques, surmontant les principaux inconvénients de chaque type de chauffage séparément (Figure 4a, 

b). Lorsque les SASN (NIR-II) ont été exposés à la configuration de chauffage à double mode 

(magnétothermique et photothermique), l'efficacité du transfert d'énergie thermique (puissance de perte 

spécifique, SLP) a été multipliée par 7 par rapport au chauffage magnétique seul. Ces résultats, alliés à 
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l'excellente stabilité photo et colloïdale et à la cytotoxicité négligeable, démontrent l'utilisation potentielle 

des SASN (NIR-II) pour l'imagerie bimodale des tissus profonds (optique et IRM) in vivo, tout en 

permettant simultanément aux SASN (NIR-II) ) traitement thermique bimodale par médiation pour le 

traitement du cancer. 

 

Figure 3. (a) Illustration schématique du processus de formation des SASN (NIR-II). (b-d) images TEM 

des SASN (NIR-II) à différents grossissements. 

 

Figure 4. (a) Schéma de la configuration pour les expériences combinées magnétothermique et photo-

thermique. (b) Les images thermiques de la solution SASN (NIR-II) après 5 min de chaque modulation 

(laser à 3,3 W / cm2, AMF à 7 kA / m, mode double). Les images thermiques sont prises à partir du haut 

du tube avec la vue en coupe. 
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Les résultats correspondants dans cette section sont publiés dans l’article suivant: 

Fan Yang, Artiom Skripka, Maryam Sadat Tabatabaei, Sung Hwa Hong, Fuqiang Ren, Antonio Benayas, 

Jung Kwon Oh, Sylvain Martel, Xinyu Liu, Fiorenzo Vetrone, and Dongling Ma, Multifunctional self-

assembled supernanoparticles for deep-tissue bimodal imaging and amplified dual-mode heating treatment. 

ACS Nano, 13 (2019) 408-420. 

Bien que les SASN (NIR-II) possèdent une excellente modalité thérapeutique de chauffage à double mode, 

le revêtement de polyvinylpyrrolidone (PVP) utilisé en tant que stabilisateur de surface des NP montre une 

biocompatibilité correcte et une difficulté pour une fonctionnalisation plus poussée. De plus, nous 

proposons d’explorer les modalités d’administration des médicaments avec notre nano-plateforme 

multifonctionnelle. Des travaux publiés antérieurement ont indiqué que les matériaux mésoporeux 

conviennent parfaitement à la délivrance de médicaments. Avec cette considération, la silice mésoporeuse  

 

Figure 5. (a) Illustration schématique de la procédure de synthèse our mSiO2@PbS/CdS-Fe3O4. (b) Image 

TEM de mSiO2. L'encart montre l'image TEM correspondante de mSiO2 à un grossissement supérieur. (c) 

Images TEM de mSiO2 modifié par un thiol (désigné ici par mSiO2-SH), (d) QD PbS/CdS et (e) NPs Fe3O4. 

(f, g) Images TEM de mSiO2@PbS/CdS-Fe3O4 à différents grossissements. 
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 (mSiO2) apparaît comme un support de médicament prometteur, car elle possède généralement un cadre 

mésostructuré rigide, qui offre une grande stabilité et une facilité de fonctionnalisation de surface pour la 

liaison des molécules de médicament. Dans la troisième section, nous avons synthétisé un mSiO2 à pores 

relativement gros (> 10 nm) par une approche de croissance continue à stratification biphasique (Figure 5a-

c). Après une simple réaction de couplage au silane, en raison de sa structure unique à pores relativement 

grands et à sa capacité de charge élevée, le mSiO2 modifié par un thiol peut être utilisé comme matrice pour  

 

Figure 6. (a) Illustration schématique de la libération de DOX induite par la chaleur PTT / MHT et induite 

par la chaleur en réponse au laser externe et à la MF. (b) Images thermiques de la solution 

mSiO2@PbS/CdS-Fe3O4 après 30 min de deux types de modulation (laser à 1,3 W/cm2, MF à 5 kA/m). (c) 

Courbes de température correspondantes dépendant du temps de la solution de mSiO2@PbS/CdS-Fe3O4 

(0,4 mg dans un volume total de 2 mL). (d) Profils de libération par DOX de la dispersion de 

mSiO2@PbS/CdS-Fe3O4/DOX (0,2 mg/mL, 2 mL) stimulée par laser / MF (en hausse) et évolution dans le 

temps de la température correspondante de la solution (en bas); la dispersion de mSiO2@PbS/CdS-

Fe3O4/DOX sans stimulation, c'est-à-dire sans utilisation du laser ou de MF, est montrée à titre de témoin. 

Le laser et MF ont été commutés entre les modes «ON» et «OFF». 
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incorporer des QD PbS/CdS (Figure 5d) et des NPs Fe3O4 super-paramagnétiques (Figure 5e) de réaction 

axée sur la coordination. Cette nano-plateforme théranostique (mSiO2@PbS/CdS-Fe3O4) (figure 5f, g) peut 

produire un fort chauffage local en tant qu'agent hautement efficace de traitement de l'hyperthermie 

magnétique (THP) / thérapie photo-thermique (PTT) sous l'effet d'un stimulus physique externe du champ 

magnétique (MF) et / ou un laser NIR (figure 6a-d). Après avoir été chargé de DOX, le taux de libération 

de DOX sous des stimuli multiples (pH/MF/NIR) a été significativement accru à un pH et à des 

températures plus élevés, provoqués par des effets magnétothermiques / photo-thermiques. Nos résultats 

ouvrent la voie au développement d’une nano-plateforme théranostique multifonctionnelle prometteuse 

pour l’imagerie bimodale et l’intégration simultanée de capacités de traitement synergiques et hautement 

localisées de la libération de médicaments sensibles au pH/MF/NIR. 

Les résultats correspondants dans cette section sont publiés dans l’article suivant: 

Fan Yang, Artiom Skripka, Maryam Sadat Tabatabaei, Sung Hwa Hong, Fuqiang Ren, Yue Huang, Jung 

Kwon Oh, Sylvain Martel, Xinyu Liu, Fiorenzo Vetrone, and Dongling Ma, Magnetic-Photoluminescent 

Nanoplatform Built from Large-Pore Mesoporous Silica. Chem. Mater., 31 (2019) 3201-3210. 

 

 


