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Abstract

Combination of quantum dots (QDs) and magnetic nanoparticles (MNPS) as magnetic quantum dots
(MQDs) has a broad range of applications as multifunctional nanoscale devices in biological imaging,
medical nano-diagnostics and nanomedicine. MQDs derived from iron oxide nanoparticles and QDs
possess excellent superparamagnetic and fluorescent properties, respectively making them multifunctional
nanoprobes because of their; (a) strong magnetic strength with tunable functionality, such as rapid and
simple magnetic separation, (b) intense and stable fluorescence from QDs combined with tunable
biological functionality upon QDs’ bio-activation, and (c) imaging/visualization by simple ultraviolet
light exposure. These excellent features of MQD nanoprobes enablr them to be used for magnetic
resonance imaging (MRI) as contrast agents, nano-diagnostic systeme fo, Point-of-Care (PoC) disease
diagnosis, theranostics nanorobots and in other bio-medical applicatior.~ M.ost of MQDs are derived from
iron based MNPs because of their abundancy, superparamagn.tic Jroperties, low cost and easy to
synthesize. In this review, we present different methods e=-nic ‘ed for chemical synthesis of MQDs
derived from iron oxide MNPs, their major chemical compc<izions and important parameters, such as
precursor compositions, quantum yield and magnetic pi-.perties. The review also summarizes the most
frequently used MQDs in applications such as bio-i'agn.y, drug delivery, biosensor platforms and finally

ends with future prospects and considerations “or M.QDs in biomedical applications.

Keywords: Magnetic iron oxiu™ nunoparticles; quantum dots; nano-diagnostics; drug delivery; MRI;

biological applications



1. Introduction

Combination of fluorescent materials and magnetic nanoparticles (MNPs) find significant importance
as multimodal fluorescent-magnetic hybrid nanomaterials mainly in biological applications. These hybrid
nanomaterials carry fluorescent and magnetic properties that make them most suitable for in-vitro and in -
vivo biological imaging, medical diagnostics, treatment and drug delivery systems. Until recently, a
variety of organic dyes have been used as fluorescent materials in combination with magnetic
nanoparticles for biological analysis [1-5]. However, using traditional organic dyes have limitations in
their performance due to their pH dependency, photo-bleaching, narrow absorption wavelength,
asymmetric emission spectra, small stokes shifts, and short excited state fluorescent lifetime [6-8].
Recently, QD nanocrystals with sizes 2-10 nm has attracted much attertio,. due to their particle size and
composition-tunable emission, broad excitation and absorption -anye, narrow and symmetrical
photoemission and strong luminescence and robust photo-stabilit,, T iese QDs have found applications
in biosensors, biological imaging, laser diodes, light devices z~qa (nergy material because of their unique
size dependent physico-chemical and optical properties. QD- 2re semiconductor nanocrystals composed
of groups 11-VI or 111-V elements and found to be excr.ae At inorganic fluorophores that exhibit luminesce
and glow when excited by a specific wavelengt> ligi.. source, offering significant advantages over
conventional organic dyes for biomedical and "iolr gical applications [9-12].

Semiconductor QDs can be alternative to orga.ic fluorophores in biological applications, where QDs
are made of II/VI group elements (sur.. as ~dSe, CdTe) that presents inherent cytotoxicity due to
individual ions (Cd*" Se?, and Te®). Tn ¢ ~rcome this issue, a thick shell of ZnS is usually grown over
the core CdSe or CdTe nanoparticl :s 1.2aking them less toxic as compared to ions of core dots. The outer
shell of ZnS serves as a barrier t.°t Lrevents from contact of core (CdSe) with surrounding solvent and
dissolve from ionization. Th. o', shell also enhances the quantum yield by passivating the non-radiative
recombination sites on cu e scriace. Semiconductor QDs based on the elements of groups I11-V found to
be less toxic and more ste®'e due to the presence of a covalent bond as compared with an ionic bond in
the semiconductor QDs element of 11-VI group [13]. QDs functionalized with desired affinity ligands or
receptors could offer extensive multiplexing when used combinatorially with varying QD sizes and
surface ligands/receptors, they not only provide specificity and sensitivity, but also enable bio-imaging,
photodynamic therapy and quantitatively measuring the target molecules/pathogens or serum biomarkers.
QD-based bio-conjugates were applied into FRET diagnostic probes [14-16], western blotting [17],
microbeads labeled-microarrays [18, 19], QD-fluorescence quenching assays [20-22] and other QD-based
immunochemistry assays [23-27] for the cancer protein disease biomarker detection [28]. But most of
these reported biological systems suffer from colloidal nature of QD dispersions which prone to steric

hindrance and less successful owing the physical or chemical stability and insufficient sensitivity in



biological assays. Although, many approaches have been attempted to improve QDs physico-chemical
stability [28, 29]. However, fabrication of QDs based bio-conjugation assays for biological application are
challenging because QDs cannot be easily functionalized with bio-receptors and shown to have
irreversible precipitation and quenching [28, 30].

The MNPs composed of iron oxide (FesO4) exhibit paramagnetic characteristic in solution and
substantially restrict their potential aggregation [31]. These MNPs have been successfully used in
magnetic activated cell separations, single molecule manipulation and magnetic resonance imaging
(MRI), which is approved by FDA [32]. Utilization of biological receptor functionalized with pure MNPs
alone provide easy separation, collection and rapid filtration of the prok2s, however their applications are
limited for rapid qualitative diagnostic test in resource limited settings MQDs composed of both MNPs
and QDs on other hand have found multifunctional nanosystems wvitt. collective luminescence and
magnetic functionality most desirable in in vivo and in-vitro hi>-im.ging and therapeutic applications
[33]. Individual QDs or magnetic core-shell nanostructures a'ze :»ave been extensively used for targeted
drug delivery or medicinal applications [reviewed in 34]. . tle present paper, we reviewed different
synthesis methods for MQDs composed of both iro' « xide MNPs and QDs components in a single
nanoarchitecture. This review also summarizes the most frequently utilized MQDs in various
applications, such as drug delivery, bio-imzainc, hyperthermia, magnetic heating, various biosensor
platforms and highlighted the major chemical compositions, synthesis parameters such as precursor
compositions, quantum yield, magnetic p~,eru2s and designing of MQDs based bioassay.

This review covered three di*i~re~t chemical methods to synthesizing MQDs mainly by
heterocrystalline growth, co-encapsdlaion or assembly of QDs and magnetic nanoparticles, and doping of
QDs with paramagnetic transitior. meal ions. In the following sections, we describe each of the above

MQD synthesis categories ir. «*aw Jf their proven biomedical/biological applications.

2. Synthesis of MQDs by 1eterocrystalline growth

Combination of QDs and MNPs as core-shell or two distinct asymmetric nanoparticles (heterodimer)
or dumbbell-like nanoparticles can be synthesized by hetero-crystalline growth method. Lee et al. [35]
synthesized colloidal nanostructures combining magnetic FePt with PbS and PbSe in the form of core-
shell nanostructures (nanodumbbells) (Figure 1la-b). At first, FePt magnetic nanoparticles were
synthesized and then these nanoparticles were dissolved in toluene and injected to lead oleate complex
under nitrogen gas flow. The solution of bis(trimethylsilyl)sulfide (TMS,S) in octadecene was then
injected rapidly to form PbS shell around the FePt nanoparticles. The controlled reaction time and
temperature of lead oleate complex governed the thickness of PbS shell and shape of core-shell

nanoparticles. Injection of TMS,S solution into lead oleate complex at 100 °C gave rise to spherical FePt-



PbS core-shell nanostructures (Figure 1a), while at 150 °C yielded cubic core-shell nanostructures (Figure
1c)). FePt-PbSe nanostructures were synthesized using trioctylphosphine selenide instead of TMS,S
solution. In this method, to synthesize dumbbell-like FePt-PbS nanostructures, FePt magnetic
nanoparticles were washed extensively from oleylamine ligands and recapped them with less labile oleate
ligands (Figure 1a). These MQDs nanostructures exhibited semiconductor-type transport properties with
magnetoresistance and magnetic tunnel junctions. However, Pb based QDs are more suitable for
optoelectronic applications due to IR emission characteristics but the presence of Pb pose cytotoxicity
threat to living cells and therefore not suitable for biological applications.
100°C 130°C
(@) FePt-PbS : .
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Figure 1. (a) Schematic sh~ws synthesis conditions for FePt-Pbs nanodumbells and cubical core shell or

heterodimer morphologies at 100 °C and 150 °C, respectively [35]. (b-c) Transmission electron
microscopy (TEM) images of FePt—PbS nanostructures with (a) dumbbell and (b) cubic core—shell
morphologies [35].

Dumbbell shaped iron phosphide-CdTe (FeP-CdTe) MQDs were synthesized by one pot method [36].
To synthesize multifunctional fluorescent MQDs nanocomposites, first magnetic nanocrystals were
formed, and then, without additional purification steps, precursors for QD formation were added to the
same reaction flask that yielded heterodimer structures. This method was based on high temperature

precursor decomposition in which iron pentacarbonyl solution was injected in hot solution of



trioctylphosphine (TOP) and trioctylphosphine oxide (TOPQO) under argon flow to form FeP magnetic
nanoparticles. To synthesize nanocomposite of magnetic fluorescent nanocrystals, cadmium oxide and
tetradecylphosphonic acid was added to the reactor containing previously synthesized FeP nanoparticle
solution. Then, a separately prepared solution of tellurium in TOP was injected in CdO solution to form
heterodimer MQDs. These synthesized MQDs displayed paramagnetic property whereas that the free FeP
nanoparticles displayed ferromagnetic property. This study suggested that interaction between magnetic
and fluorescent properties occur in MQDs which maybe attributed due to alteration of the FeP
nanoparticle structure following complexation with CdTe QDs. The high temperature decomposition
process facilitated migration of atoms within crystal lattice and resv'ted in structural rearrangements
through doping of FeP nanoparticles or surface adsorption of CdTe phase. Moreover, it is demonstrated
that the intensity of photoluminescence (PL) peaks could be tuned by ch7.nging the precursor FeP:CdTe
ratios to obtain desired optical properties of MQDs [36].

In another report, heterodimer CdSe-yFe,O3 MQDs . 'as synthesized by seed mediated high
temperature method [37]. Bi-functional MQDs with tunable . ™:ssion properties were achieved by seed-
mediated growth of fluorescent CdSe QDs around y-Fe,u, magnetic cores at high temperature (300 °C) in
the presence of organic surfactants. In seed mediate- gruwth method, first maghemite was synthesized by
mixing iron pentacarbonyl, octyl ether and ol- « ar.id and heating this mixture at 280 °C for 1 h followed
by cooling to room temperature. After thi=. an ox.Jdant was added, and the temperature was raised to 130
°C and maintained for 2 h. The magh~..ite nanoparticles formed was cooled to room temperature,
precipitated and washed with ethanol 2~d red. To synthesize MQDs, CdO and stearic acid were heated
to 150-200 °C and then cooled to t'ie \ ~om temperature. Maghemite, TOPO and hexadecyl amine (HDA)
as the surfactant were added to t.~ n.ixture and heated to 280-300 °C. Se solution in trioctylphosphine
was quickly injected into thc miawdre that allowed the QDs to grow at different time intervals to yield
different sizes of QDs. ~. an,,, MQDs thus synthesized were precipitated and separated by a magnet and
dried. These MQDs were *.en coated with a thin silica layer via the reverse microemulsion method in
order to functionalize with polyethylene glycol (PEG). For this, MQDs was dispersed in chloroform and
then aminopropy! trimethoxysilane (APS) was added to the solution and stirred for 1 h. Then, tetramethyl
ammoniumhydroxide (TMAH) in 2-propanol/methanol was added to the mixture. After 1 h of stirring,
deionized water was added and continued stirring to form MQD-SiO, nanoparticles. The nanoparticles
were washed with chloroform to remove surfactant and unreacted chemicals. A second APS layer was
added to the MQD-SIiO, dispersed in phosphate buffered saline (PBS) for better dispersity. This method
required high temperature to decompose precursor for the fabrication of heterodimer MQDs structure as
shown in Figure 2(a-f). Moreover, crystallographic lattice match between MNPs and QDs, reaction

temperature and ligand-type in MNPs are some factors that affect surface energy and formation of QDs



around or beside the MNPs. Important issue in heterocrystalline growth, MQDs exhibited very low PL
and gquantum yield (QY) because of crystal lattice mismatch between MNPs and QDs. Further research
experiments are required that should be directed toward preserving the native PL and QY of QDs within
MQDs, while keeping its heterodimer structure intact, which will allow to achieve efficient multimodal
functionality for biological applications. Further, Lin et al. bioconjugated as-synthesized MQD-SiO,
nanoparticles and successfully labeled the cell membrane of HepG2 human live cancer cells and 4T1
mouse breast cancer cells (Figure 2g-h). For this, MQDs was activated using oleyl-O-poly
(ethyleneglycol)-succinyl-N-hydroxysuccinimidyl ester denoted as bio-anchored membrane (BAM) and
the NHS ester was formed with surface amine group on MQD-SiO,, or by reaction of the surface silanol
groups on the silica-coated particles with the aminopropyl trimethoxysitane ‘APS) conjugated to oleyl-O-
poly (ethyleneglycol)-succinyl-N-hydroxysuccinimidyl ester (Figure ?a-f,. These functionalized MQDs
were used for live HepG2 cell membrane labeling using BAM-fi'n tion alized, silica-coated, green and red
MQDs as shown the confocal images (Figure 2g-h).

Cd (St), + >
TOPO + HDA ().

r—q')_\)g/Cdse
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Figure 2. (a) Schematic shows synthesis procedure for heterodimer y-Fe,0;-CdSe MQDs formation and
bio-anchored membrane (BAM)-SiO,-MQDs for bio-labeling, (b—d) photographic images showing the
fluorescence and magnetic properties of MQDs after magnetic harvesting and excitation at 365 nm (by
UV lamp), and (e, f) HRTEM images of y-Fe,0;—CdSe MQD dimers (11-14 nm) and (g-h): confocal



images of HepG2 live cell membrane labeled using BAM/SiO,/MQDs with green and red emissions,

respectively [37].

Bhandari et al. fabricated new arrangement of superparamagnetic iron oxide nanoparticle (SPION)
with ZnS QDs (Fe;O4 —ZnS) multimodal nanocomposite, where cysteine-capped gquantum dots were
grown on the surface of Fe;O, nanoparticles [38]. These nanoparticles were then treated with 8-hydroxy
quinoline (HQ) to form octahedral ZnQ, complexes on the surface of the ZnS QDs as shown Figure 3a
[38]. The new composition (octahedral ZnQ,) synthesized through complexation reaction of Fe;0,~2ZnS
nanocrystals exhibited high photoluminescence quantum yield, photost~bility, superparamagnetism, high
luminescence stability in human blood serum, non-toxic and magret Jtided specific cell imaging
properties (Figure 3a-b). This study also demonstrated biological ap,'ic7.tion by utilizing the magnetic
property of the MQDs composite for labeling of cells with spafia. cor ol using external magnetic field.
The SPION Fe;04—2ZnS composite exhibited bright green luri~escence under confocal microscope using
405 nm diode laser (Figure 3c). The strong green luminescen. " *.vas observed for the cells incubated with
MQDs on the coverslip which was placed near the mav iet (Figure 3b), whereas the cells placed away
from the magnet showed negligible luminescenc-. As synthesized SPION Fe;O,~ZnS nanocrystals
demonstrated possibility to using them for tarjetea cellular imaging and drug delivery. Table 1
summarizes different precursor compositi~ns, maynetic properties for the synthesis of different types of

heterocrystalline MQDs.
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Figure 3. (a) Schematic representation of the formation of Fe;0,~ZnS MQDs nanocomposite [38]. (b)

Photographs of the aqueous dispersion of Fe;s0, —ZnS MQDs nanocomposite in the absence (al-a2) and

presence of an external magnetic field under (b1) white and (b2) UV light (365 nm). (c) Confocal laser



scanning microscopic images (scale bar -25 um) of cells on slide surface with a magnet placed below

coverslip during incubation to pull the cells.

Table 1. Summary and comparison in chemical compositions of different precursors and magnetic

properties of synthesized heterocrystalline MQDs.

MNP MNP QD QD MQD Magnetism at Refer
Precursor Compos  Precursor Composit  (emu g™) ence
ition ion
Platinum FePt PbO; OA; ODE; PbS Cubic core-shell: 0.1 [35]
acetylacetonate toluene; TMS,S Sphere core-shell:
1, 2-tetradecanediol L.a75
octyl ether PbO; OA; ODE; PbSe Zubi> dumbbell 2.1
OA; oleylamine; toluene; CpHs;Se Spl 2re dumbbell 1.25
Fe(CO)s aiL 300° K
Fe(CO)s; TOP; TOPO  FeP CdO CdTe Aaramagnetic property  [36]
TDPA (quantum yield: 25%)
Te powder
Fe(CO)s; Octyl ether v-Fe,0;  CdO; HAD; TOP; Cal- 0.3 at 70°K [37]
OA; TOPO; So (quantum yield = 25%)
Trimethylamine N- powder;
oxide Stearic acid
Sodium oleate; Fe304 Cysteine: ZnS 5 [38]
FeCl;.6H,0; hexane Hydrochic - de; (quantum yield = 0.6%)
tetramethylammonium Zinc ~cetate; \Na,S
hydroxide; OA;
Oleylamine

3. Synthesis of MQDs by co-e:*~a,. ~ulation method
In encapsulation method .= und magnetic nanoparticles were embedded inside the silica matrix or
polymers beads or mic_'le. to Jabricate MQDs and the following section describes the most efficient

method for co-encapsulation

3.1. Silica coated MQDs

One of the main reasons for coating silica on QDs is because of its biocompatibility and to prevent
toxicity, because QDs contain heavy metals that is toxic to living system. Therefore, coating of QDs with
biocompatible silica is a suitable method to prevent toxicity effect and to conveniently use them in
biological applications. Sun et al. [39] synthesized multifunctional folate-conjugated core/shell silica
nanocomposites by encapsulating Fe;O, magnet nanoparticles and CdSeS QDs inside the hollow silica
nanospheres fluorescence imaging of cancerous cells. Water soluble cetyltrimethylammonium bromide

(CTAB)-stabilized Fe;O, nanoparticles and QDs are used as templates and tetraethylorthosilicate (TEOS)



is used as a precursor to obtain hollow silica nanocomposites as shown in Figure 4a. The magnetic nature
of synthesized MQDs nanocomposite was clearly revealed by accumulated intense luminescence with
option to simultaneously manipulate using an applied external magnetic field (Figure 4b(i-ii)). Further,
this study attempted MQDs conjugation with folic acid as the ligand for interaction with folate receptors
in cancer cells, as well as to imaging human cervical carcinoma (HeLa) cancer cells for fluorescence

microscopy imaging and analysis.
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Figure 4. (@) Shows the schem: \or the synthesis procedure of multifunctional folate-conjugated
core/shell silica nanocomposites oV cacapsulated Fe;O, magnet nanoparticles and CdSeS quantum dots
inside the hollow silica nan~z2hheris and (b) Photographs of synthesized magnetic and fluorescent silica
spheres under natural Pyt a3 JV irradiation at 365 nm (i) in absence of external magnet field and (ii)

presence of external handhe!J magnetic field [39].

In another study, biocompatible luminescent superparamagnetic Fe;0,/SiO, cored-CdSe/ZnS QDs
were synthesized for radio frequency (RF) treatment of cancer cells. Here, to synthesize Fe;0,/SiO,-
CdSe/znS MQDs, Fe;0,4 nanoparticles were coated with a silica shell followed by formation of assembly
of water-soluble CdSe—ZnS QDs by the conjugation of an SH group. These MQDs were labeled on
cancer cells that were subjected to radio frequency treatment and successfully imaged cancer cells
undergoing apoptosis process [40]. Although, these MQDs nanocomposite showed bright orange
emission under UV radiation after up-taking into pancreatic human cancer cells, however these

nanocomposite particles were relatively large in size. Song et al. [41] embedded Fe;O, nanoparticles and

10



water soluble CdTe QDs inside silica shell by hydrolysis and condensation of TEOS in presence of
ammonia catalyst using reverse micro-emulsion method. This method enabled to synthesize MQDs
nanocomposite with different magnetic potential by varying magnetic nanoparticle concentrations during
reaction process (Figure 5). The study investigated the capture efficiency of these hybrid nanoparticles
using fluorophore-labeled 1gG through sequential magnetic separation, capture, and also detection of

multiplex antigens using different antibodies under external magnetic field.

. -b\ : /i —Ir2 0
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Figure 5. Schematic of fabricatioi. a1 (CdTe/Fe;0,)@SiO, MQDs with different magnetic potentials [41].

Ma et al. [42] syi.0.>s1.22 multilayered core-shell QDs with magnetic nanoparticles for imaging
breast cancer tumors. Thkic study reported synthesis of MQDs probes with multimodality imaging
capability by the combination of QDs and other functional nanoparticles in the same matrix, which
involved MNPs (high T, relaxivity), VIS-fluorescent CdSe/ZnS QDs (Em 600 nm), and near infrared
(NIR)-fluorescent CdSeTe/CdS QDs (Em 780 nm). For this, a reverse micro-emulsion technique was
used in which hydrolysis of TEOS was utilized in the presence of ammonia for Fe;O4 nanoparticles/SiO,
layer formation. Different nanoparticles were encapsulated in the core with a number of silica layers.
Then visible-fluorescent CdSe-ZnS QDs (separately prepared) and TEOS were added to the liquid system
subsequently condenses to form a thin shell of QDs covered with silica layer and then the hydrolysis of
TEOS was utilized to encapsulate NIR CdSeTe/CdS QDs with another layer of silica. (Figure 6a). The

multimodality imaging capability of synthesized multilayered MQDs probe was demonstrated by
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integrated advantages of MRI, VIS- and NIR-fluorescence imaging technigques using a mouse model for
human breast cancer detection (Figure 6b(i-iv)). For this, the surface of nanoparticles was functionalized
using 3-aminopropyltrimethoxysilane (APTS), and 3-(trihydroxysilyl)-propylmethyl-phosphonate
(THPMP) and bioconjugated anti-HER?2 antibody (human epidermal growth factor receptor 2) and BSA
via amine and carboxy functional groups. In-vivo multimodal near infrared fluorescence imaging of the
tumor mice (KPL-4 cells transplanted) was possible due to the property of QDs to excite with near
infrared light that had high tissue permeability as shown in Figure 6b(i-iv). It was reported that VIS-
fluorescence imaging showed limitation of spatial resolution in in vivo imaging due to the strong
absorption and scattering by blood and tissues. This problem was solver! by integrating NIR CdSeTe/CdS
QDs encapsulated with an extra layer of silica. In addition, this work =!su demonstrated the multimodal
in-vivo MRI to detect breast tumors more sensitively and accuratelv v-inr, synthesized MQDs exploiting
their near infrared fluorescence and magnetic properties.

(a)
@ WMNPs
NH4OH+NP- 9
o == ‘ e ] ",
TEOS TEOS Yy @ VIS-FLQDs

. © NIR-FL QDs

Y

Funcﬂonal \ Bioconjugation "\‘/'“
-NH2 ll 4 “' ™. 'MQQ probe
modlfcatlon -
(

‘r

Figure 6. (a) Schematic shows the synthesis process of multilayered core-shell magnetic
nanoparticles/silica and QDs probe via stepwise encapsulation by micro-emulsion method [42] and (b) In
-vivo NIR fluorescence imaging of a HER2-MQDs probe injected mice bearing human breast tumors: (i,
ii) 0.1 h and (iii, iv) 48 h after injection of the HER2-MQD-probe. The color mapping images of (ii) and

(iv) show the fluorescence intensity at 830 nm [42].
Wang et al. [43] synthesized fluorescent magnetic QD nanoparticles composed of silica-wrapped

CdTe and Fe;0O, magnetic nanoparticles for in vivo targeted magnetofluorescent imaging of gastric

cancer. These fluorescent magnetic QD nanoparticles were functionalized with free carboxyl groups on

12



silica-shell surface and conjugated with BRCAA1 monoclonal antibody and in-vivo targeted for gastric
cancer cells by fluorescence optical imaging and MRI. In another study, fluorescent and
superparamagnetic ZnS@Fes0, nanospheres were synthesized via chemical co-precipitation followed by
chemical conjugation [44]. In the first step, (3-mercaptopropytrimethoxysilane (MPS) capped ZnS QDs
and SiO, coated Fe;O, nanoparticles were synthesized separately by using solution growth and co-
precipitation techniques. Secondly, ZnS@Fe;04 nanospheres were formed with an average size of around
100 nm by attaching ZnS QDs to the surface of the Fe;O4 nanoparticles by Si-O-Si bonds of QDs. The
synthesized ZnS@Fe;0, nanospheres exhibited both superparamagnetic and fluorescent behavior [44].
Yin et al. [45] synthesized multifunctional mesoporous magnetic fiuorescent nanoprobes, where a
surfactant template was used to induce swelling of pores. Mesoporoi'e si.ica was coated around Fe;O4
nanoparticles following layer-by-layer assembly of 3-aminopropyltr. metf ioxysilane and CdTe QDs on
mesoporous Fe;0,-silica nanoparticles (Figure 7).

7

NGO
Fe,O, NP
(Oleic acid CTAB
stabilized)
® SO
Q4 %0
o ® o QDs

o o°
Figure 7. Scheme s ving synthesis steps for the preparation of multifunctional mesoporous
Fe;04/Si0,/CdTe nanoprc*= using CTAB surfactant template followed by formation of CdTe QDs on

Fe;0,-silica nanoparticles [45].

Gui et al. [46] synthesized poly(N-isopropylacrylamide)-graft-chitosan microgels (PNIPAM-g-CS)
coated on core Fe;04/QDs dual-embedded in mesoporous silica NPs (MSN) forming multifunctional
microspheres with magnetic-fluorescence, thermo/pH-sensitive and drug carrier properties. These
Fe;0,/CdTe magnetic quantum dot nanocrystals (MQ NCs) were synthesized by electrostatic adsorption
with thiodiglycolic acid (TA) stabilized-Fe;O4 NPs, polyethylenimine (PEI), and 3-mercaptopropionic
acid (MPA)-capped CdTe QDs (Figure 8a step one). Next, MQ NCs were homogeneously encapsulated
into silica spheres by modified Stéber method to prepare MQ-MSN (Figure 8a step two). The third step is

13



divided into two stages, where (i) first N-isopropylacrylamide (NIPAM) monomers were initiated
PNIPAM networks with MQ-MSN distributed below the lower critical solution temperature (LCST) of
PNIPAM. Then, (ii) PNIPAM reacted with CS to form PNIPAM-g-CS copolymers above LCST,
meanwhile PNIPAM networks collapsed to form hybrid microspheres, resulting in MQ-MSN
encapsulated into microspheres (Figure 81 step three). The morphology and structure of synthesized
microspheres showed microspheres consisted of black dots (CdTe/FesO,) encapsulated in the gray
interlayer of silica with a dark shell layer with average diameter of 190 £15 nm in TEM image (Figure
8b). These microspheres were then loaded with a model drug, Adriamycin (ADM) and investigated the
effect of temperature and pH on drug release rate (Figure 81). The ADM-loaded microspheres
demonstrated cumulative release of ADM in vitro significantly at a hiche, temperature (or a lower pH)
with maintained high anticancer activity, and the blank microsphere c~rrizrs hardly produced toxicity to
HepG2 cells. This study demonstrated the applicability of MQDs i.> dru 3 delivery applications.

—_—
PEI @ MPA-r-Te

TA-Fe,0, PEIITA-Fe,0,

(a) Step one:
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T

Step three: \4\
NIPAM cs
® — —_—
T<LCST = #\ T>LCST
»

‘Q-w3N/PNIPAM

Hybrid microspheres

MQ-MSN/PNIPAM-g-CS

Hybrid microspheres Drug loading Drug release

Figure 8. (a) Schematic shows the synthesis procedure of MQ-MSN/PNIPAM-g-CS hybrid
microspheres in three steps and ADM drug loading and release method. In first step: a base-catalyzed sol—
gel method was used in the presence of CdTe QDs and Fe;O, nanoparticles to prepare MQ-MSN NCs,
second step: MQ-MSN were dispersed in ethanol containing MPS for surface modification of C-C bonds,
which form covalent bonds between inorganic substrates as cores and polymers as shells, step third: using
MPS-modified MQ-MSN as seeds, MQ-MSN/PNIPAM-g-CS microspheres were prepared by graft
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copolymerizing NIPAM and CS. Scheme also illustrate  ADM cumulative release in vitro from ADM-
loaded microspheres at 37 °C (pH 7.4). (b) TEM image of core/shelled, spherical, and polymer-
encapsulated (bright ring) of MQ-MSN/PNIPAM-g-CS hybrid microspheres (average diameter of 190 +
15 nm). TEM image revealed microspheres consisted of black dots (CdTe/Fe;O4) encapsulated in the gray
interlayer of silica with a dark shell layer (PNIPAM-g-CS) [46].

Other studies involving MQDs for drug delivery applications is reported by Knezevic and Lin et al.
[47] in which the drug delivery system composed of cored magnetic mesoporous nanoparticles Fe;O,-
SiO, (MMSN) loaded with anticancer drug camptothecin (CPT), whilr entrances of the mesoporous are
blocked with 2-nitro-5-mercaptobenzyl alcohol functionalized ol nanoparticles through a
photocleavable carbamate linkage (Figure 9). This study tested the sy ~thrsized drug delivery system for
anticancer effects on Chinese hamster ovarian cells. The anticanc.r ef ect exerted by the release of drug
from the drug delivery system upon exposure to low power '*/ \.aht (365 nm) is demonstrated. One of
the limitation of this system is cytotoxic effect of CdS nanc2:iticles, which cannot be controlled from
synthesized drug delivery system by any stimuli and <ne.efore, toxicity may also be exerted on healthy
cells. However, application of magnetic property =\ diive such drug delivery system to localized drug
delivery near the proximity or directly to the c «nce. tissues and selectivity and enhanced permeability and
retention (EPR) effect can thus be achiev~d [47]. This study demonstrates MQDs as powerful tools for

magnetic field assisted selective drug del¥. v \>r anticancer therapy which is still largely unexplored.
CdAc,

R Na,S
HS— —NO, — .~ | cds —S NO,
\_ 7/ AcOH
EtOH
~—OH NaAc OH

2-Ni’.0-> “ercaptobenzyl alcohol

CPT@CdS-NMBAI-MMSN
Figure 9. Schematic of functionalization of cadmium-sulfide nanoparticles with 2-nitro-5-

mercaptobenzyl alcohol (NMBAI) as CdS-NMBAI. These functionalized QDs used to cap the mesopores
of MMSN to camptothecin. ICP-TES = 3-isocyanatopropyl-triethoxysilane inside MMSN [47].
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Wang et al. synthesized hydrophilic MQDs made of Fe;04-SiO,-CdTe for latent fingerprint detection
[48]. They coated Fe;O, nanoparticles with silica by reverse micro-emulsion method and the surface was
functionalized with (3-aminopropyl) triethoxysilane to generate amine group terminal. CdTe QDs were
capped with glutathione (GSH) to create free carboxyl functional surface (Figure 10a). These QDs were
later decorated around magnetic nanoparticles forming magnetic-fluorescence nanoparticles via covalent
binding between carboxyl and amine groups. This hybrid system showed clear and better quality of latent
fingerprint with greater number of detailed features in comparison to pure magnet or QDs (Figure 10b).
The bifunctional Fe;O,@SiO,-NH-CO-CdTe- MQDs showed fluorescence imaging for the visualization
of latent fingerprints on glass slide as shown in Figure 10b(i-vi). The fingerprint features scanned with
synthesized MQDs revealed clear, hook features, and detailed ridged natte s with high resolution most
useful in forensic identification related applications.

EDC/NHS,  ~.
[ ',\

>

¥

)
P
{3

SiO,-coated ma, ~eti’ ¥, CdTe with double
nano particle carboxyls
& NH, ~ -COOH
(b)  Level1feat e Level 2 feature

Figure 10. (a) Schemauc showing preparation of bifunctional magnetic-fluorescent bifunctional
Fe;0,@SiO,-NH-CO-CdTe MQDs. (b) High resolution fluorescence images of features of fingerprints
using bifunctional Fe;0,@SiO,-NH-CO-CdTe- MQDs for (i) level 1 clear features of fingerprints, (ii-iv)
level 2 features, such as hook, bi furcation and ending and (v-vi) level 3 details feature such as the pores

running along the ridged pattern, are helpful to the identification of partial or damaged fingerprints [48].

Qiu et al. synthesized a hybrid of poly(lactic-co-glycolic acid) (PLGA) NPs carrying QDs, SPIONs
and Au NPs to utilize each of these nanomaterial properties as one composite multimodal NPs. These
multimodal functionality of NPs were exploited in neutrophil labeling, imaging, tracking and

manipulating transplanted neutrophils in vivo [49]. For fabricating such multimodal NPs, first silica
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coated iron oxide NPs and QDs were encapsulated with PLGA by emulsification followed by assembling
negatively charged citrate stabilized Au nanoparticles on top of the positively charged PLGA NPs through
electrostatic interactions as shown in Figure 11. The uptake of these hybrid PLGA NPs was studied using
human neutrophils and the results showed that uptake of PLGA-QD-iron oxide NPs by neutrophils was
much higher than the uptake of PLGA-QD-iron oxide-Au nanoparticles. One of the main features, apart
from QDs-mediated imaging and tracking of PLGA-QD-iron oxide-Au nanoparticles labeled neutrophils
is that they can be sorted and manipulated using magnetic gradient [49].

QD and SPION suspension w/o emulsion
sonlcatlon @ snica. n
PLGA solution w/o emulsion 5% PE(solu. on wlolw double emulsion

solvent
evaporanon

O :PLGApa. ‘cle § :QD
© :>ON @ :gold NPs

Figure 11. Schematic illustration ¢! the preparation of hybrid multimodal PLGA nanoparticles using
water—oil-water (w/o/w) double =n. Ision solvent evaporation method in which QDs and SPIONs were
entrapped in small water drops . 'sp2nded in the organic phase via sonication. This process is followed by
formation of secondary '*/o0.*v erwlsion by adding the primary emulsion to a continuous aqueous phase of
polyethylenimine (PEI). PE: was used as emulsifying agents stabilizing the organic droplets to form a
stable thin layer on the surface of the PLGA particle followed by formation of Au NPs assembly [49].

Hsu et al. synthesized multifunctional agents composed of nanohybrids integrated with CulnS,/ZnS
QDs and Fe;0, MNPs for dual-modality imaging and drug delivery applications [50]. These nanohybrids
were synthesized by a one-pot two-step reverse microemulsion method. In this method, SiO, nanohybrids
containing CulnS,/ZnS QDs and Fe;O4 MNPs were formed in the w/o microemulsion. These nanohybrids
were grafted with PEG that enhances biocompatibility and amine (NH;) groups for the coupling of
Pt(IV)-anticancer drugs to generate cytotoxic Pt(ll) through reductive elimination of axial ligands. This

study demonstrated that silica based magnetic QD nanohybrids (diameter <30 nm) exhibited dual-
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functional (superparamagnetic and fluorescence) properties, exhibited higher cytotoxicity with Pt (1V)-
conjugated MQDs in comparison with the free Pt (IV) anticancer drug and high potential to use as a dual-
modality imaging probes in cancer diagnosis and chemotherapy applications. Similar MQDs with
different compositions have been synthesized for their excellent multi-modal functionalities. Table 2
shows the summary of chemical compositions of different precursors and magnetic properties for the

synthesis of silica coated MQDs.
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Table 2. Summary and comparison of different chemical composition of precursors and properties of synthesized silica coated MQDs.

MNP’s MNP’s QDs-Precursor QDs- Silica Shell Precursor MQDs Referenc
Precursor Composi Composition Magnetism | e
tion (emu g™t
FeCl,.4H,0 Fes04 as- received CTAB [39]
FeCl;.6 H,0 CdSeS Ammonium hydrox’ Je
ammonium TEQOS
hydroxide a
FeSQO,.7H,0 Fe;0,4 Te powder CdTe Ammonium iy ‘revize; TEOS; 15 strong [41]
FeCl;.6H,0 NaBH, PDDA; T ‘iton X-100; | 10 medium
Ammonium CdCl,.2.5H,0 Cycluiioxene; 2 weak
hydroxide MPA hexa e
As-received Fes04 HDA; TOP; TOPO; Se | CdSe/ZnS | Ammor.um hydroxide; TEOS; [42]
powder; stearic acid; TBP | ergitol; Cyclohexane
ZnEt,; cadmium 2,4- hexane
pentanedionate
hexamethyldisilathiane _’ \
HDA; TOP; TOPO; or | ~n3e/CdS
powder; Te powder; stee i
acid; TBP; CdO
FeCl,.4H,0 Zn(NO3); nS Ammonium hydroxide; TEOS 30 [44]
FeC|3.6 H,O F9304 Na,S
NaOH MPS
FeS0O,.7H,0 CTAB
FeCl;.6H,0 Te powder Ammonium hydroxide
Ammonium Fe;0, NaBH, CdTe TEOS 7 [45]
hydroxide CdCl,.2.5H,0 TMB
OA MPA
FeSO,.7H,0 Te powder NaOH
FeCl;.6H,0 Fe;0, NaBH, CdTe TEQOS [46]
NaOH CdCl,.2.5H,0 Ethyl acetate 6.5
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TA MPA
Thiourea

FeSO,.7H,0 Fes;O4 Cadmium acetate Cds

FeC|3.6H20 Nazs CTAB

Ammonium Acetic acetate TEOS

hydroxide NMBAI NaOH [47]

FeS0,.7H,0 FesO, Te powder CdTe Ammonium hyd oxi.'e

FeCl;.6H,0 NaBH,4 TEOS

Ammonium CdCl,.2.5H,0 KH-550

hydroxide GSH MOEL | & tum yield = 4.25 28 [48]

OA A

FeC|3.6H20 I

Sodium oleate CTAB

Hexane Fe;0,4 TEQOS

Ethanol As- received y NaOH [49]

OA Ethyl acetate

ODE ~ (

Iron(iii) Fes04 Copper  acetate; 1.xdiun | CulnSy/ZnS Ammonium hydroxide [50]

Acetylacetonate acetate; Zinc stearae; Zinc TEOS 25

Benzyl ether ethylxanthate; DL ™; ODE; cyclohexane

oleylamine DMF Igepal CO-520

Table 3. Summary and comparison different precursors and properties of synthesized polymer coated MQDs.

MNPs Precursor MNPs QDs Precursor QDs MQD fabrication method MQD Refere
Compo Composition Magnetism at | nce
sition (emu g™

Iron (1) | Fez04 CdO; zinc acetate; OA; | Gradient Encapsulation of MNPs and | NA [51]

acetylacetonate ODE; TOP; Se powder; CdSeS QDs in Mesoporous

phenyl ether sulfur poly(styrene-co-EGDMA-co-

OA MAA) beads
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oleylamine

Iron(l1) Fes0, As-received Encapsulation of MNPs and | NA [52]
acetylacetonate CdSe QDs in poly(PLA-TPGS)
OA; oleylamine
FeCl;.6H,0;  Sodium | Fe;0, As-received PbS Encapsulation of MNPs and | 55 [53]
oleate; Hexane; QDs in
Ethanol; OA;ODE poly(lactic-co-gl, ~olic-acid)
Polyethyleneimine Fes0, TOPO; TOP; | CdSe/ZnS Covalent brna ¢ MNPs-PEI | 50 [54]
FeCl,.4H,0 dimethylcadmium with QD7
FeCl;.6H,0; NaOH Se powder; diethyl zinc; MQPs yield 40-79%
(TMS),S AN
FeCl,.4H,0 Fe;0, Sodium AgInS,/ZnS Covs ent bond of MNP with QDs [55]
FeCl;.6H,0 diethyldithiocarbamate
Dextran AgNO; IN(NO3);
Ammonium hydroxide Zn(NQOs),; oleylamine 7 3 \
Poly(ethylene  glycol) | Fe;04 Te powder Ci7e Covalent bond of MNP with QDs | 50 [56]
bis(carboxymethyl) NaBH, on CNT
ether; FeCl,.4H,0; CdCl,.2.5H,0 MQDs yield: 14%
FeCl;.6H,0; NaOH MPA
diethylene glycol A
FeCl,.4H,0; Fes04 Zinc aceta.; Maiganese | ZnS:Mn Encapsulation of MNPs and [57]
FeCl;.6H,0; Chitosan; acetate ‘etrahydrate; QDs in chitosan 10.5
Ammonium hydroxide; Ma,8 9H,D
Acetic acid
FeCl,.4H,0; Fe;0, CAr.10,), .6H,0; H,Te CdTe LBL attachment of MNPs and | 65 [58]
FeCl;.6H.,0; TGA; NaOH QDs via electrostatic forces
Ammonium hydroxide;
Sodium citrate
FeCl,.4H,0; Fe;0, 2-MPA; Na,S; AgNO; AQg,S Covalent bond of MNP with QDs | 7-9 [59]
FeC|36Hzo,
Ammonium hydroxide;
Lauric acid
As-received Fe;0, Te powder; NaBH,; CdCl, | CdTe Covalent bond of MNP with QDs | NA [60]

Thiourea; GSH

MQDs yield: 19.5%
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Iron (11); | Fesz04 As-received Encapsulation of MNPs and | NA [61]
acetylacetonate; OA CdSe QDs in poly(styrene-b-ethylene

Oleylamine; Phenyl oxide)

ether

Iron(l1) Fes0, Dodecanethiol CulnS,/ZnS Covalent bond of MNP with QDs | NA [62]
acetylacetonate; Indium(I11) acetate; Cul

1-Vinyl-2-pyrrolidone zinc stearate

Ethanol; ether i

Iron(ll); MnFe,O | Dodecanethiol; CulnS,/ZnS Self-assembling f PEG-PLGA | NA [63]
acetylacetonate; 4 Indium(I11) acetate; Cul; to form mic:lla M QDs; MQDs

Manganese; Zinc stearate yield: 10%

acetylacetonate; TOP; ODE; Sulfur

1,2-hexadecanediol

benzyl  ether; OA,;

oleylamine

FeCl,.4H,0; Fe;0, ZnS0O, Mn:Zp<, Covalent bond of MNP with QDs | 40 [64]
FeC|3.6Hzo: MnCIZ

Ammonium hydroxide; Na,S

PPA
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3.2. Polymer coated MQDs

To prepare MQDs, polymer or organic materials can be used to encapsulate QDs and magnetic
nanoparticles either by encapsulation of QDs and magnetic nanoparticles into polymer materials or
polymerizing of monomers in the presence of nanocrystals or attachment of MNPs and QDs through
covalent bond between MNPs and QDs. The different compositions of precursors and magnetic properties
of polymer coated MQDs are summarized in Table 3.

Li et al. used poly(styrene-co-ethylene glycol dimethacrylate-co-methacrylic acid) beads (PSEMBSs)
to embed magnetic nanoparticles and QDs to fabricate multimodal hyvbrid nanoparticles by combining
conventional swelling and high-temperature swelling methods [51]. In tr..~ process, highly crosslinked
mesoporous PSEMBs beads were first synthesized using conven.an-l swelling method and high
temperature swelling was used to embed QDs in the MNPs-beads Th s method was effective to prevent
nanoparticles leakage problem in case of using organic solve:* as the swelling agent and allow synthesis
of MQDs with higher physical and chemical stability and ra,.*< separation. The synthesized MNPs-QD-
encoded polystyrene beads demonstrated immunoassa. p.rformance for detecting human IgG. The study
revealed that carboxyl groups on fluorescent mic-ospicre surface facilitated efficient attachment of
biomolecule and therefore they can be further app ied tor rapid separation and multiplexed biomolecular
assays [51]. Similarly, Tan et al. [52] er~apsulaw.d iron oxide nanoparticles and QDs inside a soluble
polymer, poly(lactide)tocopherol polv.ivicie glycol succinate (PLA-TPGS) by a modified
nanoprecipitation method for multimeZal . *a10r imaging. They mixed QDs, iron oxide nanoparticles and
PLA-TPGS in tetrahydrofuran (TH~) .en the solution was gradually added to aqueous phase containing
tocopheryl polyethylene glycol \TPGS) as emulsifier with PLA providing mechanical strength and
biodegradability, while TPZC ei.uoled biocompatibility as well as provided multiple drug resistance
inhibitor activity. This w.rn Ze¢monstrated that co-encapsulation of QDs and iron oxide NPs in PLA-
TPGS copolymers can be "'sed for both of MRI and fluorescent imaging concurrently, which not only
reduces the toxicity of the individual contrast agents and improve their biocompatibility, but also shields
the contrast agents from detection by the human immune system. This allowed controlled delivery of
imaging agents with passive targeting effects for the tumors.

Other type of MQDs used in MRI is reported by Ortgies el al. [53], where magnetic fluorescent
hybrid nanostructures were synthesized using luminescent PbS QDs that emit signals in biological
window (BW) Il at wavelengths 1000-1350 nm. Both PbS QDs and iron oxide NPs were encapsulated in
poly(lactic-co-glycolic-acid) (PLGA) polymer through a double emulsion technique, forming a water-in-
oil-in-water emulsion, which after evaporation of the organic solvent and hardening of the capsules, led to

precipitation of the hybrid nanostructures. This system was used for in-vivo MRI and deep tissue infrared
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fluorescence imaging in living mice and magnetic heating for magnetic hyperthermia treatments.
However, synthesized hybrid nanostructures required further improvement in order to achieve selective
and targeted imaging as well as uniform bio-distribution of the nanohybrid system.

Notable other studies show the application of MQDs tethered with biomolecules with specific
function have been reported for imaging cancer cells. For example, Lou et al. [54] synthesized
multimodal magnetic-fluorescence hybrid nanoparticles for cell labelling. Here, Fe;O, nanoparticles were
capped with polyethyleneimine (PEI) and trioctylphosphine oxide (TOPO) capped CdSe/ZnS core/shell
QDs were assembled on the surface of Fe;O,-PEI nanoparticles by displacement of TOPO with PEI
because of amphiphilic and polycation characters of PEI. This was follswed by functionalization of cell-
penetrating transactivator of transcription (TAT) peptide (GRKKRROPR::”Q) on the surface of hybrid
nanoparticles for optical detection of cell separation with low toxic*v *o cells and rapid human lung
cancer cells imaging. In another study, Koktysh et al. [55] s\1.thes zed magnetic-fluorescence hybrid
imaging nanoprobe using covalent linking of the oxidized Z=x."an shell of magnetic particles to the
glutathione ligands of cadmium-free AgInS2/ZnS QDs (Fi>'e 12). These water-soluble glutathione
stabilized AgInS2/ZnS QDs presented a new class ui1 cadmium-free multimodal imaging agents for

simultaneous visible or NIR optical and MRI of mec' astu.al lymph nodes in mice [55].
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Figure 12. Schematic diagram illustrating the covalent linking of the oxidized dextran shell of SPIO

nanoparticles with the glutathione ligands on QDs [55].

Cho et al. [65] conjugated amine functionalized QDs with emissions in the near-infrared range (800
nm) on carboxylate functionalized surface of a spherical polystyrene matrix encapsulated with
superparamagnetic FesO, NPs (MNs) (Figure 13). These magnetic-fluorescence hybrid nanospheres
surfaces were loaded with Paclitaxel (PTX) drug using PLGA as the drug holder and drug release agent.
This system was tested for cell viability of metastatic PC3mm2 prostate cancer cells by MTT assay in

different concentration of the nanospheres. The results showed cell viability of PTX-PLGA-MQDs were
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dose dependent while MNPs, MQDs and PLGA-MQDs were independent of nanoparticle concentrations.
In the other experiment, PTX loaded polystyrene nanospheres were conjugated with antibodies for
prostate specific membrane antigen (anti-PSMA) as targeting agent to obtain multifunctional nanospheres
for fluorescent imaging, targeting, hyperthermia, and chemotherapy agent. Anti-PSMA on the surface of
nanosphere successfully captured LNCaP prostate cancer cells. Moreover, these nanospheres were
injected into tumor-bearing nude mice. Different fluorescent signals were obtained ex-vivo between tumor

regions treated with the nanospheres and the nontargeted regions.

Polyethylene
oxide_\‘ 5
Polysteyren ~, '%%'”' o QDN
e/ e —> £PEG-1y ol e
S ren e
FesO, e Y QD-NHZ# ““:‘../‘;
i - N
S0nm |
= L
MNS-COOH
PLGA + PTX —

Paclitaxel
(PTX)
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Figure 13. Attachment of “mir >-functionalized QDs to the surface of carboxylate-functionalized MNSs
and loading of PTX on the surface of MQDs by formation a thin layer PLGA on the surface of MQDs
[65].

Chen et al. [56] interfaced carbon nanotubes, superparamagnetic iron oxide nanoparticles and near-
infrared fluorescent CdTe QDs by layer-by-layer (LBL) assembly in combination with covalent linking
strategy. Here, multi-walled carbon nanotubes (MWCNTS) were functionalized with poly(allylamine
hydrochloride) (PAH) and subsequently carboxyl terminated iron oxides were conjugated on the surface
of MWCNTs. Again, PAH was used to functionalize the surface of MWCNT-iron oxide following
conjugation with carboxyl terminated near infrared CdTe quantum dots in a layer-by-layer fashion. This
system was used to detect human embryonic kidney (HEK) 293T cells and showed an enhanced MRI

signal as contrast agent for detecting 293T cells in comparison with the pure superparamagnetic iron
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oxide nanoparticles. This work also reported that the synthesized MWCNTSs based magnetic Fe;O,-CdTe
QDs system, magnetic Fe;O,4 nanoparticles layer acted not only as a contrast agent for MRI, but also as a
spacer between CdTe QDs and CNTs for prohibiting fluorescence quenching of QDs on the surface of the
CNTs. In other study, Liu et al. [57] reported the preparation of chitosan (CS) coated magnetic-
fluorescent nanoparticles (CS—Fe;0,@ZnS:Mn) using aqueous media under ambient pressure. Here, first
FesO, nanoparticles were coated with chitosan by co-precipitation of ferric and ferrous chloride salts in
acetic acid aqueous solution of chitosan. Then, Zn?* and Mn®* ions were attached on the surface of
chitosan due to electrostatic attraction between hydroxyl groups on the chitosan chains and positively
charged metal ions. Subsequently, S* ions were added to the system ir. order to form ZnS:Mn quantum
dots on the surface of chitosan (Figure 14). This method reported that the Jhitosan coating on the surface
of Fes0,4 could effectively suppress the interaction between Fe;O. «d ZnS:Mn, as well as providing
appropriate functional groups for the synthesis and modificatior ¥ Zr S:Mn semiconductor nanocrystals

for biomedical applications.
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Figure 14. Schematic shows preparation of chitosan coated magnetic-fluorescent nanoparticles (CS—
Fe304@ZnS:Mn) using aqueous media under ambient pressure [57].

Other studies showed chitosan shell matrix facilitated easy uptake of nanoparticles in cells, where
iron oxide nanoparticles, CdS QDs and podophyllotoxin as an anti-cancer drug is encapsulated in chitosan
nanospheres [66]. These hybrid nanospheres were tested in-vitro with human oral cancer (KB), rat glioma
(C6) and human lung adenocarcinoma epithelial (A549) cells. Both fluorescence imaging and Perl's
Prussian blue staining methods confirmed uptake of hybrid nanoparticles in oral cancer (KB) and glioma

cells (C6) but not in lung adenocarcinoma cells (A549). A similar attempt was made by Ding et al. [67]
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where chitosan based bimodal imaging and drug delivery system was fabricated which is composed of
Fes0, MNPs, CdTe@ZnS QDs as a stable nanocomposite that exhibited excellent magnetic and
fluorescence properties. Here, carboxymethyl chitosan (CMCS) was coated around Fe;O,4 nanoparticles to
minimize the possible fluorescence quenching triggered by magnetic cores. Then, CdTe/ZnS QDs were
capped with glutathione (GSH) as a crosslinking agent to create chemical covalent conjunction between
Fe;0,-CMCS, GSH-CdTe-ZnS and chitosan to enhance the stability of the nanocomposites for anti-
cancer drug doxorubicin (DOX) release system (Figure 15). DOX release with nanocomposite drug
delivery system was demonstrated to be pH dependent because of the solubility of chitosan at different
pH-values and DOX was released maximum at pH = 5.3. The synthesizzd MQDs nanocomposite showed
low cytotoxicity and the cell fluorescence labelling properties and time-ependent cellular uptake for
bimodal imaging application.
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Figure 15. Schematic u.~aro™ of the fabrication steps for preparation of drug-loaded chitosan-based

magnetic/fluorescent nano~r mposites [67].

Ahmed et al. [58] used layer-by-layer self-assembly method to fabricate magnetic CdTe QDs for
cancer cell imaging. In this method, citrate-capped negatively charged Fe;O4 nanoparticles were coated
with cationic surfactant hexadecyltrimethyl ammonium bromide (CTAB) by electrostatic forces. Then,
thioglycolic acid solution (TGA) capped CdTe QDs carrying negatively charged surface of QDs were
electrostatically conjugated with CTAB. This system was used as fluorescence probe for LS174T human
colon adenocarcinoma cancer cells after bioactivating QDs with humanized monoclonal antibody
(hCC49) antibodies Fab region. This system was used for imaging colon carcinoma cells because of

binding affinity of Fab region of hCC49 antibodies with sialylated sugar chain in TAG-72 region of
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LS174T cancer cells. This nanosystem provided specificity to cancer cells along with magnetic and
fluorescent features that is helpful in tracking, localizing and early diagnosis of cancers.

Hocaoglu et al. [59] synthesized near infrared magnetic fluorescence AgQ,S-Fe;O, hybrid
nanoparticles as cyto/hemocompatible system. This system was fabricated using 2-mercaptopropionic
acid (2MPA) linkers with free carboxyl group on near infrared Ag,S QDs in aqueous solution. Then
magnetic Fe;O, nanoparticles surface was coated with a monolayered lauric acid that enabled assembly of
Ag,S QDs by ligand exchange process between carboxyl group on the 2MPA and lauric acid. These
nanohybrids exhibited interesting size dependent cytotoxicity behavior in HeLa and NIH/3T3 cell lines
and almost no significant cytotoxicity in HelLa with 10 and 25 pug/m’. Ag concentration but the same
concentration was most toxic to mouse fibroblast cells (NIH/3T3) cells

A different approach is reported that utilized DNA oligomers or aptamers for capturing and
ultrasensitive detection of tumor cells. For example, DNA *emlated magnetic nanoparticle-QD
polymers were synthesized for ultrasensitive capture and det-:tio.> of circulating tumor cells by Li et al.
[60]. Here, CdTe and CdTe-CdS QDs were capped w.:» chimeric DNA1 (Cl): 5-(G*) 10(A)
6CGTCCGTGCTCAC-3' templates or with chimeric L JA2 (C2): 5-TCCTAGACGCGTA (A) 6(G*)
10(A) 6GTCGGAC GTGCAG-3' templates. Fe30, anoparticles capped with NH,-modified DNA3 (C3):
5-TACGCGTCTAGGATCAAAAAAAAAA'IH? 3' templates. Then, C1 DNA-CdTe/CdS QDs were
mixed with C3 DNA-Fe;O4 nanoparticl~s and «ptamer DNA to synthesize a complex of magnetic
nanoparticles (MQAP). These MQAPs v . tu. magnetic isolation of rare cancer cells with high capture
efficiency and capture purities that ar~ *a\v ~rable for practical use. These MQAPs showed high magnetic
response, selectivity, and photolurincscence intensity for simultaneous isolation and identification of
circulating tumor cell under comp.~x vonditions.

Cheng et al. [68] syru.>si..d QD/Fe;O4/Taxol(paclitaxel)-loaded PLGA NPs nanosystems for
combination of chemot.e.apc ¢ and photothermal therapy in mammalian cells and in vivo in an animal
model. QD/Fe;04/Taxol-In~Jded PLGA system was synthesized by conjugating the stabilizer-free Taxol
(paclitaxel)-loaded PLGA NPs with amine-terminal Fe;O,NPs (~6 nm) and QDs (~12 nm). Followed by
electrostatic attachment of negatively charges poly(styrenesulfonate) (PSS)-coated Au nanorods (aspect
ratio of 3.9) on the PLGA-Taxol-Fe;0,-QDs because of positively charged functionalized amine groups
from QDs and Fe;O, nanoparticles surface. Then positively charged anti-Her2 antibodies was absorbed
on the surface of negatively charged PSS-Au nanorods electrostatically to achieve selective HelLa cancer
cells targeting for in-vitro and in-vivo evaluation of therapeutic performance. Photo-thermal destruction
was achieved by near infrared irradiation and conversion of light to heat by Au nanorods because of
melting and degradation of PLGA following Taxol release, while Fe3O, nanoparticles and QDs was used

for MRI and confocal imaging of cancer cells, respectively. This designed system was more effective
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cancer cell treatment in combination of photo-thermal destruction and chemotherapy in comparison to
photo-thermal destruction or chemotherapy alone.

Yin et al. [69] reported on a unique microfluidic synthesis of bifunctional magnetic-fluorescent
responsive Janus supraballs. They synthesized an isotopic structure composed of poly(MMA-co-
HEMA)/CdS QD-polymer hybrids hemisphere and magnetic Fe;O4 nanoparticles with poly(MMA-co-
HEMA)/Cd (AA), ionomer hemisphere. The microfluidic device consists of two needles in a
microchannel that were used to simultaneously force flow two different oil solutions (QD—polymer
hybrids-dichloromethane and ionomers containing FesO,-dichloromethane) (Figure 16(1-a). An aqueous
solution of polyvinyl alcohol (PVA) was used as the continuous phase (‘wvater phase) externally. The two
oil streams breaks into a pair of drops that immediately combine into a 'ary~r droplet at the exit tip in the
outer water phase. The water contains PVA that served as a surfactai.* to prevent the oil micro particles
from spreading on the surface of the collecting container. Ai. ext'arnal magnetic field in different
directions is able to rotate these magneto-responsive Janus pe-:icle™ with distinct hemispherical regions of
fluorescence and magnetic properties (Figure 16(1la-j) [69].
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Figure 16. (1) (a) Sche.i.>tic verwresentation of microfluidic systems consists of two needle microchannel
and was used to force to fl-.w two different oil solutions of QD—polymer hybrids-dichloromethane and
ionomers containing Fe;O4-dichloromethane, simultaneously for the synthesis of monodisperse Janus
supraballs. (I1) (a) Optical and (b) fluorescence microscopy images for Janus supraballs. (c—h) Movement
of Janus supraballs in a capillary tube toward an additional magnet at different intervals. (i-j) Schematic
illustration and optical images showing rotational motion of Janus supraballs under an external magnetic

field induced by a rotating magnet [69].
Ruan et al. [61] reported “nano-conveyer-belt” platform technology composed of polymeric micelle

nanocontainers (~35 nm) encapsulating separate QDs and iron oxide nanoparticles (HMQDs) for

simultaneous manipulation and optical tracking of multiple nanostructures in a selected direction.
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Nanocontainers encapsulated HMQDs were synthesized by interfacial instability method in which first
water-soluble micelles with hydrophobic cores were prepared by dissolving amphiphilic block
copolymers in chloroform (organic, water-immiscible solvent), and were later dispersed in aqueous
solution. QDs and superparamagnetic FesO, NPs with hydrophobic surfaces were incorporated into the
hydrophobic cores by addition to the initial, organic phase. The numbers of QDs and superparamagnetic
Fe3O4 NPs in each micelle were controlled by the molecular structure of the polymer employed and the
quantities of polymer, QDs and Fe;O, MNPs. Further, they fabricated magnetic nano-conveyers followed
by sputtering of Fe-Co alloy and patterned as microdisks or magnetic nanowires on a silicon wafer. The
HMQDs were introduced on the Fe-Co sputtered patterns and the patk of magnetic-fluorescence hybrid
nanoparticles was manipulated by applying and adjusting the currert i, the electric coil. This study
demonstrated the unique fluorescent properties of constituent QDs tha. nermitted imaging and tracking of
HMQD-filled nanocontainers which potentially be used for theranc itic and micro/nanofluids, bio-labeling
and imaging applications. Fan et al. [70] synthesized CdSe-~Z-S QDs capped Fe;O, magnetic nanorings
for multiphoton fluorescence and MR imaging. First, they syi.*<sized a-Fe,O3; nanoring by hydrothermal
treatment of FeCl;. Then a-Fe,O3; nanoring was annee’et in the mixture of H, and Ar gases to reduce to
Fe;04 nanorings (NR). These nanorings were disp2-seu 1 water at pH 3, then citric acid was added to
make these nanorings water soluble (Fiwre 17-a). Core-shell CdSe-ZnS QDs capped with
polyethyleneimine (PEI) were synthesized by mu.cing PEI in absolute ethanol then added the QDs in
chloroform solution. This mixture is the:, *tlusonicated and stirred to replace trioctylphosphine oxide
(TOPO) capped QDs with PEL In r:der *o synthesize QDs capped magnetite nanorings, positively
charged PEI capped QDs were zdace? to aqueous solution of negatively charged citric acid capped
Fe3O, nanorings to obtain water u’soeisible QDs capped ferrimagnetic vortex-state iron oxide nanorings
(QD-FVIO0s). The magnetir ,2su..ance of these MQDs was done in vitro by dispersing MQDs in 2%
agarose solution. The n.'Wt.tuton fluorescence imaging and cell uptake of QD-FVIOs using MGH
bladder cancer cells demo~-.rated that these QD-FVI10s could penetrate endosomes and released into the
cytoplasm (Figure 17b(i-ii)). Moreover, normal human lung fibroblast cells (NHLF), MGH bladder
cancer cells, and SK-BR3 breast cancer cells were used for in vitro cytotoxicity. However, PEI polymer
limits the practical application of synthesized QD-FVIOs because of cytotoxicity for MGS cancer cells
and further tailoring in surface chemistry of MQDs are required such as use of biocompatible polymer

(PEG) for practical biomedical applications.
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Figure 17. (a) Schematic illustration for the synthesic ni wate: -dispersible QDs capped ferrimagnetic
vortex-state iron oxide (QD-FVIO) nanorings (Nt ) The branched PEI is drawn as line for
simplification. (b) Two-photon fluorescence “mai e (/56 nm excitation) of the stained MGH bladder

cancer cells with (i) yellow- and (ii) red-colored . ternalized QD-FVI10s [70].

In another study, CulnS,-ZnS QDs wve re coated with the amphibious Fe;O4 nanoparticles by a simple
approach [62]. First, hydrophobic CtInS,-ZnS QDs were prepared through a self-assembling process
induced by introducing indium (:'l) c~etate and copper (1) iodide in 1-dodecanethiol under nitrogen flow
at 200 °C. ZnS shell was formeu hv adding zinc stearate to the CulnS, solution under nitrogen at 230 ° C
and the core-shell QDs we ~ pr.cipitated and washed with ethanol and finally dissolved in cyclohexane
(Figure 18). It was reported ' 1at the size of CulnS,-ZnS QDs can be tuned by manipulating the nucleation
and the growth kinetics through the addition rate of ethanol. Then, the amphibious Fe;O, nanoparticles
stabilized with poly(4-vinylpyrollidone) (PVP) was synthesized by dissolving iron (I11) acetylacetonate in
1-vinyl-2-pyrrolidone (NVP) at 200 °C under the nitrogen (Figure 18). The resulted nanoparticles were
dissolved and precipitated by ethanol and ether several times to obtain amphibious Fe;O, nanoparticles in
ethanol. In order to coat hydrophobic QDs with amphibious FesO,, the magnetic nanoparticles were

added to QDs solution dropwise then centrifuged and dispersed in DI water (Figure 18).
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Figure 18. step I: preparation of hydrophobic CulnS,@ZnS QL - st:p Il: amphibious coating of

Fe;0, around QDs followed dispersion in the water [62].

Shibu et al. [71] synthesized multimodal and mu.‘ifizactional photouncaging MQDs using
photouncaging ligand. At first, they prepared biotin-f.... tionalized Fe;O4 nanoparticles using the biotin
moieties conjugated to streptavidin-functionalized ©esC,, anoparticles. Then streptavidin-functionalized
CdSe-ZnS QDswas conjugated to biotir-fun tionalized Fe;O4 nanoparticles by adding biotin-
functionalized Fe;O4to a QD solution anA incubc*ed at 37 °C for 2 h to obtain photouncaging bimodal
nanoparticles as the MQD. Bimodal imar:~q «d cytotoxic effects of as-synthesized MQDs were carried
out with biotinylated allatostatin | (pertid. bormone) using 3-sulfo-N-hydroxysuccinimide ester of biotin
and subsequently conjugated to str.puw.\/idin moieties of MQDs. In vivo MRI and fluorescence images of
B6 mice either subcutaneously . in.avenously injected with the photouncaging nanoparticles showed
magnetic and fluorescence cz:tract enhancements under the skin or in the liver. These nanoparticles tend
to disappear within 48 1 >ecov?ing to MRI and fluorescence images taken from the liver, urinary bladder
and urine samples at differer ¢ time intervals.

Demillo et al. [63] fabricated MQDs using MnFe,O, magnetic nanoparticles (MNPs), CulnS,/ZnS QDs
and poly(ethylene glycol)-b-poly(lactide-co-glycolide) (PEG-PLGA) in a tetrahydrofuran (THF)/water
solvent system. Here, MnFe,O, MNPs were synthesized through a thermal decomposition method.
CulnS,/ZnS QDs were synthesized using a revised thermal decomposition method. To fabricate MQDs,
MnFe,O, MNPs, CulnS,/ZnS QDs were co-encapsulated within PEG-PLGA micelles using quick
solvent THF displacement solution and cooled using cold water and sonicated for 1 min (Figure 19).
After sonication, THF in the medium was evaporated using room temperature rotary evaporation method.
The empty micelles or single-nanoparticle based micelles were separated by centrifugation and obtained

MQDs dispersion. The fabrication process is schematically shown in Figure 19. It was demonstrated that
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MQDs nanocomposite possess high (Mn + Fe) recovery rates, which further makes the fabrication cost
lower without compromising optical properties and magnetic relaxivity, which can be tuned by adopting
different MNP:QD mass ratios during fabrication. The MQDs prepared with this method exhibited a

minimal cytotoxicity and excellent capability of bioconjugation for variety of biological applications.
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Figure 19. MQD fabrication process using PEG-PLGA, 1r.-e,0, MNPs and CulnS,/ZnS QDs in
THF/water. Through sonication and quick solvent dis"ia 3ement, multiple nanoparticles of each type are

co-encapsulated within the hydrophobic core of PE~-PLZ A micelle [63].

Martynenko et al. [72] synthesized MQDs n..<robeads for bacteria detection and these microbeads
were composed of fluorescent Cd-free Ac 'n-C ternary quantum dots (t-QDs) with fluorescence lifetimes
(LTs) of several hundred nanosecon”s ¢ coated with superparamagnetic FesO, nanoparticles with
mesoporous CaCO; microbeads. Cal; microbeads were first synthesized by chemical reduction of
CaCl,-2H,0 using micelles that v ~re made from polyvinylpyrrolidone (PVP) and sodium dodecyl sulfate
(SDS) as templates. In a sexc-aw .eaction, poly(sodium 4-styrenesulfonate) (PSS) capped Fes0, MNPs
were synthesized by cteico! wrecipitation of FeCls-6H,0 and FeCl,-4H,0 in the presence of PSS and
Na,COs. Subsequently, the porous CaCO; beads were incubated with PSS-capped magnetic FesO, NPs,
which provided brownish to FesO,@CaCO; particles with negative surface charges (Figure 20). The
core/shell AgInS2/ZnS QDs capped with hydrophilic ligand mercaptopropionic acid were used as optical
codes and these were synthesized using a microwave-assisted aqueous route. In the next step, negatively
charged MPA coated AgInS/ZnS QDs were electrostatically deposited on positive charged
Fes0,@CaCO; beads by the alternating deposition of poly(allylaminehydrochloride) (PAH) and PSS
(Figure 20). The fabricated CaCO;@FesO,@AIS/ZnS microbeads in this study were used to demonstrate

immuno-magnetic capturing of L. pneumophila cells.
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Figure 20. (a) Schematic illustration of synthesis procedu.= steps of aminated magneto-AlS/ZnS
QDs-CaCO;3; microbeads. SEM and TEM images of (b) Cal9s ¢ pherical microparticles, (c) PSS-capped
magnetic Fe;O4 NPs, (d) AlS/ZnS QDs capped with MPA and (¢) CaCO;@Fe;O,@AIS/ZnS microbeads
with amino surface groups [72].

MQDs of different composition have also 1.'ind to be applicable to capture and detect ultra-trace
amount so chemicals in water. For example. 2u et al. [64] synthesized MQDs composed of Fe;0, MNPs
and Mn-doped ZnS QD nanocomposites MNPs/QD NCs) for room-temperature phosphorescence
sensing and magnetic separation of c. ntured ultratrace 2, 4, 6-trinitrotoluene in water. This study utilized
coprecipitating method to prepa.= Lore Mn-doped ZnS QDs followed by grafting mercapto groups of
mercaptoethanylamine due tn ti1.> fxcess of metal ions with respect to sulfide ions at the surface of the
QDs. Phosphonopropic i« «~id (PPA) capped FesO, MNPs were synthesized by coprecipitation method
separately. The as-synthesiz¢ d MNPs were functionalized with EDC and NHS followed by the addition of
MEA capped Mn doped ZnS QDs to solution and obtained unique superparamagnetism, and decoration of
QDs with grafted MEA endow the MNPs/QD NCs with high surface-to-volume ratio. This study showed
the ability of magnetic and chemosensory property of synthesized MNPs/QD NCs by magnetically
concentrating TNT in water.

In a recent study from our laboratory, we demonstrated a unique nanoarchitecture of MQDs
synthesized using CdSe/Cds/ZnS core-shell-shell QD nanocrystals and MNPs by systematic sequential
chemical conjugation process that gave rise to specific orientation in which central QD nanocrystals were
decorated on its surface with MNPs [73]. This sequential arrangement of nanostructures was

accomplished by following steps, where (a) gradient synthesis of CdSe/CdS/ZnS QD nanocrystals
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containing core CdSe with gradient shells of CdS followed by ZnS. (b) CdSe/CdS/znS QDs were
subjected to surface activation by ligand exchange reaction process with CS, and glycine that formed a
polymeric coating with free carboxyl functionality on QDs’ surface and provided hydrophilicity. These
hydrophilic QDs were then chemically conjugated with L-aspartate capped magnetic FesO,4 nanoparticles
that were previously synthesized by hydrothermal process. As a result, CdSe/CdS/ZnS QDs were
decorated with MNPs yielding ~100-200 nm sized MQDs that proved to be excellent nanoprobes with
multifunctionality for PoC applications (Figure 21).

Serum ErbB2
protein
(c)
¢ ~ Serum hErbB2
ﬁ:— protein + Ab-MQDs
5

Ab- Mgr 5 \

Covalent coupling JVA d\ 4

!
OH OH OH ) R (d) N
"bH anti-nErbB2 Il Y’ sl MAGNETIC |
lm’*'m‘/ 10h antibodies (Abz)ﬂr / ) SEPARATION \\i
Srlannzahon ‘
(ﬂ) o
NH NH e / Blb ARKER ¥ Unbound /
H H, PROCESSING Magnetic CAPTURING ' Non-specific
Blocking Quantum Dots “ %
N (5% BSA) ey Incubation MQDs-Ab2-hErbB2
/Sb' ¢ o protein complex
g \ / 10 min -~
\I(‘ﬁ( SO 6 Anti-hErbB2
e binatoe) S A 1y antivodies (Ab1)
A Anti-nErbB2  crosslinking y
antibodies Helion, G

v “shing / (e)
Oy £ poINT-OF-CARE

DETECTION

Smartphone camara
image & RGE grom. ~

Figure 21. Schematic illustration of point-of-care (PoC) immuno-optomagnetic assay developed for
detecting disease biomarker protein from a real serum using CdSe/CdS/ZnS@Fe;O4 magnetic quantum
dots (MQDs), where QDs were shielded by surrounding magnetic Fe;O4 nanoparticles. These MQDs
served as excellent multimodal nanostructures with optical, magnetic and biological functionalities in
PoC detection. The scheme shows series of steps (a-f) involved in detection of diagnostic signal by naked
eye [73].
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Table 3. Summary and comparison different precursors and properties of synthesized polymer coated MQDs.

MNPs Precursor MNPs QDs Precursor QDs MQD fabrication method MQD Refere
Compos Composition Magnetism at | nce
ition (emu g™

Iron (1) | Fez04 CdO; zinc acetate; OA; | Gradient Encapsulation of MNPs and | NA [51]

acetylacetonate ODE; TOP; Se powder; CdSeS QDs in Mesoporous

phenyl ether sulfur poly(styrene-co-EGDMA-co-

OA MAA) beads

oleylamine 7~ \

Iron(l1) Fes0, As-received Encapsulaticr  of MNPs and | NA [52]

acetylacetonate CdSe QDs in roly PLA-TPGS)

OA; oleylamine -

FeCl;.6H,O;  Sodium | Fe;0, As-received PbS “‘nceasulation of MNPs and | 55 [53]

oleate; Hexane; Q5 n

Ethanol; OA;ODE | polylactic-co-glycolic-acid)

Polyethyleneimine Fes04 TOPO; TOP; | CPZALAS Covalent bond of MNPs-PEI | 50 [54]

FeCl,.4H,0 dimethylcadmium with QDs

FeCl;.6H,0; NaOH Se powder; diethyl zir.~; MQDs yield: 40-79%

(TMS),S ~\

FeCl,.4H,0 Fe;0, Sodium ' AgInS,/ZnS Covalent bond of MNP with QDs [55]

FeCl;.6H,0 diethyldithiocart “ma

Dextran AgNO; 1(NO3);

Ammonium hydroxide Zn(NOs). " ol Vlcmine

Poly(ethylene  glycol) | Fe;04 Te priwuat CdTe Covalent bond of MNP with QDs | 50 [56]

bis(carboxymethyl) NS on CNT

ether; FeCl,.4H,0; CdC',.2.5H,0 MQDs yield: 14%

FeCl;.6H,0; NaOH MrA

diethylene glycol

FeCl,.4H,0; Fe;0, Zinc acetate; Manganese | ZnS:Mn Encapsulation  of MNPs and [57]

FeCl;.6H,0; Chitosan; acetate tetrahydrate; QDs in chitosan 10.5

Ammonium hydroxide; Na,S.9H,0

Acetic acid

FeCl,.4H,0; Fe;0, Cd(CIQy),.6H,0; H,Te CdTe LBL attachment of MNPs and | 65 [58]

FeCl;.6H,0; TGA; NaOH QDs via electrostatic forces

Ammonium hydroxide;

Sodium citrate
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FeCl,.4H,0; Fe;0, 2-MPA; Na,S; AgNO; AQ,S Covalent bond of MNP with QDs | 7-9 [59]

FeC|36H20,

Ammonium hydroxide;

Lauric acid

As-received Fe;0, Te powder; NaBH,; CdCl, | CdTe Covalent bond of MNP with QDs | NA [60]
Thiourea; GSH MQDs yield: 19.5%

Iron (11); | Fez04 As-received Encapsulation of MNPs and | NA [61]

acetylacetonate; OA CdSe QDs in poly(s*yrene-b-ethylene

Oleylamine; Phenyl oxide)

ether A

Iron(111) Fe;0, Dodecanethiol CulnS,/ZnS Covaler® v of MNP with QDs | NA [62]

acetylacetonate; Indium(I11) acetate; Cul

1-Vinyl-2-pyrrolidone zinc stearate

Ethanol; ether \

Iron(l11); MnFe,O | Dodecanethiol; CulnSy/Zr5 Sei"-assembling of PEG-PLGA | NA [63]

acetylacetonate; 4 Indium(l1l) acetate; Cul; to form micellar MQDs; MQDs

Manganese; Zinc stearate yield: 10%

acetylacetonate; TOP; ODE; Sulfur

1,2-hexadecanediol

benzyl  ether; OA;

oleylamine ~\

FeCl,.4H,0; Fe;04 ZnSO, Mn:ZnS Covalent bond of MNP with QDs | 40 [64]

FeC|3.6H20: MnC|2

Ammonium hydroxide; Na,S

PPA
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4. Synthesis of MQDs by doping of QDs with iron ions

Doping of QDs with paramagnetic transition metal ions is another method to synthesize MQDs. The
most important challenge in doping method is introducing a few of atoms inside the crystal lattice of a
few hundred atoms of metal NPs without the clustering of dopant ions on the surface or inside the QDs
[33]. Saha et al. [74] synthesized Fe;O, core based CdS MQD by diffusion of the Fe;O, out of the CdS
matrix. This study utilized controlled engineering strategy by controlling annealing temperature as well as
the reaction coefficient of precursors. Therefore, diffusion of the magnetic ions could occur slower than
the growth of the semiconductor lattice leading in order to obtain con. ~lled diffusion of the magnetic
ions. The successive ionic layer adsorption and reaction (SILAR) tech)ique was used to grow with
controlled diffusion of Fe ions inside the thick matrix of CdS n: nos."ucture. Arresting of the diffusion
before the complete expulsion of the dopant ions lead to forma. on ot Fe-doped CdS QDs with excellent
control over their size distribution, uniformity of dopant ic s a d percentage of doping (Figure 22a-b).
TEM examination showed that sizes obtained as a functinn Jf growth of CdS nanocrystals around the core
Fe;0, nanocrystals ranged from 4.5 nm (Figure 222} v~ 8., nm, 12.6 nm and 15.4 nm (Figure 22b(i-iv))
respectively. The particles are spherical and h7.ve 1 ta:*ly uniform size distribution signifying a uniform

growth of nanocrystals and iron percentage with . 10 and 14 cycles of Cd and S additions, respectively.

N X ESE OF

Core  _ Doped system

SILAR method, high temperature Fe;0,/CdS
annealing, self purification

Fe;0O,

(b)

Figure 22. (a) Schematic showing synthesis procedure of Fe;O,4 core based diffusion of dopants into the
CdS matrix to obtain Fe-doped CdS QDs. (b) TEM images showing (i) 4.5 nm Fe;O, core, (ii) Fe-5CdS,
(iii) Fe-10 CdS, (iv) Fe-14 CdS, Results show that iron doping with 5, 10 and 14 cycles of Cd and S
additions, respectively. [74].
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5. Miscellaneous methods for MQDs synthesis

Liu et al. synthesized superparamagnetic nitrogen- doped carbon- iron oxide hybrid QDs (C- Fez0O4
QDs) for in vivo triple modal bioimaging by fluorescence, magnetic resonance and computer tomography
(FL/MR/CT) [75]. This work used a green and facile one- pot hydrothermal method by using poly(y-
glutamic acid) as a precursor and stabilizer agent. At first, ferrous chloride tetrahydrate (FeCl,.4H,0),
ferric chloride hexahydrate (FeCl;.6H,0) were dissolved in deionized water following addition of poly-y-
glutamic acid (y-PGA) to the solution. Then nitrogen was bubbled inside the solution and solution was
stirred for 3 h. Afterward the solution temperature was raised to 60 °C an.. the pH solution was adjusted to
10 using ammonium hydroxide solution and the solution was kept a 60 C for another 5 h. Finally, the
mixture was transferred to a Teflon-lined autoclave and maintain¢d au 180 °C for 8 h. The autoclave was
cooled naturally to the room temperature and the obtained solu..nn was dialyzed against deionized water
for one day followed by freeze-drying to collect formed r.*'rogt n doped carbon MQDs. Theses MQDs
showed excellent water dispensability, quantum vield, s.ing magnetic properties and good
biocompatibility. Cell cytotoxicity assessment us‘ng H:La cells in different MQDs concentration
exhibited very good cell viability up to 500 p /m. of MQDs. The in-vivo fluorescence, magnetic
resonance, and computed tomography bioimagin,, studies demonstrated that these MQDs can be used as a
potential contrast agent for triple-modal FL/\'R/CT imaging of tumors.

Li et al. [76] synthesized satellite <cricture of microsphere silicon oxide microspheres (SiMS)
assembled with Fe;0, NPs and CdT. ODs by LBL assembly and thiol covalent coupling, respectively. At
first, SiO, microspheres modifie? b, thiol group (SiMS) were prepared by treating microsphere with (3-
mercaptopropyl) trimethoxysila. 2 ('vIPS) dropwise to functionalize the surface of silica with thiol groups.
The purified thiol functianz'izec silica microspheres solution was mixed dropwise with Fes0, MNPs in a
span of 24 h to form SiMS- ANPs. The surface of SiMs-MNPs was thiol functionalized by mixing 1, 6-
dimercaptohexane (DMH) solution in anhydrous toluene with SiMS-MNPs solution followed by layer-
by-layer assembly of MNPs on the surface of SiMS-MNPs to add more MNPs. A mixture of TEOS and
MPS was added dropwise into the solution in 3 h span to form a silica layer with thiol groups on the
surface as SiIMS-MNPs-SiO, (Figure 23). In a separate reaction, CdTe QDs were synthesized by adding
tellurium powder in DI water and NaBH, in the ice bath under vacuum in 2 h to form NaHTe. On the
other hand, a solution of cadmium chloride and thioglycolic acid (TA) was prepared at 100 °C and the pH
was adjusted to 10, then NaHTe solution was added to this solution and the reaction was continued for 20
h. TA stabilized CdTe QDs were precipitated in acetone, purified and re-dispersed in DI water. These TA
stabilized QDs were added dropwise to the aqueous solution of SiIMS-MNPs-SiO, which functionalized
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with MPS and the pH was adjusted to 11, then the reaction was continued for 4 h to generate SiMS-
MNPs-SiO,-CdTe composite. Figure 23 shows schematic illustration of the synthesis of core-shell

composite.
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Figure 23. Preparation steps of the core—shell-sa:llite structured of MQDs [76].

6. Conclusions and perspectives

MQDs synthesized by chemical combinatior, of QDs and MNPs provide unique multimodal
functionality because of their excellent con. in7.don of optical and magnetic properties that is most
desirable feature applicable in many bioi.edical and biological applications, such as bio-labeling, MR
imaging, hyperthermia treatments, chr.m_.*hecapy, disease diagnostics, drug delivery, sorting and
separation processes. In this review, v.e nresented recent strategies that have been employed for chemical
synthesis and integration of FesC- Mi!®s and QDs. Most common approaches are those of first, QDs
synthesis utilizing Cd or Pb ele: ~ental sources in organic solution via high temperature injection.
However, QDs with Cd or b . *e not suitable for bio-medical applications because of their heavy metal
toxicity. A few studies ha.2 1ucused on synthesis of Cd/Pb-free QDs and these were made of non-toxic
InP, CulnS,, Ag,Se or AyS, however they suffer from low quantum yield and broad emission spectra.
These features can be improved through incorporating Se and In elements during their synthesis, but
doping of these elements further limits their biocompatibility. Direct QDs synthesis in water or other
hydrophilic solvents is a promising approach to synthesize core-shell QDs and MNPs doped nanomaterial
to obtain MQDs. Carbon dots are other nontoxic materials that has been synthesized using a green
chemistry method which is inexpensive and scalable, but requires more investigation in order to improve
their optical properties and stability. Fluorescence emission of carbon dots depends on their defects,
therefore, manipulating the surface of carbon dots to create specific density, defects in specific spots

along with their controlled size and shape requires systematic investigation to improve optical properties.
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Synthesis of MNPs and alloying iron with other elements to obtain stronger magnetic moment, as
well as synthesis of QDs with higher QY will allow fabricating MQDs most suitable for in vivo
applications. Recent attempts to synthesizing MQDs with unique nanoarchitecture and orientations could
play a vital role in their biological and/or biomedical applications with minimum or no toxicity. For
instance, CdSe/CdS/ZnS QDs remain buried while being protected by surrounding MNPs. Such type of
CdSe/CdS/ZnS@MNPs are not only highly stable, bright and magnetic, but also prevent from
release/dissociation of QDs from MQDs due to a strong protective shield formed by the MNPs decorated
around core QDs. Such MQDs carry multi-functionality of magnetic, optical and biological functionality
post-bioactivation. Biocompatibility and performance of MQDs deperds on additional factors, such as
their shape, surface charge, size, ligands and surface coating materia!s. ,*dditionally, integrating such
MQDs and handling small volume of samples with the aid of microfl. dirs could solve current problems
in clinical diagnosis, such as eliminating intrinsic fluorescence hakgr,und noise in clinical assays. The
effects of mentioned factors during synthesis of MNPs and Ds and fabrication of MQDs and their in
vivo or in vitro applications are yet to be fully explored. Biou . adability and removing MQDs from the
body after the target aims and their allowed dosage ‘i1 -ne body are additional key features that needs
further investigation to address health and safety icvues. wlost of the MQDs are fabricated in laboratory
scales, while their large scale synthesis and th -ir st ability for a long time is another important subject that
need more investigations. Application of MQDs in biomedical sciences is imminent and expected to grow
in coming years due to their multimodal *..>cticnality most useful for; (a) rapid point-of-care based nano-
diagnostic systems, (b) form new cl. se. ~f smart imaging and theranostic nanorobots, (c) magnetic
heating and hyperthermia treatments and (d) drug delivery systems for their biological activity in

personalized therapeutic applicatius.
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Highlights

() Recent strategies for chemical synthesis and integration of magnetic iron oxide nanoparticles and
luminescent quantum dots.

(b) Multifunctional magnetic luminescent quantum dots (MQDs) that has been used for biological,
biomedical or diagnostic applications, such as magnetic resonance imaging (MRI), point of care based
diseases nano-diagnostic, theranostics nanorobots and other bio-medical applications.

(c) Future prospects of MQDs are addressed.
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