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Shape controlled synthesis of inorganic nanocrystals is one of the important issues in materials chemistry due 
to their novel shape dependent properties. Although various shapes of nanocrystals have been developed, a 
systematic account on the shape control of these nanocrystals still remains an important subject in materials 
chemistry. In this article, we will overview the recent developments in the geometrical shape evolution of 
semiconductor and metal oxide nanocrystals obtained by nonhydrolytic synthetic methods. Many structurally 
unprecedented motifs have appeared as zero-dimesional (D) polyhedrons, one-D rods and wires, two-D plates 
and prisms, and other advanced shapes such as branched rods, stars, and inorganic dendrites. Important 
parameters which determine the geometrical shapes of nanocrystals are also illustrated. In addition, as a 
possible application of such nanocrystals for biomedical sciences, we further describe their utilizations for 
cancer diagnosis through nanocrystal-assisted magnetic resonance imaging (MRI).
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Introduction

Nanocrystals are the important components for next
generation nanoscale devices,1 and the successful operation 
of these devices will be easily accomplished by using 
nanocrystals with distinct sizes and shapes. By assembling 
and patterning nanocrystals in a manner similar to assembl
ing “Lego" blocks, the fabrication of next generation devices 
that are extremely fast, efficient, and small can be possible?

It has been found that size and shape of nanocrystals are 
key factors for the determination of their unique chemical 
and physical properties. Bulk materials have their own 
characteristics and innate properties such as color, phase 
transition temperature, and band-gap energy. However, nano
crystalline materials no longer retain such bulk properties 
and exhibit unprecedented novel phenomena associated with
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nanoscale dimension. For example, bulk gold has golden 
color and melts at 〜1,064 °C. In contrast, under nanoscale 
regime, color of gold can be tuned from red, to deep violet, 
and to blue by controlling their size and shape? Similarly, its 
melting point is significantly decreased to -350 °C at the 
size of 〜L6 nm/ The band-gap energy of CdSe nanocrystals 
gradually increases from L75 eV to 2.6 eV as their size 
decreases from 12 nm to L2 nm as exemplified,3 the size 
and shape of nanocrystals now plays as crucial parameters to 
determine their new nanoscale chemical and physical 
properties. Such novel phenomena of nanocrystals are 
interesting and valuable to be further investigated. Once we 
learn methods to control the size and shape of nanocrystal 
precisely, therefore, their chemical and physical properties 
can be tailored as desired.

During past decades, researchers have pursued to have an
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efficient synthetic route of well-defined inorganic nano
crystals. Various synthetic approaches have been adopted for 
the size and shape controlled nanocrystal growth, which 
include gas-phase vapor-liquid-solid (VLS) method and 
thermal evaporation,6'14 crystal growth in a nanoporous solid 
template」' aqueous colloidal nanocrystal growth in a struc
tured micelle,16 and nonhydrolytic colloidal synthesis.17'50 
Among these methods, nonhydrolytic colloidal approach is 
proven to be a convenient and reproducible route fbr the 
fabrication of nanocrystals with excellent crystallinity and a 
controlled size and shape. In such a method, typically, 
molecular precursors, which usually contain key elements 
for desired nanocrystalline materials, are injected into a hot 
(〜100-350 °C) organic solvent with capping molecules, 
which induces i) a rapid increase of the monomer concen
tration, ii) nanocrystal growth through aggregation of the 
monomers, and iii) surface passivation of the resulting 
nanocrystals with capping molecules. Moreover, this method 
has several controllable synthetic aspects: i) facile separation 
between nucleation and growth stages, ii) control of growth 
parameters such as the choice of the molecular precursor and 
capping molecules, the reaction temperature, and the growth 
time.

Early iuve아igations of the nanocrystal fabrication have 
focused on the synthesis of zero-dimensional isotropic 
shaped nanocrystals such as spheres, cubes, tetrahedrons, 
and tetradecahedrons??17-20 Since monodisperse CdSe nano
spheres were synthesized through a molecular precursor 
injection method in a hot surfactant solution by Bawendi and 
coworkers/ a variety of spherical nanocrystals of semicon
ductors, metal oxide, and metal nanocrystals have been 
synthesized (Figure 1A). Researchers have further explored 
anisotropic one-dimensional shapes which exhibit novel 
optical and magnetic properties arising from shape effects 
(Figure IB). Included in this group are rods and wires of 
group II-VI semiconductors (e.g. CdS,21'23 CdSe,21"24'26 
CdTeJ1?27?28 ZnSe29), III-V semiconductors (Gal^30 InP31), IV 
semiconductor (Ge32), other semiconductors (PbS,33 PbSe?%" 
MnS36>37), and transition metal oxides (eg. ZnO,38?39 
TiO2?M1 Wi.8()49?42 Mn3O4>4143 V2O5?9 BaTiO4>44 and

Figure 1. Representative geometrical motifc and TEM images of 
inorganic nanociystals.

FesO4 ). Tw。dimensional discs and plates with polygon 
shapes were also synthesized: Cu?S46 and NiS47 nanodiscs, 
Co metal nanodiscs,48?49 GdiOs nanodiscs^0 and Fe^Os 
trigonal prisms45 have been recently reported (Figure 1C). 
Besides such primitive shapes of inorganic nanocrystals, 
advanced shapes of nanocrystals have been developed. 
Multipod structures of semiconductors (e.g. CdS,23 CdSe；> 
CdTe,27 MnS* ZnSe29) including bipods, tripods, and 
tetrapods, and star-shaped PbS nanocrystals,33 and dendritic 
CdSe25 and CdTe27 nanocrystals are the examples of such 
cases. Although there are increasing number of examples of 
nanocrystals with anisotropic shapes from simple one
dimensional rods and wires to advanced multipods and stars, 
the reports on their shape-guiding mechanism are very 
limited. To obtain more advanced-structured nanocrystals 
and to have the ability to control the nanocrystal shape as 
desired, the unraveling and systematic understanding of 
shape-guiding processes are necessary.

In this article, we review the recent progresses in the 
development of colloidal nanocrystals with various shapes. 
In particular, we focus on the semiconductor and metal 
oxide nanocrystals synthesized through the nonhydrolytic 
chemical route, with an emphasis on the possible growth 
mechanisms and current achievements of nanocrystal shape 
controls. Critical parameters for the nanocrystal shape 
determination are discussed through the case studies of 
nanocrystal growths of various semiconductors (eg. CdS,23 
MnS* Cdi-xMiixS,36 GaP/° PbS33) and transition metal 
oxides41 (e.g. TiOz, W18O49, MibQ。.

Shape Guiding Mechanism of Inorganic Nanocrystals

Nanocrystal formation can be simply understood as two 
step procedures: i) nucleation initiated by sudden increase of 
monomer concentration over super-saturation levels, and ii) 
the subsequent cry아al growth from the seed with progres
sive consumption of monomers in solution. (Figure 2) The 
final geometry of nanocrystals is determined by several
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Figure 2. Nanociystal growth diagram. (A) Nucleation sta옹e, (B) 
growth stage.
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parameters during these nucleation and growth processes. 
Initially, the crystalline phase of the seed at the nucleating 
stage is critical for the directing nanocrystal shapes due to its 
characteristic unit cell structure. Once nanocrystal seeds are 
formed with a specific crystalline phase, several other 
factors for controlling the subsequent growth processes will 
affect the final geometry of nanocrystals. Such key factors 
include the intrinsic surface energy of different crystallo
graphic surfaces, the role of surface selective capping 
molecules, and the choice of the nanocrystal growth regime 
between thermodynamic and kinetic regimes.

Nucleation stage: cryst씨line phase effect Nucleating 
seeds of nanocrystals can potentially have a variety of 
crystalline phases from isotropic structure of cubic to aniso
tropic structure of hexagonal or monoclmic. Among various 
crystalline phases, the stable phase of materials is highly 
dependent on its environments such as temperature and the 
choice of capping molecules. For example, by acjju아iiig the 
initial temperature during the nucleation process, the 
crystalline phase of nanocrystals can be controlled. Once the 
crystalline phase is determined, the characteristic unit cell 
아ructure of the seeds strongly affects on the further 
nanocrystal growth processes. For example, an isotropic unit 
cell 아ructure (eg. cubic) of the seed generally induces the 
isotropic growth of nanocrystals from the seed, and there
fore, zero-dimensional nanostructures are possible. In con
trast, anisotropic unit cell structures of the seed can induce 
anisotropic growth along crystallographically reactive surfaces 
and therefore anisotropic shapes of nanocrystals are expect
ed. The growth of MnS nanocrystals can be a good example 
of such case.36 MnS crystals possess diverse crystallographic 
structures from isotropic rock-salt 아mcture and zinc blende 
to anisotropic wurtzite (Figure 3). It is known that the rock 
salt structure is more stable at high temperature (> 200 °C), 
whereas the wurtzite 아ructure is preferred at temperatures 
below 200 At high temperature (〜200 °C), the seed 
of rock salt 아ructured MnS induces isotropic growth along 
eight {111} directions, and 30 nm sized nanocubes are easily

Bull. Korean Chem. Soc. 2006, Vol. 27, No. 7 963 

observed after the injection of the molecular precursor, 
Mn(S?CNEt2)2> into a hot solution containing hexadecyl
amine capping molecules (Figure 3A). In contrast, at low 
temperature (-120 °C), the nucleation of the hexagonal 
wurtzite 아mcture results in anisotropic growth along the c- 
axis of wurtzite structures and therefore thin nanowires of 2 
nm in diameter with an aspect ratio of 〜80 are obtained 
(Figure 3B).

Similar crystalline phase effects of the seeds can be 
observed in the case of CdS nanocrystal growth.23 CdS has 
two distinct crystalline phases: an isotropic zinc blende is 
stable below 250 °C and hexagonal wurtzite is preferred at 
higher temperature (-300 °C).' At high temperature, the 
exclusive formation of one-dimensional CdS rods is observ
ed from high temperature 아able wurtzite structured seeds, as 
similarly seen in the MnS nanowire growth (Figure 4A). 
However, at lower temperatures, the formation of tetrahedral 
shapes of zinc blende seeds truncated with four {111} faces 
is clearly facilitated. The subsequent epitaxial growth of 
wurtzite pods along the c-axis from the four equivalent 
(111} faces of the seed results in the formation of CdS 
tetrapods (Figure 4B). High res이ution transmission electron 
microscopic (HR-TEM) analyses show the crystalline phase 
effect on these CdS monorods and multipods (Figure 4C, D). 
The monorods prepared at high temperature have hexagonal 
wurtzite 아metises (Figure 4C). In contrast, the HRTEM 
image of bipods prepared at lower temperatures indicates 
that the core is of cubic-phased zinc blende 아ructure with 
tetrahedral geometry and a separation anle of 〜109.5° 
between arms of the bipods (Figure 4D).

Besides such temperature mediated crystalline phase 
control of seeds, the choice of capping molecules can be a 
means of controlling the crystalline phase of seeds. Since the 
capping molecules dynamically bind to the crystal surface 
during the nucleation and crystal growth processes, the 
conformation of crystal 아ructure is highly affected by the 
identity of the capping molecules. For example, GaP have 
two distinct crystalline phases that are in rotational iso

Figure 3. Crystalline phase eflfect on shape determination of MnS nanociystals. (A) Nanocubes obtained at 〜200 °C, (B) nanowires obtained 
at 〜120 °C. '
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Figure 4. CdS nanociystal growth. (A) Monorods from hexagonal wurtzite seeds, (B) tetrapods from zinc blende seeds, (C, D) HRTEM 
images of(C) a monorod and (D) a bipod.
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merism: the zinc blende phase which is a 아aggered confor
mation with <111> directions while the wurtzite phase is an 
eclipsed conformation with <001> directions (Figure 5A, 
B). Zinc blende GaP is a thermodynamically stable phase 
that is 아erically favored?4 Wurtzite GaP is a kinetically 
stable phase that is favored due to the electro아atic inter
action between vicinal gallium and phosphine atoms when 
GaP monomers approach the crystal surface?4 The energy 
difference between these two phases is subtle and the control 
of the steric effect of GaP monomer molecules can have a 
significant affect on the conformation of crystal structures.30 
When 아erically bulky tertiary amines (eg. trioctylamine) 
are used as capping molecules, staggered conformation is 
highly favored due to the large 아eric hindrance between 
tertiary amine capping molecules and the crystal surface 
(Figure 5C). Therefore, formation of zinc blende GaP nano
spheres results (Figure 5E). However, when 아erically less 
hindered primary amines (e.g. hexadecylamine) are used, the 
아eric energy difference between eclipsed and staggered 

conformations is diminished (Figure 5D). Therefore, 아eric 
effects on determining the binding geometry of incoming 
monomers are now minor and electronic effects play a major 
role. This facilitates the formation of the kinetically stable 
wurtzite GaP and further induces the formation of rod
shaped nanocrystals elongated with c-axis under the kinetic 
growth regime induced by a high monomer concentration 
(Figure 5F). The GaP nanocrystals obtained exhibit unique 
shape-dependent optical features originating from quantum 
mechanical effects. The absorption spectra show strong 
shoulders (3.48 and 3.46 eV for spheres and rods, respec
tively) and shallow tails that are attributed to direct and 
indirect transition, respectively?^ The photoluminescence 
maximum is 2.94 eV for spheres corresponding to the direct 
transition of 8 nm GaP, while red shift (2.79 eV) is observed 
for rods (8 nm x 45 nm), which may arises from shape 
anisotropy?6

Growth stage: intrinsic surface energy and selective 
adhesion of capping molecules* After the crystalline phase
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Figure 5. Capping molecule mediated seed formation of GaP 
nanocrystals. (A) Staggered conformation of the zinc blende 
structures, (B) eclipsed structures of the wurtzite structure, (C) 
sterically favored seed formation under the use of trioctylamine, 
(D) electronically favored seed formation under the use of 
hexadecylamine, (E) zinc blende structured GaP nanospheres, (F) 
wurtzite structured GaP nanorods.

of nucleating seeds is determined, several parameters during 
the subsequent growth stages strongly govern the final 
shapes of nanocrystals. One of critical parameters influenc
ing the growth patterns of nanocrystals is the surface energy 
of the crystallographic faces of the seed. Since the crystal 
growth rate is highly related to the nanocrystal surface 
energy, it is important to examine the surface energy related 
effects on the anisotropic growth of nanocrystals.

The anisotropic growth of anatase TiO? nanocrystals is 
driven by such intrinsic surface energy effect.40 Anatase 
TiO? has tetragonal structures elongated along c-axis and the 
{001) faces have the highe아 surface energy with the 
maximum packing density and a large number of under
coordinated atoms. Such surface energy difference results in 
the significant growth rate diflferences between different 
crystallographic directions, since the growth rate is expon
entially proportional to the surface energy?7 The growth rate 
along the <001> directions is much fh아er compared to other 
directions, which result in the progressive elongation along

Figure 6. (A) TEM image of TiO? nanorods. (Inset) HRTEM 
image.

the <001> directions and formation of one-dimensional rod 
structures (Figure 6). Anisotropic rod growth of hexagonal 
wurtzite semiconductors including CdS,21'23 CdSe,21"24'26 
CdTe,"'27 ZnSe,29 MnS,36 and GaP,30 can be also understood 
in a similar manner. The surface energy of {001) faces of the 
wurtzite 아ructure is much larger than those of other faces 
such as {100} and {110) and induces unidirectional growth 
along the [001] direction.

The surface energy dependent shape control of nano
crystals can be elaborated by modulating the relative surface 
energies with the use of surface selective capping molecules. 
Rock salt phased PbS cry아als generally nucleate as tetra
decahedron seeds, exposing six {100} faces and eight {111} 
faces.33 Since intrinsic surface energy of the {111} faces is 
higher than that of the {100) faces, relatively fh아 growth 
along the eight equivalent <111> directions from the tetra
decahedron seeds results in the formation of cube-shaped 
nanocrystals. When the nanocrystals are synthesized 
through the thermal decomposition of molecular precursors 
Pb(&CNEt2)2 in a hot organic solution containing dodec
ylamine as nonselective capping molecules, cube-shaped 
PbS nanocrystals are obtained (Figure 7A). The use of 
dodecanethiol as capping molecules instead of dodecyl
amine allows the sy아ematic shape evolution of PbS nano- 
cry아als, The dodecanethiol molecules tend to selectively 
stabilize the {111} faces via X-Pbs-SR bridging bonds while 
they bind weakly to the {100} faces via a single bonding 
mode (Figure 8). Therefore, the surface energy of the {111} 
faces can selectively be lowered relative to that of the {100) 
faces. The cube-shapes of PbS nanocrystals are gradually 
changed to truncated octahedrons via truncated cubes, as the 
dodecanethiol concentration is increased. The increase in R 
factor (rioo/riib the ratio of the central distance of the {100} 
faces to that of the {111} faces) from 0.60 to 0.79 and 0.98 
by increasing dodecanethiol concentration also reveals that 
the higher concentration of dodecanethiol blocks the growth 
on the {111} faces and facilitates the growth on the {100) 
faces (Figure 7B-D).

Growth stage: kinetic vs. thermodynamic nanocrystal 
growth. Another critical shape guiding parameter which is
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Figure 7. PbS nanociystals. (A) Cubes, (B, C) truncated cubes, (D) 
tetradecahedrons. (Insets) HRTEM images of (C, inset) truncated 
cubes and (D, inset) tetradecahedrons.

(111) surface
strong binding 

via p?-Pb3-SR bridging mode

(100) surface
weak binding 

via single bonding mode

Figure 8. Binding modes of alkanethiols on PbS crystals. (A)心 
Pbs-SR bridging mode on (111) surfeces, (B) single bonding mode 
on (100) surfaces.

determined in the growth stage is the delicate balance 
between the kinetic and the thermodynamic growth regimes. 
Under the thermodynamic growth regime that is characteriz
ed by a sufficient supply of thermal energy (kT) and low flux 
of monomer, monomers isotropically grow from the 
nucleating seeds and therefore the formation of zero
dimensional structures (eg. sphere) is preferred. Sphere is 
the thermodynamically most stable shape with the lowe아 

overall surface energy. In contrast, under the non-equilib
rium kinetic growth regime with a high flux of monomers, 
preferential anisotropic growth can be facilitated along the 
kinetically most favorable directions with low activation 
energy barriers.

The control of growth regime between kinetic -s. thermo
dynamic growth can be achieved by changing the reaction 
parameters such as the monomer concentration and the 
growth temperature.也2°26,29 Th。monomer concentration 
effects on the shape evolution of CdSe nanocrystals were 
extensively studied by Peng and coworkers?6 At a low 
concentration of monomers at a fixed growth temperature, 
thermodynamically fovorable-isotropic growth from the 
wurtzite seeds is preferred, which results in the formation of 
nanospheres. However, at a higher monomer concentration, 
kinetically fhvorable・anis아ropic growth along the [001] 
direction of the wurtzite CdSe is favored, since the differ
ence in growth rate between [00jj direction and other 
directions is accentuated by increasing the monomer 
concentration.

Figure 9. Growth regime dependent PbS nanociystal shape control. 
(A, B) Growth pathways under (A) the thermodynamic regime (kT 
> △G%i > >600) a桂d 8) the kinetic regime (AG^m > kT > 
AG^ioo)- (C, D) TEM images of (C) thermodynamically induced 
truncated cube shapes of PbS, (D) kinetically induced mono- and 
multipods of PbS, (E, F) HRTEM image of(E) a monopod and (F) 
a tetrapod.

The shape evolution of rock salt phased PbS nanocrystals 
provides a good example of the temperature effects on the 
choice of growth regime?3 As described, PbS nucleates as 
tetradecahedron truncated with eight {111} faces and six
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Figure 10. Star-shaped PbS nanocrystals. (A) TEM ima옹e of star-shaped PbS nanociystals synthesized at 230 °C. (Inset) HRTEM ima옹e of 
lattice fringes with zone axis of [111]. (B-D) TEM images and electron diffraction patterns with zone axis of (B) [110], (C) [112], and (D) 
[100], respectively. (E) HRTEM ima옹 e of zoomed fringes with zone axis of [100].

(100) faces. When excess thermal energy is supplied at high 
growth temperature (-300 °C), thermodynamic regime 
governs the major growth processes. In this growth regime, 
nearly isotropic growth from the tetradecahedron seeds is 
favored and therefore, cube shapes of PbS are obtained 
(Figure 9A, C). Under the conditions of low temperature 
(〜140 °C) and in the presence of surface selective dodecane
thiol molecules, however, the growth process shifts into the 
kinetic growth regime and anisotropic growth on the {100} 
faces with high surface energy is preferred. Remember that 
(111} faces are selectively stabilized under the presence of 
dodecanethiol molecule. This results in one-dimensional 
rod-based multipod structures (Figure 9B, D). HRTEM 
images of tadpole-shaped and cross-shaped nanocrystals 
prepared at 140 °C and the interplanar distance measure
ments indicate that the rod grows along the [001] direction 
from a tetradecahedron seed (Figure 9E, F). Intere아ingly, 
아ar・shaped nanocrystals, as a transient species between 
isotropic zero-dimensional and anisotropic one-dimensional 
shapes are obtained at an intermediate growth temperature 
(〜180 °C) (Figure 10A). TEM and electron diffraction (ED) 
analyses by tilting the star-shaped nanocrystals with 
different zone axes reveal that the nanocrystals results from 
the fast growth and progressive shrinking of the {100} faces 
into sharp triangular comers (Figure 10B-E).

Biomedical Applications of Colloidal Nanocrystals

Since inorganic nanocrystals exhibit unique properties, the 
development of next generation nanosy아ems for the bio
medical and electronic applications is highly anticipated. 
Especially, its small size and enhanced properties enable 
them to be utilized as probes and vectors for the advanced 
biomedical applications including sensing and imaging, 
separation, and therapy (Figure ll)?8 One of the represen
tative examples is semiconductor quantum(k)ts which 
exhibit tunable emitting wavelengths of light and high

Figure 11. Possible biomedical applications of nanocrystals.

photochemical stability. Such novel properties of semicon
ductor quantum(k)ts enable multiplexed detection/9 real 
time observation of cell signaling,60 near infra-red imag
ing,61 and long term cell evohitionf? which were difficulties 
with conventional organic dye-based fluorescence imaging 
techniques.

Another successful nanocrystal-based biomedical appli
cation is magnetic a nanocrystal-based nano-bio sy아em. 
When magnetic nanocrystals are incorporated into bio
logical environments, they can be utilized as a magnetic 
probe fbr detection and imaging and as a magnetic vector for 
cell separation and drug delivery. In particular, when they 
are utilized as probes in magnetic resonance imaging (MRI), 
it can bring significant enhancement in current biomedical 
imaging.63'69 Although modem MRI is one of the mo아 

powerful medical diagnostic tools due to its non-invasive 
nature and multi-dimensional tomographic capabilities 
coupled with high spatial resolution, its temporal resolution
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pure magnetic nanocrystal 
water s 이 ution

Figure 12. Magnetic resonance (MR) contrast effect of magnetic 
nanocrystals.

and sensitivity of MRI are still underperforming compared 
with other tools. However, such aspects can be significantly 
improved with the use of magnetic nanocrystals. Under an 
applied magnetic field, induced magnetic spins in magnetic 
nanocrystals perturb the nuclear spin relaxation processes of 
protons of water molecules surrounding magnetic nano
crystals. This effect leads to the shortening of spin-spin 
relaxation time (T2) of the proton, which results in darken
ing of MR images (Figure 12). When magnetic nanocrystals 
are conjugated with biologically active materials (e.g. 
antibody), the resulting nanocrystal-biomolecule conjugates 
have the multi-functionalities of both MR contra아 effect of 
magnetic nanocrystals and selective molecular/biological 
recognition of target molecules. This conjugate can act as 
molecular imaging agents which can efficiently report 
molecular/genetic events of region-of-interest target tissues.

Despite such potentials of magnetic nanocrystals as 
molecular MR imaging agents, utilizations of magnetic 
nanocrystals have been mostly limited to in vitro systems 
with very few successful demon아rations in the in vivo 
systems: MRI of inflammation and infarction,68,69 transgene 
expression of engineered transferrin receptors in live mice,66 
and MR detection of apoptotic cells in live rabbits and 
mice.63 This is partly due to the underdevelopment and lack 
of suitable of bio-compatible magnetic nanocrystals. There
fore, for the successful molecular imaging, it is important to 
develop high performance magnetic nanocrystal systems 
with the capabilities of excellent magnetic properties, the 
ability to escape from reticuloendothelial system (RES), and 
possession of active functionality to be linked with bio
logically active molecules.

Development of Biocompatible Magnetic Nanocrystals 
for MR Contrast Effects and 나ieir Utilization 

for Cancer Detection

Since magnetic property of nanocrystals highly depends

Figure 13. Nanoscale size eflfect of FeKZ nanociystals. (A) TEM 
ima용es of iron oxide (FeK*) nanocrystals of 4 nm, 6 nm, 9 nm, and 
12 nm. (B) Size dependent T2-weighted MR images of water
soluble iron oxide nanociystals. (C) Magnetization of water-soluble 
iron oxide nanocrystals measured by a SQUID magnetometer.

on the size, shape, stoichiometry, and crystallinity, it is 
necessary prerequisite to obtain the ability to control such 
materials properties. Conventional water-phase synthetic 
protocols generally suffer difficulties to achieve ultimate 
size-controllability, monodispersity, and 아 oichiometric com- 
position.7°Ji In contrast, nonhydrolytic high temperature 
injection methods allow one to have such desired high size
controllability, highly single crystallinity, and stoichiometry 
control. It has been demon아rated these nonhydrolytically 
synthesized nanocrystals can be utilized as MR contrast 
agents.72'74 Various sized iron oxide nanocrystals through 
high temperature injection methods including 4, 6,9, and 12 
nm with narrow size distribution (b < 8%) are fabricated 
(Figure 13A). Subsequently, 2,3-diinercaptosuccinic acid 
(DMSA) ligand is introduced into the nanocrystal surface,72 
which can endow them high water-phase stability through i) 
carboxylate chelate bonding to iron and ii) intermolecular 
disulfide cross-linkages between the ligands (Figure 14). 
Obtained water-soluble iron oxide nanocrystals exhibit 
excellent size-dependent magnetism and MR contrast effects. 
As increasing the size of nanocrystals from 4 to 6, 9, and 12 
nm, the mass magnetization value at 1.5 T gradually 
increases from 25 to 43, 80, and 102 emu/(g Fe) (Figure 
13C) and higher MR contrast effects (i.e. darker MR image) 
were seen (Figure 13B).72

When these nanocrystals are conjugated to the cancer 
targeting antibody molecules, Herceptin, the nanocrystal- 
Herceptin conjugates can be effectively used for brea아
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Figure 14. Schematic of 2,3-dimercaptosuccinic acid (DMSA)- 
coated water-soluble iron oxide nanocrystals.

cancer diagnosis.75 The nanocrystals have high magnetic 
properties and very small hydrodynamic size (〜10 nm), 
which are advantageous for both in vitro and in vivo cancer 
imaging. Such enhanced property enables in vitro detection 
of cancer cells with HER2/neu overexpression (SK-BR-3) 
(Figure 15). When these magnetic nanocrystals are utilized 
for in vivo detection of cancer cells (NIH3T6.7) implanted in 
mice, they successfully detected the cancer cells with high 
MR contra아 signal in the tumor sites (Figure 16). When iron 
oxide-control conjugates are injected into mice, no change in 
the color-mapped MR signal (Figure 16A) and T2 values 
(Figure 16C) at the tumor site is observed. In contrast, after 
the injection of iron oxide-Herceptin conjugates, immediate 
color changes to blue is evident and a continuous T2 value

으旳^net-irrelevant Ab HER2/neu 
j X" conjugate 、

SK-BR-3

Herceptin

Contr 이 
conjugate 

treated

Non
treated

WSIO- 
herceptin 

probe 
conjugate 

treated

Magnet-herceptin 
conjugate

Figure 15. In vitro MR detection ofHER2/neu overexpressed cancer cells by using magnetic iron oxide-Herceptin conjugates.

WSIO-antibody 
conjugates

Figure 16. In vivo MR detection of cancer implanted in a nude mouse. Color maps of T2-weighted MR images of cancer cells (NIH3T6.7) 
implanted mice at the different temporal points (pre-inj ection, immediate post, 4h) after the intravenous injection of (A) iron oxide-antibody 
control conjugates and (B) iron oxide-Herceptin probe conjugates. (C) Plot of T2 values of cancer cells in (A) and (B) samples versus time 
after the injection of iron oxide-antibody control conjugates.
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drop of -10% is observed within 5 min and 〜20% at 4h 
(Figure 16B? C), which implies that the iron oxide-Herceptin 
conjugates successfully reach and bind to the target cancer 
cells.

Concluding Remarks and Future Directions

Nanoscale controllability of inorganic nanocrystals can be 
achieved by a systematic understanding ofkey factors on the 
nanocrystal growth processes. In particular, we have dis
cussed important shape-guiding parameters and their 
specific roles on the shape guiding processes. The crystalline 
phase of nucleation seeds, the surface energy, and the choice 
of crystal growth regimes are found to be crucial These 
parameters can be further modulated by controlling reaction 
conditions such as growth temperature, the use of surface 
selective capping molecules, and monomer concentration.

In addition to those nanocrystals presented in this account, 
there have been many intere마ir*g novel shaped nanocrystals 
reported by others. Even for such successes of ours and 
others, the successful fabrications have been mostly limited 
to zero- and one- dimensional shapes of nanocrystals and a 
narrow range of materials systems. The success of this field 
depends heavily on the development of more versatile but 
reliable synthetic schemes for the tailored architectures of 
nanocrystals with desired components. Many new and as of 
yet undiscovered nanocrystals will become the key compo
nents for further scientific and technological applications. 
Therefore, the systematic elucidation of nanoscale physical 
properties of novel nanocrystals should be accompanied 
along with their synthetic protocols, with aspects of both 
theoretical and experimental approaches.

Even though nanocrystals have great potential to revolu
tionize current biomedical diagnosis and therapy, their 
successful utilizations have been very limited and is in early 
stages. One of the major obstacles to be resolved is the 
development of biocompatible nanocrystals with high col
loidal stability and desired physical and chemical properties. 
High colloidal stability against physiological conditions and 
small size is the necessary prerequisites. When such bio
compatible nanocrystals with optimal properties are obtain
ed, it will be feasible to develop new nano-bio hybrid 
systems with multi-functional capabilities such as ultra-high 
detection sensitivity and therapeutic capability.
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