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Group IV Nanoparticles

1. Introduction

Group IV elements play crucial roles both in our daily
life and in our bodies. Carbon is the backbone of all known
life-forms on earth. In the human body, it is the second
most abundant element by mass after oxygen. Carbon in
nature exists mostly in the form of graphite, diamond, and
amorphous carbon. Silicon is the basic material used in
integrated circuits and the principal component of semicon-
ductor devices. Silicon is also an essential element to sustain
life. The compound of silicon and carbon, silicon carbide, a
semiconductor with superior characteristics, is widely used in
high-temperature, high-power, and high-frequency electronic
applications. It is also one of the best biocompatible materials.
The third element in this group, germanium, is also an impor-
tant semiconductor and used progressively more in strained
devices involving a combination of silicon and germanium.

Although group IV semiconductors are commonly found in
microelectronics, they are not as popular in optics and optoelec-
tronics. The reason lies in their indirect bandgaps, which make
their luminescence efficiency very low at room temperature. In
optoelectronics, devices made of group I1I-V compound semi-
conductors such as GaAs dominate at the present time.

With the advent of nanoscience and nanotechnology, there
has been increasing interest in obtaining efficient luminescence
from group IV nanostructures for two reasons. First of all,
extensive investigations have demonstrated that the fluores-
cence efficiency in group IV nanostructures can be improved
by several orders of magnitude with respect to that of bulk
materials. Their quantum yield can be closer to or even higher
than those of some bulk or nanostructured direct-bandgap
semiconductors. This results from substantially enhanced radia-
tive recombination rates and suppressed or relatively reduced
nonradiative recombination rates due to spatial confinement
in the nanostructures.'! Secondly, group IV nanoparticles are
more benign to human beings and environments compared
with semiconductor nanocrystals that contain cytotoxic heavy
metal atoms. Thirdly, fluorescent semiconductor (including
group IV) nanocrystals, also known as quantum dots, have
demonstrated their great potential in biological imaging and
diagnostics as they have such virtues superior to traditional
organic dyes as high resistance against photobleaching, com-
position/size-dependent absorption and emission, as well as
broad absorption spectra and narrow emission spectra (for
monodisperse nanoparticles).[>3] Hence, they are suitable for
long-term and multicolor labeling in the monitoring of intra-
cellular processes.**l Furthermore, they can serve as drug
delivery platforms in therapeutics. Biologists have prelimi-
narily but extensively adopted group II-VI quantum dots in
various kinds of experiments, especially in bioimaging and dis-
ease diagnostics.*] One major reason is that there have been
relatively mature methods for synthesizing size controllable,
monodisperse pure or core/shell group II-VI quantum dots
that have bright fluorescence especially by chemical solution
methods.”1%1 However, general group II-VI (such as CdSe)
quantum dots contain heavy metal elements that are toxic to
living cells and tissues.[''"13] Hence the health concern has sti-
fled their wider biological usages especially in vivo and the task
to identify substitute benign nanoparticles has become a focus
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Figure 1. a) Prototype structures of Si,gH,,, illustrating the general
diamond (or zinc blende) structure of group IV semiconductor
nanocrystals. In the particle, five Si atoms constitute a single tetrahedral
core and 24 Si atoms constitute a H-terminated reconstructed surface.
Reproduced with permission.?3! Copyright 2002, American Institute of
Physics. b) Schematic energy diagrams of a quantum dot with or without
surface-related (or interior defect) traps showing distinct luminescence
mechanisms. They depict the recombination processes of electrons
along with the emission of photons. A phonon is simultaneously
emitted in the case of an indirect semiconductor so as to maintain the
conservation of momentum.

in this field."" In this respect, group TV nanoparticles bring
new hopes as benign materials accompanied by the above-
mentioned properties, which favor their biological applications.

Diamond and diamondlike carbon (DLC) are used in bio-
medical implants and preliminary studies have also demon-
strated the biocompatibility of bulk silicon.[”] Silicon carbide
has also been long recognized as one of the best biocompat-
ible materials,'% especially in cardiovascular and blood-con-
tacting implants and biomedical devices. Although germanium
is relatively less investigated, no significant cytotoxicity of
them has heretofore been observed. All these group IV mate-
rials have the face-centered cubic (diamond or zinc blende)
or hexagonal covalently bonded crystal structures (Figure 1a).
As a result, they can form chemical bonds with various
types of ligands especially biomolecules.'”! Another advan-
tage of group IV nanostructures is that they can be readily
made water-soluble as-prepared or via subsequent surface
functionalization; this is a necessary condition for applica-
tions in a physiological environment. The bandgaps of group
IV semiconductors at room temperature are 1.12 eV for Si,
5.50 eV for diamond, and 0.66 eV for Ge, whereas diverse for
SiC because it exists in over 200 crystalline forms and among
them the most common types are 3C, 6H, and 4H, which have
bandgaps of 2.2, 3.02, and 3.20 eV, respectively.'8! According
to the quantum confinement effect, as the size of a semicon-
ductor particle diminishes to be near or smaller than its bulk
exciton Bohr diameter, the corresponding energy gap will
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increase with decreasing size, and accordingly its fluorescence
arising from interband transitions of carriers (electrons and
holes) will shift to blue. As a result, the emissions in group IV
nanoparticles with different sizes will span the whole spectral
region from near-IR to visible to near-UV. This virtue is favo-
rable for their applications in biological imaging and sensing.

In the following sections, we shall summarize the achieve-
ments in group IV nanoparticles involving their synthesis,
properties, and various biological applications. To make the
clues clearer, we shall discuss each kind of the semiconductor
quantum dot one by one first and then give a discussion on
the similarities and differences among them.

2. Mechanisms of Light Emission

The characteristics of the emission from a semiconductor
nanoparticle that are closely associated with their biological
applications mainly contain peak wavelength, full width at half
maximum (FWHM), quantum yield, lifetime, and photosta-
bility. All of these features are strongly dependent on the lumi-
nescence mechanism of the nanoparticle. The direct-bandgap
group II-VI quantum dots generally show very simple lumi-
nescence mechanism with their fluorescence originating from
interband transitions of carriers. In contrast, the emissions
from group IV nanoparticles can be much more complex, and
they depend not only on the semiconductor type, but also on
the specific fabrication method because it can result in distinct
interior defects as well as surface reconstruction and bonding
structures. The environment can also play a key role in deter-
mining the luminescence properties of some types of group IV
nanoparticles. Similar to case of group II-VI quantum dots, the
emissions in group IV nanoparticles may also stem from inter-
band transitions of carriers (Figure 1b). In this circumstance,
the emissions obey the quantum confinement effect and will
monotonically shift to blue with decreasing particle size. On
the other hand, the interior defects such as vacancies and sub-
stitutional impurities as well as the surface defects may serve
as capturing centers of carriers in some nanoparticles, thereby
resulting in correlated luminescence. The peak wavelength
of such defect-related luminescence generally depends only
weakly on particle size. To enhance the photostability of the
nanoparticles as well as to improve their quantum yields, some
measures have been taken which include encapsulation of the
nanoparticles with oxide layers or surface passivation by spe-
cific ligands. For the luminescence originating from the defects,
its brightness can be improved by increasing the defect con-
centration during the synthesis process of the nanoparticles.
We shall discuss the respective luminescence mechanism for
each kind of group IV nanoparticle in the following sections.

3. Silicon
3.1. Fabrication and Luminescence Properties
Since the discovery of room-temperature, visible strong

photoluminescence in porous silicon prepared via electro-
chemical etching of bulk silicon,!'"] there have been extensive
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studies on its fabrication and luminescence properties.[202!]
Its luminescence mechanisms remain controversial, and most
generally accepted ones are quantum confinement effects
and surface states.'%?224 In general, the surface of freshly
prepared porous silicon is primarily terminated by hydrogen,
and it exhibits luminescence originating from the quantum
confinement effect, but after storage in air for a few minutes
or seconds the sample will be oxidized resulting in surfaces
states-related luminescence. However, in most cases, it is dif-
ficult to identify the specific luminescence mechanism from
the spectral features and in some cases quantum confinement
and surface states can even contribute simultaneously. Some-
times, the adsorption of specific molecules to a porous Si
can result in quenching of its emissions owing to the energy
transfer between them and following this principle a variety
of chemical sensors can be made.[>’]

In the past decade, silicon nanocrystals have gradually
replaced porous silicon to become the research focus.[2"]
Similar to porous Si, the luminescence mechanism of Si
nanocrystals is complex arising from both quantum con-
finement and surface defect states.*”?8] In addition to the
generally observed single exciton generation upon absorp-
tion of a photon in Si nanocrystals, the multiple exciton
generation upon absorption of a single photon as well as
one photon emission under multiphoton excitation has
also been observed.[?*30 All of these types of the lumines-
cence have their special applications in biological imaging.

A variety of methods have been developed to fabricate
freestanding silicon nanoparticles. Electrochemical etching
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of bulk Si combined with sonication is a proven method to
produce luminescent Si crystallites with size of some microm-
eters to nanometers.31=3 Pyrolysis of silane by laser heating,
microdischarge, microwave, and plasma treatment under dif-
ferent conditions has also been used to synthesize luminescent
Si nanocrystals possessing different dimensions.’**"1 Laser
ablation of a silicon target in unsaturated 1-alkene generates
1-alkene-capped 1-10 nm blue/UV luminescent Si nanocrys-
tals.*®l Silicon nanocrystals with average diameters of 1-5 nm
can be synthesized by thermal vaporization of Si followed
by exposure to atomic hydrogen to passivate the surface.*’]
The solution route constitutes another series of methods to
fabricate Si nanocrystals. Wet chemistry approaches such as
sodium naphthalenide reduction of silicon halides,> solu-
tion reaction of sodium silicide and ammonium bromide
using standard Schlenk techniques,[Sl] and reaction between
Br, and Mg,Si powder’? have separately yielded blue/UV
luminescent colloidal Si nanocrystals with surfaces easy to
functionalize. Solution-phase reduction of SiCl, with LiAIH,
or with sodium naphthalenide in inverse micelles generates
blue/UV luminescent colloidal Si nanocrystals with sizes of
1-10 nm depending on the experimental conditions.37]
Thermal degradation of diphenylsilane yields luminescent
Si nanocrystals 1.5-4.0 nm in diameter with the peak wave-
length varying from blue-green to near-UV depending on the
average particle size. The overall quantum yield is determined
to be as high as 23%.%% Ultrasound-assisted electrochem-
ical octyltrichlorosilane reduction produces blue luminescent
octane-terminated Si nanocrystals with the majority particle
sizes smaller than 5 nm.[®] High-energy mechanical ball
milling of nonspherical millimeter-sized pieces of semicon-
ductor-grade silicon in either alkene or alkyne produces blue
luminescent alkyl/alkenyl-passivated Si crystallites containing
some particles smaller than 4 nm in diameter.[%!]

Many freshly prepared Si nanocrystals are hydrogen-
terminated and need to be functionalized to render them
hydrophilic or at least amphiphilic as well as to protect them
from oxidation.®! Hydrogen-termination is suitable for sub-
sequent surface functionalization in that such pristine surface
can readily react with alkane, alkene, or alkyne groups to
produce Si—C bonds via UV irradiation, sonication, or catal-
ysis.[42:62-65 The surface of Si nanocrystals can also be chloride
terminated prior to functionalization.’*%] Direct alkylation
of a fresh silicon surface without the assistance of a hydrogen-
terminated intermediate has been reported.l!] Ab initio cal-
culations indicate that alkyl passivation only weakly affects
the optical gap of silicon quantum dots and may nonlinearly
enhance absorption.[7%81 However, alkyl-terminated Si nano-
crystals are hydrophobic and are not preferred in biological
applications in the physiological environment. Hydrophilic
surface functionalization of Si nanocrystals has been achieved
by using hydrophilic biocompatible organic ligands such as
carboxyl,[*29%70] amino,5 and hydroxyl groups.[’!]

3.2. Bioimaging

Si nanocrystals have several features making them
suitable for biological labels. First of all, the surface of Si
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nanocrystals is reactive and easy to functionalize with ver-
satile biocompatible ligands. Secondly, silicon is generally
benign to cells and tissues, as verified by experiments such
as cell tracking with intracellular polysilicon barcodes,[”?!
intracellular silicon chips,/®! and silicon electronics on silk for
bioresorbable implantable devices.[” Thirdly, Si nanocrystals
may have a very high quantum yield. It has been reported
that Si nanocrystals prepared by decomposition of silane fol-
lowed by surface passivation with alkenes or alkynes show a
quantum yield as high as 0.6 at 789 nm.["]

By use of two photoinduced reactions followed by DNA
labeling and formation of carboxamide, 1-2 nm diameter
Si nanoparticles can be conjugated to a 5’-amino-modified
oligonucleotide that contained a C6 linker between amide
and phosphate groups in aqueous solution.’"l The oligo-
nucleotide-conjugated nanoparticles show photolumines-
cence peaks at 400 and 450 nm with a quantum yield of 0.08.
Alkane-terminated Si nanoparticles can also be linked to
diazirine succinimidyl ester. The open end reacted with car-
boxyl moieties of streptavidin and formed an amide bond.["”]
The streptavidin molecules retain their binding capability to
biotin after conjugation.

Alkyl-capped Si nanoparticles can retain most of their
photoluminescence properties in the physiological environ-
ment,[”8! but their low water-solubility hampers many bio-
logical applications. Various types of organic molecules are
employed to cap the surface of Si nanoparticles via covalent
bond. Water-soluble luminescent poly(acrylic acid) grafted Si
nanoparticles with a diameter less than 10 nm and quantum
yield of 0.24 have been used for bioimaging in CHO cells.[}
The coated Si nanoparticles-labeled CHO cells show no
obvious changes in luminescence intensity over a span of 2 h.
Poly(acrylic acid) terminated Si nanospheres with a diameter
of 70 nm can be synthesized by magnetic stirring of hydrogen-
terminated Si quantum dots in an acrylic acid and ethanol
solution followed by blue and successive UV irradiation.[5"]
Each nanosphere is composed of primary Si nanocrystals
with the outermost layer composed of carboxyl groups. The
nanospheres have a quantum yield of 15-20% and are useful
fluorophores to label HEK293T human kidney cells. Si nano-
spheres generated by thermally oxidizing 35.1 nm Si nano-
spheres occupy a carboxyl-group outside layer with a higher
quantum yield of 25%.[8Y The carboxylic acid group in the
oxidized Si nanospheres can readily react with the amino
group of proteins to produce nanosphere/IgG conjugates that
can be used in immunofluorescent imaging of human embry-
onic kidney cell line 293. Cytotoxicity tests by monitoring
the reduction activity of methyl thiazolyl tetrazolium (MTT)
show that both Si nanospheres and oxidized Si nanospheres
have good biocompatibility.

The amino group is another species that can be grafted to Si
nanoparticles to render them water soluble and biocompatible.
Allylamine-grafted and blue luminescent Si nanocrystals 1-4 nm
in diameter have been used for biological imaging in HelLa
and Vero cells.’> By tuning the alkyl chain length between
the core nanoparticle and the amine-end group, the amine-
terminated 1.57-nm Si nanoparticles exhibit tunable emissions
from blue to UV.® The emissions are exceptionally stable
over a wide pH range of 1 to 13. These capped nanoparticles
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are used in BV2 cells imaging, and appear to relocate to the
newly formed cells as confirmed by proliferation of the stained
cells indicating their good biocompatibility. Preparation of
octadecene, ethyl undecylenate, or styrene-functionalized Si
quantum dots encapsulated in amine-functionalized phos-
pholipid micelles has also been reported (Figure 2a,b).[* The
encapsulated nanoparticles which have diameters of 50-120 nm
and luminescence quantum yield of 2—4% show robust uptake
by human pancreatic cancer cells in vitro with no sign of mor-
phological damage to the cells (Figure 2c). The MTS assay
shows an average cell viability of 85% after 48 h of co-incuba-
tion at a concentration of 8 ug mL™.

Si particles may also be used in hyperpolarized magnetic
resonance imaging.[® The Si particles adopted in the study
span four orders of magnitude in diameter from 40 nm to
1 mm and exhibit remarkably long nuclear spin relaxation
time ranging from many minutes to hours. They are aminated
with (3-aminopropyl)triethoxysilane and then coated with
polyethylene glycol (PEG). The materials show good stability
and biocompatibility. The detail of application of nanopar-
ticles in magnetic resonance imaging has been described in
some comprehensive reviews. [0

3.3. Cytotoxicity

The toxicity or biocompatibility is the first concern
when nanoparticles are used in life sciences in vivo. The
primary rat hepatocytes cell viability on nanoporous sil-
icon approaches that found on tissue culture polysty-
rene.[’’] Examination of the cytotoxic and inflammatory
responses to luminescent 3-nm Si nanoparticles with micro-
meter-sized silicon particles in RAW 264.7 macrophages

Figure 2. a) Schematic of surface functionalization of silicon quantum dots with compounds
R1 (styrene, octadecene, or ethyl undecylenate) followed by encapsulation with phospholipid
micelles that were terminated by the functional groups R2 (methoxy PEG, carboxyl, folate,
or biotin). b) TEM images of Si quantum dots encapsulated in several micelles. c) Overlay
of the confocal microscopic bright-field and fluorescence images of live pancreatic cancer
cells treated with amine-terminated micelle encapsulated Si quantum dots. The scale bar is
17.29 um. Reproduced with permission.!83! Copyright 2008, American Chemical Society.
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reveals that endotoxin-free Si nanoparticles can slightly
reduce the cell viability at concentrations exceeding
20 ug mL L8] However, in contrast to micrometer-sized
particles, no inflammatory responses can be detected from
experiments involving nanoparticles up to 200 ug mL™". Pas-
sively oxidized 6.5-nm Si quantum dots that emit green light
have been used in living HeLa cell imaging.[¥] The toxicity
of Si quantum dots is not observed at a concentration of
112 ug mL™". They show less toxicity than CdSe quantum dots
at high concentrations in mitochondrial assays and with lac-
tate dehydrogenase assays. Under UV exposure, Si quantum
dots are over ten times safer than CdSe quantum dots. 1 um
Si particles prepared by milling of porous Si are observed to
have a mild negative effect on the evolution of cells at very
high concentrations (more than 5 ug mL™! of nutrient media),
but the cells are viable and cell division proceeds normally
and the next cell generation shows normal behavior.’’] No
internalization but only concentration on the cell membranes
has been observed for these Si particles. Alkyl-capped silicon
nanocrystals have been reported to induce a higher rate and
extent of intracellular accumulation in human cancerous
cells compared to human noncancerous primary cells.[”!]
The uptake of the nanocrystals by cells is primarily through
cholesterol-dependent endocytosis. They show no evidence of
in vitro cytotoxicity when assessed by cell morphology, apop-
tosis, and cell viability assays.

3.4. Drug Delivery

Porous Si particles have numerous pores that can accom-
modate drugs and thus have great potential as drug delivery
agents.’2l Porous Si microparticles with pore size of 20100 nm
produced by electrochemical etching of
bulk Si have been demonstrated to carry
fluorescein isothiocyanate (FITC)-insulin,
a model hydrophilic pharmacologically
active protein, along with sodium lau-
rate (C12) as the permeation enhancer to
cross intestinal Caco-2 cell monolayers.*?!
The ability to cross the cell monolayers
with FITC-insulin loaded by silicon is
enhanced by nearly 10 times compared
to liquid formulations with permeation
enhancers. The 126 nm porous Si parti-
cles with the pore size of 5-10 nm exhib-
iting near-IR emission are produced by
electrochemical etching combined with
ultrasonication.[*l The materials can self-
destruct in the physiological environ-
ment into renally cleared components via
hydrolysis of surface silicon dioxide into
orthosilicic acid [Si(OH),4], which is natu-
rally found in many tissues and can be
efficiently excreted from the body through
urine (Figure 3a—c). In vivo imaging of
mouse tumors and other organs using
the silicon nanoparticles has also been
demonstrated. The nanoparticles injected
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Figure 3. Characterization of luminescent porous Si nanoparticles (LPSiNP). a) Schematic diagram depicting the structure and in vivo degradation
process for the biopolymer-coated nanoparticles used in this study. b) Cytotoxicity of doxorubicin (DOX)-Si nanoparticles, bare Si nanoparticles
and free DOX towards MDA-MB-435 human carcinoma cells, quantified by the MTT assay. The cells were incubated with the samples for 48 h.
The error bars indicate the standard deviation. c) In vitro cytotoxicity of Si nanoparticles towards Hela cells after incubation with cells for 48 h,
determined by the calcein assay. d) In vivo biodistribution and biodegradation of Si nanoparticles over a period of 4 weeks in a mouse. They were
intravenously injected into the mouse (n = 3 or 4, dose = 20 mg kg™?). The silicon concentration in the organs was determined at different time
points after injection. Reproduced with permission.[®* Copyright 2009, Nature Publishing Group.

intravenously are observed to accumulate mainly in mononu-
clear phagocytic-system-related organs, degrade in vivo within
a few days, and be removed from the body (Figure 3d).

4. Carbon
4.1. Fabrication and Luminescence Properties

Luminescent carbon nanoparticles can have the diamond,
graphite, or mixed diamond/graphite structure. Graphite con-
sists of parallel atomic layers. In each layer, the carbon atoms
(sp?) are arranged in a hexagonal lattice. The diamond lat-
tice consists of tetrahedrally bonded carbon atoms (sp’) in a
face-centered cubic structure. Graphite is very soft and has
good electrical conductivity, and it is opaque and black. Dia-
mond has high hardness and is a highly transparent insulator,
except blue diamond which is a semiconductor due to incor-
porated boron. Both graphite and diamond are highly stable
and require a high temperature to react even with oxygen.

4.1.1. Diamond Nanoparticles

The static high-pressure high-temperature (HPHT)
method is commonly used to produce luminescent dia-
mond nanoparticles for biological applications. It consists
of two steps with diamond crystals with diameters of tens
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of micrometers created first and then they are mechani-
cally milled to produce nanodiamond. Using high energy
ball milling, fluorescent HPHT diamond microcrystals are
converted into isolated ultrasmall quasi-spherical diamond
nanoparticles with dimensions smaller than or equal to
10 nm.””! By means of ultracentrifugation, size-tunable
isolated diamond nanoparticles with a median diameter
between 4 and 25 nm are produced from primary HPHT
diamond.’} Detonation of trinitrotoluene and hexogen
explosives is another method to produce nanodiamonds. In
this technique, 100-200 nm aggregates composed of 4-5 nm
diameter diamond nanoparticles are produced. These tight
aggregates can form larger loosely aggregated agglomerates
with a size of several or tens of micrometers. The primary
4-5 nm diamond nanoparticles can be liberated by stirred-
media milling with micrometer-sized ceramic beads and then
dispersed in polar solvents such as alcohols or in hydrocar-
bons in the presence of dispersing agents.[’7%8] The primary
detonation nanodiamond has a crystalline core and an outer
shell composed of possibly amorphous carbon or disordered
graphite mixed with metal particles, but the exact structure is
still debatable.[*”l Oxidation at 400-430 °C in air selectively
removes sp>-bonded carbon in the outer layer of the dia-
mond nanoparticles or in the region between the aggregated
particles because at this temperature, almost no oxidation of
sp>-bonded carbon occurs (Figure 4).1'%1 Atomic hydrogen
treatment at a high temperature can also remove the outer
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Figure 4. HRTEM images of two nanodiamond samples before and
after oxidation at 425 °C for 5 h in air. The sample in a and b is the
raw detonation soot containing nondiamond carbon structures such
as amorphous carbon, carbon onions, fullerenic shells, and graphite
ribbons. The sample in ¢ and d was prepared by multistage acidic
purifications using nitric and sulfuric acids and mainly consists of
nanodiamond particles and amorphous carbon. HyperChem models of
nanodiamond e) before and f) after oxidation. In addition to sp? carbon,
all powders contain metal impurities surrounded by carbon shells.
Reproduced with permission.[1%% Copyright 2006, American Chemical
Society.

graphitic layers resulting in hydrogen-terminated diamond
nanocrystallites.[101]

Since diamond has a very wide bandgap, only defect state-
related fluorescence can lie in the visible region. The most
well-known color center in diamond is the nitrogen-vacancy
(N-V) complex!'"? formed by electron, proton, or ion irradia-
tion followed by annealing at about 700-900 °C. Nearly all
natural and synthetic diamond contains some nitrogen and
irradiation creates vacancies in diamond leading to the forma-
tion of red luminescent N-V defect centers during annealing.
Such defects possess some nice luminescence properties
including high stability and high quantum efficiency (close to
1). Stimulated emission depletion microscopy has been used
to detect fluorescent N-V centers in diamond.'® Photon
correlation spectroscopy combined with Monte Carlo simula-
tion shows that in fluorescent 28 nm nanodiamond prepared
by 3 MeV proton irradiation, there are about 8 negatively
charged N-V centers per particle.'’™ Near-field microscopy
and photon statistics measurements show that HPHT nano-
diamonds with sizes down to 25 nm can hold a single N-V
color center while retaining bright and stable emission.[1%%]

It is difficult to prepare luminescent HPHT diamond
particles smaller than 10 nm. Density functional simulation
suggests that both nitrogen and boron are metastable in the
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nanodiamond core.['! Some progress has recently been
made. Time-gated luminescence reveals the existence of both
neutral and negative N-V centers in weakly bound clusters
containing 5 nm nanodiamonds produced by proton-irradia-
tion.['"7] A method based on micronization and nanomilling
converts as-grown HPHT diamond microcrystals into spa-
tially isolated N-V-rich diamond nanoparticles with sizes of
or smaller than 10 nm showing stable fluorescence without
photobleaching.[®! Stable emission has also been achieved
from N-V centers in isolated nanodiamonds with a mean size
of 8 nm.[1%]

Compared to HPHT nanodiamonds little is known about
the position and distribution of nitrogen in detonation nano-
diamonds which have much smaller sizes. Electron energy
loss spectroscopy (EELS) combined with model-based quan-
tification provides direct evidence on sp® like embedding
of nitrogen impurities in the diamond core.['"] The atomic
nitrogen concentration is 3 at% in half of the primary dia-
mond particles with sizes smaller than 6 nm.[''%] Only par-
ticles larger than 30 nm exhibit photoluminescence arising
from the N-V centers.

Besides N-V centers in HPHT and detonation nanodia-
monds, several other methods have also been employed to
produce luminescent nanodiamonds. Chemical vapor deposi-
tion using methane and hydrogen generates diamond nano-
crystals, among which those particles larger than 40 nm exhibit
N-V emissions.!""!] The 2-5 nm diamond nanocrystals pro-
duced by microwave plasma deposition show fluorescence at
738 and 757 nm originating from silicon-vacancy centers.!!2]
Nickel-nitrogen defect centers created in diamond give rise
to a narrow emission spectrum at 797 nm.[""3! Laser irradia-
tion of carbon black or graphite powder in water produces
diamond nanocrystals with most probable diameters of 3.6
and 4.0 nm which emit at 510 and 505 nm, respectively, after
surface passivation with poly(ethylene glycol) or diamine-
terminated oligomeric poly(ethylene glycol).[l14-116] A recent
work indicates that two photon excitation (at 1064 nm) can
result in emissions from negatively charged N-V centers in
type Ib diamond single crystals with the spectral features and
fluorescence lifetime almost the same as those of one-photon
excitation.''”] Such IR excitation has the virtue of long pen-
etration depth through biological tissues.

Surface treatment of freshly prepared diamond nano-
particles is difficult due to their complex surface structures.
Treatment of detonation diamond agglomerates composed of
primary 3.5-6.5 nm diamond particles is conducted using a
mixture of fluorine and hydrogen gases at 150470 °C.["!8] The
fluoro-nanodiamond forms alkyl-, amino-, and amino-acid-
nanodiamond derivatives and the solubility in polar organic
solvents is improved while the agglomerate size diminishes
from several micrometers to tens of nanometers. Oxidation
in air leads to surface functionization on detonation dia-
mond nanoparticles yielding oxygen-containing carboxyl or
hydroxyl functional groups.'®! Chemical modification of
ultradispersed nanodiamond is demonstrated to enrich the
surface hydroxyl groups which can be readily functionalized
with long chain alcohols.'" By means of the Suzuki coupling
reactions, nanodiamonds can be functionalized with trifluoro-
aryls to yield improved solubility in ethanol and hexane.['2%]
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Figure 5. a) The absorption and emission spectra (with progressively longer excitation wavelengths from 400 nm on the left in 20 nm increment,
normalized in the inset) of poly(propionylethyleneimine-co-ethyleneimine)-passivated carbon dots in an aqueous solution. b) Confocal microscopy
image of Caco-2 cells from the uptake experiment with the carbon dots, excited at 488 nm and detected in the 530-750 nm range. Reproduced
with permission.[22 Copyright 2006, American Chemical Society. c) Fluorescence spectra of annealed nanodiamonds with (red) or without
(blue) proton beam irradiation, excited at 510-560 nm, and collected at a wavelength greater than 590 nm. d) Confocal microscopy image of
fluorescent nanodiamond swallowed by 293T human kidney cells about 33 um in size. The bright red spots are nanodiamonds. Reproduced
with permission.[142] Copyright 2005, American Chemical Society. e) Time traces of the fluorescence from single 100-nm (green) or 35-nm (red)
fluorescent nanodiamonds acquired with a time resolution of 1 ms, showing a nonblinking behavior. Reproduced with permission.!*43! Copyright

2007, National Academy of Sciences (USA).

Ultrasonic electroless treatment grafts HPHT nanodiamonds
with aryl groups by using aryl diazonium salts.!'?!]

4.1.2. Graphite and Complex Carbon Nanoparticles

Luminescent carbon nanoparticles with graphite or more
complex structures have been prepared. In contrast to the
case of diamond nanoparticles, emissions from these carbon
nanoparticles generally stem from surface defects that are
either innate or induced by surface treatment.

Laser ablation of a carbon target followed by surface pas-
sivation with diamine-terminated oligomeric poly(ethylene
glycol) generates 5 nm carbon dots (Figure 5a).[?2 They show
stable photoluminescence without blinking in the visible and
near-IR regions with a quantum yield of 4-10%, which can
be improved to 45-50% by doping the carbon dots with ZnO
or ZnS followed by functionalization with the diamine-poly-
ethylene glycol.'?] Electrochemical treatment of graphite
produces carbon nanoparticles with an average diameter of
2 nm that show photoluminescence at 455 and 510 nm.[12412]
Tonic liquid-assisted electrochemical exfoliation of a graphite
electrode creates fluorescent 8-10 nm carbon nanoparticles
in the graphite structure that exhibit photoluminescence in
the 400-600 nm range.'?l Multiwalled carbon nanotubes
can be converted electrochemically into carbon nanopar-
ticles with a diameter of 2.8 nm and the materials exhibit
410 nm luminescence.'”] The nanoparticles are graphitic
but have an oxidized surface.'®] Carbon nanoparticles can
also be derived from candle soot. Oxidative acid treatment
of the candle soot produces carbon nanoparticles containing
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carboxylic acid groups on the surface that emit light in the
415-615 nm range.['?) Two other groups have reported the
fabrication of carbon nanoparticles with sizes of 2-6 nm and
4.8 £ 0.6 nm respectively by using nitric acid oxidation of
candle soot.['3131] The materials exhibit photoluminescence
at around 520 and 420 nm with quantum yields of 3% and
0.43%, respectively.

The chemical solution route can be utilized to synthesize
carbon nanoparticles. Microwave pyrolysis of a mixture of
poly(ethylene glycol) and saccharide produces carbon nano-
particles several nanometers in size.['*? They exhibit fluores-
cence with a peak wavelength of 425-485 nm and a quantum
yield of 3.1-6.3%. Thermal decomposition of ammonium cit-
rate salts, or thermal oxidation of an appropriate citrate salt or
a preexchanged zeolite host, creates luminescent surface-func-
tionalized carbon nanoparticles with an average size below
10 nm.[133134 Amorphous carbon nanoparticles with a diam-
eter of 1.5-2.5 nm are prepared from satellite-like carbon/silica
composites that are made by using surfactant-modified silica
spheres as the carriers and resols as the carbon precursor.[3]
The resulting diamine-terminated oligomeric poly(ethylene
glycol)-passivated carbon nanoparticles show photolumines-
cence at 430-580 nm with a quantum yield of 14.7%.

4.2. Biological Applications
Carbon is an environmentally benign element and carbon-
based nanoparticles have relatively low cytotoxicity. Further-

more, their surfaces can be functionalized with hydroxyl,
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carboxyl, and amino groups to make them water-soluble and
easier to crosslink with biomolecules. Carbon nanoparticles
show visible photoluminescence with high efficiency without
photobleaching and blinking and are thus very suitable for
biological applications such as imaging, diagnostics, and drug
delivery.

4.2.1. Conjugation with Biomolecules

Carbon nanoparticles can be conjugated with various
biomolecules such as nucleic acids, proteins, and biotins via
covalent or noncovalent bonds. This is the first and neces-
sary step in many biological applications. Amino acids can be
covalently bonded to small detonation diamond agglomer-
ates after particle surface homogenization by reduction and
grafting of a silane linker to form peptides.'*®! Aminophe-
nylboronic-acid-functionalized detonation nanodiamond is
used to selectively capture glycoproteins from unfractionated
protein mixtures.['*”l To suppress nonspecific binding with
nonglycated proteins, the diamond nanoparticles are first
silanized with an alkyl linker chain before linkage with phe-
nylboronic acid to create a shell. Grafting of biotins on deto-
nation nanodiamond has been reported after its surface has
been homogenized by borane reduction and functionalized
with (3-aminopropyl) trimethoxysilane.l'*! The conjugated
biotins retain their activity. Conjugation of amino-terminated
detonation nanodiamonds to 5-(and-6)-carboxytetramethyl-
rhodamine succinimidyl ester and biotin has been successful
and the biotins demonstrate good activity by capturing
the streptavidin.['*] The 5 nm nanodiamond obtained by
carboxylation/oxidation of diamond in a strong acid followed
by coating with poly-L-lysine can be covalently bonded to
yeast cytochrome c that possesses a free SH group.l'*!! The
authors have also demonstrated noncovalent adsorption of
proteins such as hen-egg white lysozyme onto 100 nm car-
boxylated/oxidized diamond crystallites and the proteins
retain much of the hydrolytic activity afterwards.[*!]

4.2.2. Bioimaging

Diamond nanoparticles are efficient biological imaging
agents in that they are bright emitters without suffering from
photobleaching and blinking. Synthetic type Ib 100 nm dia-
mond nanoparticles containing N-V centers showing fluo-
rescence at 600-800 nm have been utilized in cell imaging
(Figure 5c,d).'*?l The nanoparticles maintain bright emis-
sion after uptake by 293T human kidney cells. They appear
to form aggregates within the cell but do not show signs of
entering the nucleus. The MTT assays show that addition of
up to 400 ug mL~! of nanodiamond does not significantly
diminish the cell reduction activity. Diamond particles with
a size of 35 nm show no signs of photobleaching after 5 min
of continuous excitation.'*3] They also exhibit no fluores-
cence blinking within a time resolution of 1 ms (Figure Se).
The same group reported the fabrication of bright fluores-
cent 35 nm nanodiamond by helium ion irradiation of syn-
thetic diamond nanoparticles.'*! The resulting nanodiamond
allows 3D tracking of single particles within the HeLa cells
by use of one- or two-photon excitation. Green fluorescent
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nanodiamond can also be produced by irradiation of type
Ia natural diamond nanocrystallites followed by thermal
annealing at 800 °C.I'*] The particles show uptake by live
HeLa cells. Magnetic and fluorescent water-soluble nano-
diamonds are prepared by microwave arcing of a nanodia-
mond-ferrocene mixture followed by surface grafting with
poly(acrylic acids) and fluorescein o-methacrylate.['¥] They
show uptake by HeLa cells. The 35 nm HPHT nanodiamond
coated by silanisation or a polyelectrolyte layer is grafted
with a fluorescent thiolated peptide via a maleimido func-
tion.l'4] The resulting conjugates show uptake by Chinese
hamster ovary cells and exhibit no cytotoxicity.

Diamond nanoparticles conjugated with biomolecules can
be used in specific targeting. Green fluorescent carboxylated
nanodiamond electrostatically bound to o-bungarotoxin is
linked to the of7-nicotinic acetylcholine receptor located on
the cell membrane of oocytes and human lung A549 cancer
cells.'8] Blocking of the choline-evoked and receptor-
mediated inward currents of the oocytes by nanodiamond-
o-bungarotoxin complexes indicates the retained biological
activity of o-bungarotoxin. Fluorescent nanodiamond-trans-
ferrin bioconjugates are produced by the formation of an
amide bond between carboxylated nanodiamond and trans-
ferrin and used to target transferrin receptors on Hela
cells.'" The receptor-mediated uptake of nanodiamond-
transferrin into HelLa cells is confirmed. In another work,
green fluorescent nanodiamond is attached to antibodies
that target intracellular structures such as actin filaments
and mitochondria.l'*”! The actin-antibody coupled nanodia-
mond conjugates are transfected into HeLa cells mediated by
transfection reagents. The mitochondria—antibody conjugated
nanodiamonds are first delivered into cells and then selec-
tively targeted to mitochondria. By using both fluorescence
and Raman imaging, the visualization of protein-targeted cell
interaction is demonstrated by monitoring the carboxylated
nanodiamond-lysozyme complex interaction with bacteria
Escherichia coli.l>!l The resulting nanodiamond-lysozyme
complex retains the original functions of the protein. By
using growth hormone that has been covalently conjugated
to 100 nm carboxylated nanodiamond, the surface growth
hormone receptor of A549 human lung epithelial cells can be
detected by confocal Raman mapping by detecting the dia-
mond signals.!>?]

Carbon nanoparticles with graphite structures can be
used in biological imaging with the virtues of tunable emis-
sion wavelength and smaller size compared to diamond nano-
particles. However, to date there are only a few reports in
this respect. This is because they generally have much lower
quantum yields along with much more complex photolumi-
nescence properties that depend sensitively on the fabrication
methods compared with the diamond nanoparticles. Recently,
the carbon dots produced by laser ablation of carbon targets
are used for staining of cells (Figure 5b).['2l By using two-
photon excitation in the near-IR, the carbon dots show similar
fluorescence relative to one-photon excitation and explora-
tory results show that it can illuminate human breast cancer
cells after internalization.l'®®l Such carbon dots injected by
various ways into living mice remain strongly fluorescent.!'>
They are functionalized with the oligomeric PEG and show
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Figure 6. a) Cytotoxicity evaluation of neuroblastoma cells incubated with raw or functionalized nanodiamond (ND), carbon black (CB), and CdO
nanoparticles for 24 h by MTT assay. Reproduced with permission.['>¢! Copyright 2007, American Chemical Society. b) The long-term effect of
nanodiamond on the long-term cell growth ability in A549 cells. The cells were treated with or without 100 nm nanodiamond particles (100 ug mL™?
for 48 h) and then re-cultured in fresh medium for counting the total cell number by every 2 days. c) The detection and distribution of nanodiamond
particles in mitosis examined by laser scanning confocal microscope. A549 cells were incubated with or without 100 ug mL™! nanodiamond
particles for 48 h and then re-cultured in fresh medium for 24 h. The microtubule and nuclei were stained and respectively exhibited red and blue
colors. The nanodiamonds showed green fluorescence when excited at 488 nm and collected in the range of 510-530 nm. Nanodiamond particles
were located in interphase and mitotic phases (prophase, metaphase, and telophase). During cytokinesis, these nanodiamond’s particles were

separated into two daughter cells. Reproduced with permission.[*>! Copyright 2009, Elsevier.

no significant toxic effects to mice despite dosages beyond
those commonly used for in vivo optical imaging.['>]

4.2.3. Cytotoxicity

Nanodiamond has excellent biocompatibility. The cytotox-
icity of nanodiamond with sizes between 2 and 10 nm has been
assessed from the perspective of cell viability such as mitochon-
drial function and luminescent ATP production.*! Nanodia-
mond shows no toxicity to a variety of cell types and does not
produce significant reactive oxygen species (ROS) (Figure 6a).
In experiments comparing the biocompatibility, nanodiamond,
carbon nanotubes, and carbon black are separately incu-
bated with neuronal and lung cell lines and the nanodiamond
exhibits the best biocompatibility.'>’! In comparison with the
generation of ROS in cells incubated with carbon nanotubes,
no ROS generation is observed from the cells incubated with
nanodiamond and the mitochondrial membranes of these cells
remain intact. In another comparison experiment, a treatment
with 0.1-100 ug mL™! of 5 or 100 nm nanodiamonds neither
reduces the cell viability nor alters the protein expression pro-
file in human lung A549 epithelial cells, whereas carbon nano-
tubes induce cytotoxicity in these cells.'*8! Recent work shows
that the cell growth ability is not altered by uptake of 100 nm
carboxylated nanodiamond after 10 days of cell culture for
both A549 lung cancer cells and 3T3-L1 embryonic fibroblasts
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(Figure 6b,c)."% The cells retain a single cluster of nanodia-
monds in the cytoplasm after sub-culturing for several genera-
tions. The diamond nanoparticles do not interfere with the gene
or protein expression on the regulation of cell cycle progres-
sion and adipogenic differentiation. Another study reveals that
the proliferative potential of fluorescent nanodiamond-treated
and untreated cells does not exhibit any significant differences
when measured at bulk cultures as well as at clonal cell den-
sity.'%] The nanodiamond treatment does not affect the in
vitro differentiation of 3T3-L1 pre-adipocytes and 489-2 osteo-
progenitors. A study of the accumulation location and circula-
tion pathway of 50-nm nanodiamonds shows that the particles
predominantly accumulate in the liver after intravenous injec-
tion to mice.['®"I The spleen and lung are also the target organs.
About 60% of the initially digested nanodiamond is trapped
in the liver after 0.5 h post dosing and 8% in the lung, and the
values remain unchanged even after 28 days. The nanodiamond
is barely detectable from the urine and feces.

4.2.4. Uptake Mechanism

To facilitate biological applications, it is essential to under-
stand the cell uptake mechanism of nanoparticles. It has been
demonstrated that nanodiamond with a size of 4 or 50 nm is
spontaneously swallowed by the living HeLa cells. They are
uniformly distributed in the cells and mostly immobilized
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within a few minutes.' The 25 nm diamond nanoparticles
are observed to enter the HeLa cells and then immobilized in
the cell cytoplasm.['®l The low colocalization emission signal
ratio between early endosomes and the nanodiamond shows
that the nanodiamond is not trapped in endosomes. Receptor-
mediated uptake of fluorescent 35- or 140-nm nanodiamond
covalently conjugated with folic acid has been observed from
HeLa cells.l'" More than 50% of the folic-acid-conjugated
nanodiamond particles can be internalized by the cells and after
uptake they accumulate in the perinuclear region. Another
study shows that luminescent 50 nm nanodiamond enters cells
mainly by clathrin-mediated endocytosis.'®! The bigger nano-
particles or aggregates show a higher degree of colocaliza-
tion with vesicles, whereas the smaller ones appear free in the
cytosol. Clathrin-mediated endocytosis of carbon nanoparticles
has been proposed by other groups,*'% and macropinocy-
tosis is suggested as another possible uptake pathway.'>]

4.2.5. Clinical Applications

Carbon nanoparticles can serve as delivery agents for
drugs, genes, and proteins. Structurally ordered mesoporous
carbon nanoparticles synthesized using a mesoporous silica
nanoparticle as the template exhibit high inhibitory concentra-
tion (ICs,) values,!'] indicating that these nanoparticles are
fairly biocompatible in vitro. They are used to carry the mem-
brane impermeable fluorescence dye Fura-2 to cross the mem-
brane of live HeLa cells and then released
inside the cells. The uptake of the Feton-
treated triethylammonium-functionalized
4-nm diamond nanoparticles by HeLa cells
is observed and some of the nanoparticles
are observed to enter the cell nuclei. They
can be electrostatically conjugated with
plasmid and afterwards cross the HeLa cell
membrane, while the plasmid alone cannot
cross the membrane.['9]

Nanodiamonds have demonstrated
great potential as delivery platforms for
various types of therapeutic substances.
Acid-treated detonation diamond nano-
particles can form complexes with several
kinds of therapeutics including Purvalanol
A, 4-hydroxytamoxifen, and dexametha-
sone via electrostatic interactions.!'%! The

Nanodiamond

(b) porous thin film -0.15 g parylene C

J.Y. Fan and P. K. Chu

positively charged poly-L-lysine via the layer-by-layer depo-
sition procedure.['”] Therapeutic molecules are successfully
integrated into the film and still preserve their activity. Nano-
diamond physically bound to DOX is sandwiched between
a base and thin variable layer of parylene C polymer which
allows for modulation of release (Figure 7b,c).'7!l DOX
retains its activity under biological conditions. Nanodiamond
functionalized with type I collagen and dexamethasone has
also been produced to serve as an active substrate for local-
ized drug delivery.'’” Potent suppressive behavior toward
inflammatory gene expression is confirmed indicating the
retained activity of the conjugated dexamethasone.

Nanodiamond films can be used in implant coatings. For
instance, nanocrystalline diamond films deposited on micro-
scopic glass slides using chemical vapor deposition (CVD)
method are oxidized, hydrogenated, and then seeded with
human osteoblastlike MG 63 cells.'’?] After 7 days, the
nanocrystalline diamond films show good adhesion, growth,
and maturation of bone-derived cells.

5. Silicon Carbide
5.1. Fabrication and Luminescence Properties

In the mid 1990s, researchers mainly focused on the fab-
rication and luminescence properties of porous SiC.[174-178]
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Doxorubicin

4

i
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water solubility of the drugs is improved
after forming the complexes. Nanodia-
mond is shown to ferry doxorubicin
hydrochloride (DOX) inside living murine
macrophages as well as human colorectal
carcinoma cells.l'®] Regulation of CI~ ion
concentration controls the adsorption and
desorption of DOX (Figure 7a). Electro-
phoretic DNA fragmentation and MTT
analysis confirm the functional apoptosis-
inducing mechanisms driven by the nano-
diamonds-carried DOX. The nanodiamond
can be assembled into a closely packed
nanodiamond multilayer nanofilm with
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Figure 7. a) Schematic diagram of NaCl-mediated loading and release of doxorubicin
hydrochloride. The addition of the salt induces functionalization of the drug onto the
nanodiamond aggregate surface. Salt removal drives drug release. Reproduced with
permission.l16%l Copyright 2007, American Chemical Society. b) lllustrated schematic of
hybrid film patch. Nanodiamonds and doxorubicin (DOX) molecules bound through physical
interactions in various configurations are deposited atop a base layer of parylene. A final
layer of parylene film is then deposited for additional elution control. ¢) Hybrid film with the
patch exhibiting innate flexibility and a thin physical profile. Reproduced with permission.[171]
Copyright 2008, American Chemical Society.
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In recent years, attention has shifted to the preparation and
optical properties of SiC nanoparticles.['’8] Compared to
Si, only a few methods have been exploited to produce SiC
nanoparticles that have sizes small enough to exhibit strong
quantum confinement and efficient emissions.

Vapor phase route is employed to synthesize SiC nano-
crystallites. Laser pyrolysis of gaseous silane and acetylene
produces SiC nanoparticles with sizes ranging from 10 to
25 nm.['7>181 Each nanoparticle is composed of several
hexagonal or cubic crystallites with an average diameter of
2.5 nm and embedded in an amorphous SiC matrix. The nano-
particles show red photoluminescence that is supposed to
originate mainly from the SiC amorphous fractions of nano-
powders and by the Si-O bonds.['”] Hypersonic plasma par-
ticle deposition or helicon wave plasma enhanced chemical
vapor deposition of vapor-phase SiCl, (or SiH,), CH,, and
H, precursors yields SiC nanoparticles.!'82183] Pyrolysis of
tetramethylsilane and hexamethyldisilazane,['8+-1%] diethyl-
silane,['87] or triethylsilanel'®®! produces crystalline or amor-
phous SiC nanoparticles with a size of 1-10 nm. Thermal
reactions between Na and methylchlorosilane at 1273 K gen-
erate SiC nanoparticles with a diameter of 10 nm.[$]

The solution route has been rarely adopted to synthesize
SiC nanoparticles. Nanocrystalline 3C-SiC with an average
diameter of 25 nm is synthesized by a rapid thermal reduc-
tion-carbonization process by using activated carbon and
tetrachlorosilane as the sources and Na as the reductant.!'"]
A similar method produces 3C-SiC hollow nanospheres
with diameters of 80-120 nm that are composed of

small

nanoparticles.'] Carbothermic reaction of SiO, xerogel
yields powders of SiC particles with a diameter of 10 nm.[1%2]
SiC nanocrystals embedded in a carbon-rich silica matrix with
an average diameter of 5-9 nm are prepared from reductive
thermal processing of phenylsiloxane polymers achieved by
hydrolysis and cocondesation of phenyl trichlorosilane and
silicon tetrachloride.'! Subsequent thermal oxidation fol-
lowed by HF-etching generates freestanding SiC nanocrystals
that show no emissions. A solid-liquid method synthesizes
violet emitting 3.5 nm 3C-SiC nanocrystals by laser ablation
of silicon wafers in ethanol followed by removal of the mixed
Si nanoparticles in HF and H,0,.[1%4]

Electrochemical etching is currently a favorable method
to produce luminescent SiC nanocrystals with ultrasmall
sizes. Electrochemical etching of polycrystalline 3C-SiC fol-
lowed by ultrasonic treatment produces 3C-SiC nanocrystals
with an average size of 3.9 nm.["%5-197] These nanocrystals
exhibit robust photoluminescence following the quantum
confinement effect with the wavelength tunable from green-
yellow to violet at different excitation (Figure 8a) and with
a quantum yield of 17%.01%! Additionally, the nanocrystals
exhibit good water solubility and long-term photostability.!'"]
6H-SiC nanocrystals with diameters between 1-8 nm showing
UV photoluminescence are prepared by a similar method.[2"]
Mechanical grinding of electrochemically etched porous
3C- or 6H-SiC layers may also yield luminescent SiC nano-
crystals.[201-203] Chemical etching of SiC powders in a mixed
solution of HNO; and HF produces luminescent 3C-SiC
nanocrystals with an average size of 3.6 nm.[20420]
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Figure 8. a) Normalized photoluminescence spectra of 3C-SiC nanocrystals in an aqueous solution, excited by the 300, 320, 340, 360, 400,
and 440 nm lines of a xenon lamp from left to light. The inset shows the camera images of the aqueous solution of 3C-SiC nanocrystals
excited at 450, 430, 410, and 325 nm from left to right by an optical parametric oscillator (OPO). b) Fluorescence microscopy images of hFOB
cells after the uptake of 3C-SiC nanocrystals excited at 420-490 nm. Image width: 93 um. c) Cytotoxicity evaluation of HelLa cells incubated with
as-indicated concentrations (per mL) of colloidal 3C-SiC nanocrystals for 4, 24, and 48 h and then analyzed by the standard MTT assay. Error bars
indicate the standard deviation for three independent experiments. Reproduced with permission.[198! Copyright 2008, Wiley-VCH. d) Reactive oxide
species (ROS) production in NRK-52E cells after incubation with various 1-200 pug mL™! nanoparticles for 24 h. ROS production was evaluated by
H2DCF-DA assay. Fluorescence was normalized by total protein content, and expressed as percentage of the negative control, i.e., nonexposed
cells. Reproduced with permission.219 Copyright 2010, Springer.
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There are only few reports on surface functionalization of
SiC nanoparticles. Polyacetals have been grafted to SiC nano-
particles with a mean size of 50 nm resulting in improved
particle dispersibility in butanone.?®l The unsaturated hydro-
carbons on the surface of 3C-SiC nanoparticles 30-50 nm
in size react with the radical species generated from azo
radical initiators, resulting in surface functionalization of the
nanoparticles with carboxyl or amine groups or both groups
depending on the types of the employed azo initiators.[207]
Polymerization of the conducting polyaniline in the presence
of camphorsulfonic acid and SiC nanoparticles results in the
formation of polyaniline-camphorsulfonic acid shell with a
thickness in the range from 0.5 nm to a few nanometers at
the surface of SiC nanocrystals.[20820%]

5.2. Bioimaging

Silicon carbide has long been considered one of the
best biocompatible materials. It is light, tough, and chemi-
cally inert. It is hence suitable for biomedical implants and
coatings. In vitro and in vivo studies have indicated that
SiC and hydroxyapatite are equally biocompatible based
on particle size for phagocytosis and SiC-coated pins do
not inhibit JCRB0603 cell colony outgrowth and react in a
manner similar to uncoated titanium pins.?'%2!!] Carboniza-
tion of natural wood at 800-1800 °C in an inert atmosphere
followed by infiltration of liquid silicon at 1600 °C gener-
ates biomorphic cellular silicon carbide ceramics.2'2213 A
combination of excellent mechanical properties and low
density renders them good base materials in biomedical
devices such as alternative dental and orthopedic implants
possessing enhanced mechanical and biochemical prop-
erties that ensure optimum fixation to living tissues.2!4
Freestanding nanoporous SiC membranes prepared by elec-
trochemical anodization permit diffusion of smaller proteins
while excluding larger ones with very low protein adsorp-
tion, implying that it is a good semi-permeable material in
biomedical applications.[2!]

Several preliminary investigations indicate the advantages
of using SiC nanoparticles in biological labels. 3C-SiC nano-
crystals fabricated by electrochemical etching and ultrasonic
treatment possess long-term water solubility and exhibit
robust emission with a high quantum yield.l'%$1%] Together
with other favorable intrinsic properties such as small density,
high hardness, high thermal conductivity, and high chemical
stability, these SiC nanoparticles are good candidates for bio-
logical imaging assays. Previous work has indicated that water
molecules can easily dissociate at the surface of bulk 3C-SiC
giving rise to H- and OH-terminated surfaces,?'%?!7 which
may partially explain the stability of 3C-SiC nanocrystals in
water and this property is crucial for long-term biological
imaging. Their potential in biological imaging has been dem-
onstrated on hFOB cells (Figure 8b).['%] After uptake by the
cells the nanoparticles show also signs of entering the nuclei
and they exhibit good resistance against photobleaching. No
noticeable cytotoxicity is observed from the 3C-SiC nanocrys-
tals incubated with HeLa cells at a concentration of up to 100
ug mL! according to the MTT assays (Figure 8c). Imaging
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of 3T3-L1 fibroblasts with 3C-SiC nanocrystals has also been
realized.[?'8] The cytotoxicity of 17-nm SiC, 12-142 nm TiO,
nanoparticles, and multi-walled carbon nanotubes to several
mammalian cell lines has been compared.?'”] The finest TiO,
nanoparticles are observed to induce the highest cytotoxic
effects, while SiC nanoparticles show almost no cytotoxicity
(Figure 8d). All the nanoparticles, except SiC nanoparticles,
induce reactive oxygen species in the cells.

6. Germanium
6.1. Fabrication and Luminescence Properties

Ge nanoparticles can be synthesized by gas phase methods.
Nonthermal plasma dissociation of germanium tetrachloride
mixed with hydrogen and argon produces Ge nanocrystals
with sizes varying from 4 to 50 nm in the amorphous or crys-
talline form depending on the plasma power.[2%] Subsequent
surface functionalization with alkenes renders them dispers-
ible in alkane solvents.[??!l Ultrasonic aerosol pyrolysis of
tetrapropylgermane produces freestanding Ge nanocrystals
with sizes ranging from 3 to 14 nm depending on the tetrap-
ropylgermane concentration.?2]

The solution route proves to be the most successful tech-
nique for the synthesis of free Ge nanocrystals. The reaction
between NaGe and GeCly, Mg,Ge and SiCl,, or NaGe and
NH,Br produces Ge nanocrystals with an average size of
3.5-6.8 nm, and further reaction with lithium alkyl or 1-eico-
syne results in alkyl terminated Ge nanocrystals.[223-220] The
nanocrystals show emissions across a large portion of the vis-
ible region depending on the particles size and surface ter-
mination. Butyl-capped Ge nanocrystallites are synthesized
by reduction of GeCl, with Na(naphthalide) and subsequent
reaction with butyl Grignard at room temperature.[2’! Sub-
sequent anneal at 550-600 °C leads to their transition from
amorphous to crystalline phases. The reaction of germanium
diiodide with LiAlH, produces Ge nanocrystals with an
average diameter of 3-11 nm depending on the precursor
concentration.??8] The reaction between GeO, and NaBH,, in
an aqueous medium results in 5-20 nm diameter Ge nano-
particles.?”] Ultrasonic solution reduction of GeCl, by metal
hydride and alkaline produces 3-10 nm Ge nanocrystals(?3]
and borohydride reduction of GeCl, at room temperature
yields 5 nm Ge nanocrystals that emit light at 352 nm.[?31]

Inverse micelles have been employed to synthesize Ge
nanocrystals. Highly crystalline Ge nanocrystals in the size
range of 2-5 nm synthesized by reduction of ionic salts such
as GeCly in the inverse micelles exhibit photoluminescence
in the range 350-700 nm.[**?] Ge nanocrystals with an average
diameter of 24 nm are synthesized by the reduction of chlo-
rogermaniums with sodium in the inverse micelle solvents
using the surfactant C,,Es as a capping agent.?*] Reduction
of GeCl, using strong hydride reducing agents in the reverse
micelles produces 5 nm Ge nanocrystals with a narrow size
distribution.[**] A subsequent reaction with allylamine
renders the nanoparticles hydrophilic and the materials
exhibit photoluminescence at 400 nm.
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Thermolysis of organometallic Ge is another preparation
method. Precipitation in supercritical hexane and octanol
with diphenylgermane or tetraethylgermane as the precur-
sors produces Ge nanocrystals with an average diameter of
2-70 nm depending on the reaction temperature and pre-
cursor concentration.”?! Such nanoparticles with sizes of
3—4 nm exhibit photoluminescence at 476-536 nm. Thermal
decomposition of tetraethylgermane, trichlorogermane, or
tetrabutylgermane creates 1-30 nm Ge nanocrystals.[?36237]
Visible photoluminescence is observed from those particles
smaller than 4 nm. Thermal reduction of Ge[N(SiMes),],
generates Ge nanocrystals with an average size of 7 nm and
they show photoluminescence at 375-500 nm under different
excitation wavelengths.[>*8! Blue luminescent Ge nanocrys-
tals with an average size of 5.2 nm are fabricated by thermal
decomposition of tetra-cis-9-octadecenoic germanium pro-
duced by a reaction between GeCl, and oleylamine.[*]
Sulfur-assisted decomposition of triphenylgermanium chlo-
ride yields 8 nm Ge nanocrystals that self-assemble into
60 nm nanoclusters after purification.2*]

The sol-gel method can produce Ge nanocrystals
encapsulated in the silica matrix. The 5 nm Ge nanocrys-
tals embedded in silica glass are created by hydrolysis of
Si(OC,Hs), and GeCl, followed by heating in hydrogen.[4!]
The products show strong photoluminescence at 2.32, 2.17,
and 2.0 eV. The sol-gel method, in which Cl;Ge-C,H,~
COOH serves as the Ge source, yields Ge nanoparticles in
silica glass exhibiting strong photoluminescence at 568-
775 nm.?*? Violet luminescent oxide-embedded Ge nano-
crystals are created by reductive thermal processing of a
polymer derived from the hydrolysis and condensation of
phenyl trichlorogermane.?¥! Freestanding Ge nanocrystals
are liberated from the Ge nanocrystals/GeO, composite pow-
ders by dissolving the oxide matrix in warm water.

The Ge nanocrystals synthesized via the solution route
emit light mostly in the visible range and occasionally in the
UV range. Colloidal synthesis of IR-emitting 1-octadecene-
capped Ge nanocrystals with an average size of 3.2-6.4 nm
has been reported by thermal reduction of Gel, with n-
butyllithium (Figure 9a).>**! The spectrum peak wavelength
increases from 900 to 1400 nm with increasing particle size
(Figure 9b) in accordance with the quantum confinement
effect. The quantum yield is 8%.

6.2. Bioimaging

Several recent works show the application potential of Ge
nanocrystals in biological imaging. Dinitrophenyl-functional-
ized 3-5 nm Ge nanocrystals prepared from Ge[{N(SiMe),},]
are water soluble and exhibit weak fluorescence. After being
labeled with carboxyfluorescein, they are cross-linked to
immunoglobulin E antibodies on the surface of mast cells
RBL-2H3.*] Incubation of the cells with Ge nanocrystals
for 24 h only results in 2% increase in cell death rate com-
pared to dinitrophenyl-functionalized bovine serum albumin.
Amine-terminated blue luminescent Ge nanocrystals with
an average size of 4.0-5.5 nm are synthesized by hydride
reduction of germanium tetrachloride in the inverse micelles
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Figure 9. a) TEM image of Ge nanocrystals (4.0 £ 1.7 nm) whose
photoluminescence (PL) peak centers at 1160 nm (the most right
curve in Figure 9b). The inset shows a high-resolution TEM image of
a single Ge nanocrystal. The lattice spacing matches that of the (111)
planes of cubic Ge. b) Normalized PL spectra (excited at 808 nm) of
1-octadecene-capped Ge nanocrystals with an average diameter of 3.2,
3.5, and 4.0 nm from left to right. The lower curve shows PL spectrum
(not normalized) of trioctylphosphine-capped Ge nanocrystals (3.8 +
0.8 nm). Reproduced with permission.244l Copyright 2009, American
Chemical Society.

at room temperature followed by surface functionalization
with allylamine.[>*] Their use in biological imaging is demon-
strated by use of HepG?2 cells. These nanocrystals show low
cytotoxicity according to the mitochondrial activity of the
cells.

7. Summary and Outlook

Group IV nanoparticles have emerged as very prom-
ising and crucial materials in biological applications such as
imaging and drug delivery. They share some virtues and one
of them is the favorable biocompatibility. In this respect, dia-
mond and silicon carbide behave rather well. However, before
these nanoparticles can be safely used in in vivo biological
applications especially when human bodies are involved,
a large amount of work is needed to be done to clarify the
long-term exposure effect of these nanoparticles to different
cells, tissues, and organs. The fluorescence lifetime of group
IV nanoparticles generally ranges from several to tens of
nanoseconds and hence is suitable for biological imaging
assays. Note that some group IV nanoparticles, especially Si
nanoparticles, sometimes have luminescence lifetimes on the
order of microseconds depending on the fabrication method
and luminescence mechanism. The brightness of most fluo-
rescent group IV nanoparticles is high enough to serve as
biological labels, among which diamond and Si nanoparticles
can have quantum yields close to or even greater than those
of group II-VI quantum dots as well as dye molecules. An
exception is germanium nanoparticles whose reported lumi-
nescence efficiency is relatively low.

On the other hand, each type of group IV nanoparticles
has its specific characteristics. For example, silicon carbide
and carbon nanoparticles are chemically inert, whereas the
surfaces of silicon and germanium nanoparticles are reactive
especially in oxygen and humidity environment. Silicon and
germanium nanoparticles can be synthesized by various solu-
tion methods; in contrast, very few solution methods have
been exploited for the synthesis of silicon carbide and carbon
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nanoparticles. Electrochemical etching combined with soni-
cation has been very successful in producing highly lumines-
cent silicon and silicon carbide nanoparticles, but this is not
the case for carbon and germanium. In general, the quantum
confinement effect is the major luminescence mechanism for
silicon, silicon carbide, and germanium nanoparticles, and
sometimes surface states may also account for the occurrence
of their luminescence. Whereas in diamond nanoparticles, the
intentionally created point defects play a key role in gener-
ating luminescence.

To enhance the biological applications of group IV nano-
particles, there are several aspects concerning their synthesis
and properties that are needed to be seriously considered.
First of all, compared to group II-VI quantum dots, the syn-
thesis methods of group IV nanoparticles are not as well
established. The solution route has been widely used to syn-
thesize monodisperse group II-VI quantum dots with their
sizes and aspect ratio well controlled.?*”! An additional virtue
of this method lies in the easiness of surface functionalization
along with the synthesis process; however, it has been known
that group IV nanoparticles have high crystallization tem-
peratures owing to their strong covalent bonding. As a result,
the solution-based synthesis route is much more difficult for
them. Although there have been a few successes, there are
long roads to go before size-controllable monodisperse group
IV nanoparticles can be prepared routinely and reproduc-
ibly via solution route. There are also difficulties in acquiring
narrow emission bands from group IV nanoparticles ascribed
to the wide size distribution in these samples. Their emission
generally possesses a full width at half maximum (FWHM) of
50-200 nm, and this drawback hampers their wide use in mul-
ticolor imaging. Thus many efforts should be made in order
to improve the uniformity of nanoparticle sizes so that they
can give rise to narrow emission spectra. Group IV nano-
particles are easy to functionalize with a variety of organic
ligands, which can improve their water solubility and protect
them from potential chemical reactions in physiological envi-
ronment. However, for chemically inert silicon carbide and
diamond nanoparticles, there are difficulties in their surface
functionalization and hence more work needs to be done.

Group IV nanomaterials have diverse applications in
many areas of nanoscience and nanotechnology. Carbon nano-
tubes and graphenes are the most important base materials
for nanoelectronics.?4324] Silicon, silicon carbide, and germa-
nium nanocrystals are very efficient and competent light emit-
ters in nanoscale photonics and optoelectronics.?>2>2] These
aspects combined with their superior biocompatibility render
group IV nanoparticles destined to open many new applica-
tions in life sciences such as biological labels and diagnos-
tics, drug and biomolecule delivery agents, and bioelectronic
devices.
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