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Abstract

Semiconductor nanocrystals are tiny fluorescent particles that have recently made a major impact
in the biological and medical sciences by enabling high-sensitivity imaging of biomolecules, cells,
and tissues. Spherical quantum dots are the prototypical material for these applications but recent
synthetic advances have led to a diverse range of nanostructures with controllable sizes, shapes,
and materials combinations that offer new dimensions of optical and structural tunability. Uniform
anisotropic shapes with linearly polarized light emission allow optical imaging of particle
orientation, planar structures have large flexible surfaces and ultra-narrow electronic transitions,
and compact nanoparticles have enhanced diffusion in crowded biological environments. These
properties are providing unique opportunities to probe basic biological processes, cellular
structures, and organismal physiology.

Introduction

Semiconductor nanocrystals are light-absorbing, light-emitting colloids that are the subject
of widespread interest for diverse applications spanning bioimaging, light-emitting devices,
solar energy conversion, photocatalysis, and quantum computing [1¢,2]. They are
particularly valuable as fluorescent bioimaging probes because their light emission intensity
and stability far surpasses what is possible with organic dyes and fluorescent proteins.
Thereby a protein or nucleic acid attached to a semiconductor nanocrystal can be imaged
and tracked with single-molecule sensitivity for long durations in living cells and tissues,
which has recently allowed the the discovery of a host of novel biological phenomena [3¢].

The prototypical semiconductor nanocrystals used for bioimaging are quantum dots (QDs),
which are nearly spherical in shape with diameters between 2-10 nm [2]. Modern QD
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formulations are complex heterostructures depicted schematically in Figure 1a. The
nanocrystal core, most often composed of CdSe, has size-tunable optical properties as
shown in Figure 1b. This arises from the quantum confinement effect: charge carriers
(negatively charged electrons, €7, and positively charged holes, h*) are confined in a crystal
volume that is smaller than the intrinsic carrier sizes in the bulk semiconductor crystal,
causing the absorption spectrum and fluorescence wavelength to depend on the crystal
domain size. The core is coated with a crystalline shell (most often ZnS or CdS) to enhance
fluorescence emission intensity and stability, coated with an outer organic layer that enables
stable dispersion in biological media, and is attached to biological molecules to provide
specific interactions with biological systems. The end result is a stable colloid with
wavelength-tunable emission that can be monitored down to the level of single molecules
(Figure 1c) [4e+]. But over the last several years, QDs have evolved into a wide assortment
of composite nanostructures with diverse combinations of shapes, sizes, materials, and
dimensions of quantum confinement with novel photophysics that are driving biological
explorations. This review highlights new nanocrystal architectures in development and
useful optical properties that have emerged, and discusses implications for biological
imaging and early-stage efforts to interface these materials with biological systems.

Quantum Nanorods

QDs are quasi-spherical in shape and their charge carriers are confined almost equally in all
dimensions, which results in isotropic photophysical properties (Figure 1d). Quantum
nanorods (NRs), on the other hand, are elongated structures that are only strongly confined
in two dimensions and have been of great interest for their physical and optical anisotropy
[7]. The electron and hole are polarized along the long axis, leading to unique interactions
with polarized light (Figure 1e): light absorbed and emitted perpendicular to the long axis is
polarized linearly along the axis, and the degree of polarization can be tuned by the nanorod
aspect ratio [8]. Light emitted parallel to the long axis (from the end) is plane-polarized like
that of a QD. A “seeded growth” technology developed in 2007 substantially expanded the
diversity of NRs by allowing the incorporation of multiple domains of materials within
highly uniform composite structures [9,10]. By modulating the composition and structures
of both the core “seed” and the outer rod “shell,” the electron and hole can be shaped to
widely tune their locations and optical properties. Colocalizing the electron and hole yields
bright fluorescence whereas spatial segregation of the charge carriers to different domains
extends the excited state lifetime and can enhance energy transfer and charge transfer [11].
The crystal structure of the core can also be used to tune the number and size of the outer
rods, allowing the production of single or multiple rod branches protruding from the core.
Cubic lattices, for example, have 4 tetrahedral symmetric facets that yield tetrapod
nanostructures with 4 rods elongating out from the core; each arm has anisotropic properties
but the overall tetrahedral symmetry results in a net isotropy for each particle [10].

For bioimaging applications nanorods are intriguing due to their large extinction coefficients
that yield exceptionally bright single-molecule emission [12,13], and their linearly polarized
light emission that can be used to detect particle orientation by a variety of optical imaging
techniques. For example with defocused light microscopy, the image is slightly defocused
from the focal plane of interest; when light is emitted from an isolated polarized light source
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in the focal plane, the shape of the image spot is elongated with respect to the direction of
polarization (see Figure 2a-b). Also fluorescence polarization microscopy can be used to
detect the nanorod orientation using polarization filters (Figure 2c). With these technique,
researchers have monitored the location and orientation of NR-tagged CD36 membrane
receptors diffusing on cell membranes [14] and imaged and tracked the 3D orientation of a
motor protein (myosin V) as it walked along an actin filament (Figure 2d-f) [15¢]. By
observing both location and orientation, a 90 degree rotation was resolved in association
with each ~36 nm motor step, revealing how the two necks of the myosin motor swing back
and forth during translocation.

Quantum Nanoplatelets

Nanoplatelets (NPs) are a new family of semiconductor nanocrystals that are nearly planar
and atomically flat (see Figure 1f) [17,18], and are colloidal analogues of quantum well
films that serve as lasing and light-harvesting layers in optoelectronic devices [19]. Recent
synthetic advances have led to the growth of colloidal NPs composed of CdS, CdSe, or
CdTe with atomic-layer precision in thickness, from 4 to 11 molecular monolayers, and with
widely tunable lateral dimensions of ~10 nm to more than 100 nm and shapes resembling
discs, flat squares, and long ribbons (although the homogeneity in lateral dimensions is
usually poor) [17,18,20]. The atomic homogeneity in the confinement dimension is
unprecedented in a nanostructure with this many atoms which, in conjunction with very
small optical coupling with crystal lattice vibrations [21], results in exceptionally narrow
excitation and emission bands (see Figure 3a) with enhanced capacity for detecting multiple
spectrally distinct signals for multiplexed bioimaging applications.

Like carbon-based graphene sheets, thin NPs have a tendency to roll into cylindrical
structures [23,24], a tunable surface-mediated effect that exemplifies mechanical flexibility
not available in most colloidal crystalline materials (see Figure 3b). These materials are also
unique because of their combination of high quantum efficiency of fluorescence and very
short emission lifetime (~1 ns compared to ~20 ns for typical QDs) [22¢¢], as well as
surface-tunable optical properties. Together these properties suggest utility as scaffolds for
novel nanostructures that can be modulated optically, photochemically, or optoelectrically.
Recently it has become possible to cap these materials with insulating shells to yield high
stability and bright fluorescence (~80% quantum efficiency) [6,25¢] while maintaining
planar morphology, setting the stage for their implementation in bioimaging applications.

Composition-Tunable Nanomaterials through Cation Exchange

Recently the ability to create uniform nanostructures with a diverse range of materials has
become possible through advances in cation exchange [26-28]. Under certain
thermodynamically driven conditions, ionic semiconductors such as CdSe will rapidly
exchange cations in the crystalline lattice and with soluble ions such as Ag* or Cu* to yield
Ag,Se or Cu,Se. This process is highly efficient in nanocrystals compared with bulk
materials due to high surface area to volume ratios [28], and the nanocrystal shape and
crystal structure are maintained by the anionic lattice [29,30]. This technology has recently
enabled the production of many nanocrystals with combinations of shapes and materials that
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could not have been synthesized using current de novo methods. For example, mercury
chalcogenide materials (HgS, HgSe, and HgTe) are desirable for imaging applications due to
their long wavelengths of emission and absorption in the near-infrared, but the inability to
control colloidal synthesis reactions has limited their development. Instead by starting with
well-defined CdS, CdSe, or CdTe cores, partial cation exchange with Hg2* ions controllably
leads to HgxCd1.4S, HgxCd.xSe, and Hg,Cd_xTe nanocrystal alloys with near-infrared
emission (Figure 4a-c) [31,32¢]. The wavelengths are tuned without altering the size, a
major advantage compared with size-tuned QDs, because all colors have nearly identical
diffusion coefficients in biological environments.

Cation exchange can also be applied to complex anisotropic and multi-domain materials to
generate novel NPs (Cu,Te NPs — CdTe NPs) and multi-domain quantum nanorods that
maintain their core/shell structure and size distribution after exchange [33¢]. Using this
method scientists have used CdSe/CdS NRs (Figure 4d-e) as templates to prepare Cu,Se/
Cu,S (Figure 4f-g), ZnSe/ZnS (Figure 4h-i) [34], and PbSe/PbS core/shell NRs [29], three
families of composite materials with widely different bandgaps from the ultraviolet to the
near-infrared that could not have been readily prepared otherwise. A key finding is that
while not all cations spontaneously exchange with a high degree of homogeneity and/or
efficiency (e.g. CdSe — PbSe), sequential cation exchange processes (e.g. CdSe — Cu,Se
— PbSe) have enabled highly homogeneous and nearly complete exchange, leading to vast
diversity of materials including 111-V materials that have been notoriously challenging to
synthesize (GaP, GaAs, InP, InAs) using direct colloidal synthesis [35¢].

Nonblinking Compact Nanocrystals

When viewed as isolated particles through a fluorescence microscope, semiconductor
nanoparticles like QDs randomly flicker on and off. This “blinking” effect is thought to be
the result of ionization or trapping of charge carriers at defects on the surface [36¢]. This
random loss of fluorescence signal is problematic for tracking biomolecules in cells, so
many experimental studies have focused on modulating this effect through the nanocrystals
structure. It has recently been shown that blinking can be almost entirely eliminated by
growing a thick shell on the core material that prevents charge loss and surface trapping
[37,38]. However this also results in a larger overall size that can detrimentally impact
mobility in biological media. Therefore balancing the two effects is important. One
alternative mechanism is to use a gradient alloy structure, rather than a distinct core/shell
structure, which may have a improved ability to emit light when the particle is ionized
[39,40]. Another method is to improve shell homogeneity by using very high temperature
deposition [41e¢]. Semiconductor nanocrystals made of carbon [42] or silicon [43¢] have
been shown to be nonblinking emitters and also have exceptional photostability, but they
cannot yet be widely tunability in their photophysical properties, and their broad emission
bands and weak extinction coefficients have so far limited their utility. But the potential of
these materials is intriguing because they are composed of materials that are expected to be
nontoxic, but they also requiring UV-to blue excitation wavelengths, which itself can be
cytotoxic.
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Size- and Shape-Dependent Interactions in Biology

The interactions between nanoparticles and biomolecules, cellular structures, and tissues
have been widely studied, leading to consistent trends dictated by nanoparticle size and
shape [44,45] However most studies have focused on nanoparticles substantially larger
(~50-500 nm) than new semiconductor nanocrystals with confined dimensions on the order
of 2-10 nm. Shape-tunable materials on this scale are expected to exhibit different effects as
the dimensions and curvature of the particles match those of proteins that comprise biology
and the size approaches the grain size of the aqueous medium, so that diffusive forces
dominate. In terms of pure diffusion, these particles will not only translate, rotate, and
vibrate more rapidly than their larger counterparts, but they will also have enhanced access
to crowded macromolecular environments in the cellular cytoplasm, extracellular matrix,
and neuronal synapses, and can potentially penetrate through fenestrated endothelia and
nuclear pores [40,46-48¢]. Importantly a size-sieving effect in crowded macromolecular
spaces traps larger structures; the size cutoff is on the order of 20-40 nm for the cytoplasm
of mammalian cells and some tissues [49], which is a primary rationale for a current
concerted effort to minimize the size of QDs.

The need for compact nanoparticles does not preclude the use of high-aspect ratio materials
for a variety of bioimaging applications. For example, by total mass, rod-like structures have
higher diffuse faster than dot-shaped particles in porous media [50] and may have lower
nonspecific cellular uptake [51], attributes that can substantially improve imaging on cell
plasma membranes. Elongated structures can also align their long axes in directions of flow
such that local patterns of shear in vasculature systems or in interstitial tissues can be
directly imaged through fluorescence polarization. NRs and NPs also have higher surface
areas than QDs to allow more efficient interactions between charge carriers and the local
environment. Applications like sensing of local changes in electric fields, for example
during the firing of a neuronal action potential [52¢], would be more appropriate for a high
surface area particle with separated charges compared with a conventional QD. Indeed the
optical emission from NRs can be efficiently modulated by electric field strengths similar to
those that arise from physiological transmembrane potentials (~100 kV/cm) [53], but more
investigations are needed, especially at physiological temperatures. The ability to provide
unique optical modulation tools to the rapidly growing field of optogenetics [54], for which
cellular signals can be turned on and off and monitored with light using optically switchable
proteins, could lead to major advances in our understanding of neurobiology and cellular
signaling.

Conclusions

Semiconductor nanocrystals offer an immense degree of freedom to tune optical, electronic,
and structural properties of dispersible colloidal materials that are on the same size scale as
biological building blocks. The ability to interface these synthetic materials with living
biological systems is now moving beyond simple fluorescence imaging applications to take
advantage of the more sophisticated attributes of advanced nanocrystal designs. In the near
term balancing the advantageous properties of high-aspect ratio materials with the need for
an overall compact design is an outstanding challenge, requiring the construction of

Curr Opin Chem Eng. Author manuscript; available in PMC 2015 May 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Limetal.

Page 6

uniform, complex structures using fewer and fewer atoms. At the same time, it is critical to
come to understand how these novel classes of materials impact cells and interact with
proteins and other biomolecules so that their implementation can proceed beyond proof-of-
concept studies to generate stable nanoscopic tools that minimally perturb the biological
system under examination.
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Figure 1.
Structural and optical properties of semiconductor nanocrystals for advanced bioimaging

applications. (a) A prototypical core/shell quantum dot with hydrophilic coating bound to
biomolecules such as antibodies or streptavidin. (b) Fluorescence emission (top) and optical
absorption (bottom) spectra of different sizes of CdSe nanocrystals. (c) Narrow emission
spectra enable multiplexed imaging: single-molecule traces show nanocrystals diffusing in
the x-y plane of a cell membrane, and positions are monitored over time in the z-axis [4ee].
(d-f) Schematic illustrations of nanocrystal structures show wavefunctions of electrons (e”)
and holes (h*) and depictions of emission light polarization, as well as representative
electron micrographs. Scale bars are 5 nm (d), 5 nm (e) and 100 nm (f). Electron
micrographs are extracted with permission from references [1¢] (d), [5] (e), and [6] (f).
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Figure 2.
Imaging the orientation of nanorods at the single-molecule level. (a) Schematic diagram of

nanorod orientation with respect to the optical axis (z) of the imaging system, defined by the
axial (©) and azimuthal (®) angles. (b) Defocused imaging of hanorods with different
orientations, showing nearly vertical, inclined, and parallel emission dipoles, both calculated
and observed experimentally. (c) Imaging the intensity of a single nanorod in two
polarization directions perpendicular to one another. (d) A nanorod attached to a myosin
motor protein walking on an actin filament can be imaged in its displacement of its centroid
(e) as well as its angular rotation with respect to the image plane through polarization
microscopy (f). Panels a-b are from reference [16] and c-f are from reference [15¢].
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Figure 3.
Cadmium selenide nanoplatelets. (a) Absorption spectra (black lines) and fluorescence

emission spectra (colored lines) of four thicknesses of nanoplatelets (ML = monolayer of
CdSe) [22¢°]. (b) Rolling of large nanoplatelets into cylindrical structures, as observed by
electron microscopy [23].
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Figure 4.
Cation-exchange of semiconductor nanocrystals. (a) Cation exchange occurs through the

controlled replacement of one ion with another in the lattice; here Cd%* ions in CdTe
quantum dots are replaced with Hg?* to yield a ternary Hgy,Cdy.,Te alloy. (b) Fluorescence
spectra can be tuned due to differences in bandgap between CdTe and HgTe and (c) the
resulting nanocrystals are nearly identical in size [32¢]. (d-i) Sequential cation exchange of
CdSe/CdS NRs (d-e) allows the production of Cu,Se/Cu,S (f-g) and ZnSe/ZnS (h-i) NRs
with widely tunable optical spectra [34].
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