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Abstract

Fluorescent quantum dots are emerging as an important tool for imaging cells and tissues, and their
unique optical and physical properties have captured the attention of the research community. The
most common types of commercially available quantum dots consist of a nanocrystalline
semiconductor core composed of cadmium selenide with a zinc sulfide capping layer and an outer
polymer layer to facilitate conjugation to targeting biomolecules such as immunoglobulins. They
exhibit high fluorescent quantum yields and have large absorption cross-sections, possess excellent
photostability, and can be synthesized so that their narrow-band fluorescence emission can occur in
a wide spectrum of colors. These properties make them excellent candidates for serving as
multiplexing molecular beacons using a variety of imaging modalities including highly correlated
microscopies. Whereas much attention has been focused on quantum-dot applications for live-cell
imaging, we have sought to characterize and exploit their utility for enabling simultaneous
multiprotein immunolabeling in fixed cells and tissues. Considerations for their application to
immunolabeling for correlated light and electron microscopic analysis are discussed.
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INTRODUCTION

Toxicologic pathology stands to benefit enormously from continuing advances in both
fluorescence microscopy technologies and methodologies. These advances include confocal
and multiphoton microscopy (Denk et al., 1990), deconvolution (Chen et al., 1995), total
internal reflection fluorescence microscopy (TIRF; Axelrod et al., 1983), photoactivation
localization microscopy (PALM; Betzig et al., 2006), and 4-pi imaging (Schrader et al.,
1998), as well as the creation of novel genetically encoded reported molecules and new classes
of fluorescent probes (for review, see Tsien [2006] and Giepmans et al. [2006]). These
approaches offer researchers unprecedented optical resolution and sensitivity. However, it is
still the case that much of the fine cellular machinery operates beyond the resolution of the
light microscope in the realm visualized by electron microscopy. Therefore, to maximize and
validate observations of protein expression and colocalization as well as characterize subtle
alterations to cellular morphology, it is important to use multiple microscopies encompassing
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a wide range of overlapping scales, making methods that allow for highly correlated light- and
electron-microscopic observations very desirable. One such approach for correlated multiscale
imaging uses a relatively new class of semiconductor-based fluorescent probes termed quantum
dots (Chan and Nie, 1998; Bruchez et al., 1998). These nanomaterials not only possess unique
optical properties but are also directly visible by transmission electron microscopy (Liu et al.,
2000), opening up a number of unique imaging opportunities (Nisman et al., 2004; Giepmans
et al., 2005).

CHARACTERISTICS OF QUANTUM DOTS

Quantum dots are fluorophore nanocrystals whose excitation and emission is fundamentally
different than traditional organic fluorophores. Instead of electronic transitions from one
valence orbital to another, quantum-dot fluorescence involves exciting an electron from the
bulk valence band of the semiconductor material across an energy gap, making it a conduction
electron and leaving behind a hole. The electron—hole pair (also known as an exciton) is
quantum-confined by the small size of the nanocrystal (smaller than the exciton Bohr radius).
When the electron—hole pair eventually recombines, a characteristic photon is emitted. Minute
changes to the size of the confining crystal alter the energy bandgap, thus determining the color
of the fluorescence photon. In general, the smaller the quantum dot, the larger the bandgap
energy for a given material, and thus, the shorter the wavelength of the emitted fluorescence.
Of the many types of quantum dots that can be made from various semiconductor materials,
CdSe/ZnS quantum dots are presently the most common commercially available as secondary
antibody conjugates. They are composed of a core of cadmium selenide ranging from about
10 to 50 atoms in diameter and about 100 to 100,000 atoms in total, and as mentioned, the size
of the core determines the fluorescence emission spectra. They have a thin zinc sulfide
passivating layer that improves the fluorescence quantum efficiency and stability of the
quantum dots and an organic polymer coating to make them water soluble and enabling
bioconjugation to targeting molecules such as anti-lIgG (immunoglobulin G) secondary
antibodies, Fab fragments, peptides, or streptavidin (Figure 1a).

They exhibit high fluorescence quantum yields, and as would be expected from a solid-state
material, they are extremely resistant to reactive oxygen-mediated photobleaching. They have
large absorption cross-sections and broad absorption spectra with narrow band fluorescence
emission that can be tuned over a broad range from blue to near-infrared. Under ambient light,
micromolar solutions are nearly colorless, but under UV excitation, they exhibit brilliant and
distinct fluorescence (Figure 1b). Very different from traditional fluorophores, they have
symmetrical Gaussian-shaped emission spectra, and more importantly, all have exceptionally
large Stoke’s shifts and can be excited equally well at a single UV wavelength, making them
excellent for multiple labeling experiments (Chan et al., 2002; Klostranec and Chan, 2006).
Typically, commercially available quantum dots are named for their peak emission wavelength
(i.e., 525,565, 585, 605, and 655 nm). Additionally, quantum dot cores have sufficient electron
density to be directly visible by electron microscopy in the 60-keV to 400-keV accelerating
voltage range without any special contrasting treatments (Figure 1c) and can be discriminated
by their different sizes and shapes (525-, 565-, and 585-nm Cd/Zn quantum dots are spherical,
and 605- and 655-nm quantum dots are oblong).

CONSIDERATIONS FOR IMMUNOLABELING

Antibody conjugates of quantum dots exhibit modest but significant penetration into fixed and
mildly permeablized cells and tissues (i.e., several microns), making them suitable for pre-
embedding labeling methods (Figure 2a). Whereas quantum-dot secondary antibody
conjugates do not penetrate nearly as well as their organic fluorophore counterparts under
identical conditions, the ability to distinguish different quantum dots by both light and electron
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microscopy makes them excellent for multiple labeling-correlated imaging experiments
(Giepmansetal., 2005). This feature also allows for efficient trouble-shooting and optimization
of various antibody-antigen—dependent labeling parameters by light microscopy before
proceeding with the more time-consuming and laborious preparation for electron microscopy.

Optimal fixation and permeablization conditions must be determined for each primary antibody
with the understanding that four main parameters (chemical fixation, detergent
permeablization, temperature, and time of treatments) are a compromise between good labeling
and good ultrastructural preservation. Although no universal protocol exists for detecting all
proteins with antigen-specific antibodies with consistent, high-quality ultrastructural
preservation for electron microscopy, starting-point reference protocols for immunolabeling
of cultured cells and for tissue sections have been introduced, along with specific guidelines
(Deerinck et al., 2007). These use primary fixation with formaldehyde (from freshly
depolymerized paraformaldehyde) containing low concentrations of glutaraldehyde followed
by mild detergent permeablization using Triton X-100 or saponins. In general, the strongest
fixation and the lowest concentration of detergent that still gives adequate labeling should be
used. Because the availability of methods for optical section imaging of relatively thick (60 to
80 micron) sections (i.e., confocal microscopy) and the need to preserve the best possible
cellular ultrastructure for subsequent electron microscopy, the use of thick Vibratome sections
for pre-embedding immunolabeling is recommended instead of cryostat or paraffin sections.
Once free-floating sections are immunolabeled with primary and secondary antibody
conjugates, the sections can be temporarily mounted in buffer and viewed by confocal
microscopy (Figure 3a). After subsequent postprocessing, epoxy embedding, and cutting of
ultrathin sections, the quantum dots can be directly visualized in tissue by electron microscopy
(Figure 3b and 3c¢). It is important that the sections for electron microscopy are taken from the
first few microns of the surface of the tissue, and this is easily accomplished using flat
embedding of the material between two glass slides.

In addition to the four parameters mentioned above, one must take into consideration the nature
of the cell type being investigated. Generally speaking, cells with relatively dense cytoplasm
(i.e., muscle) will allow for far less penetration of quantum-dot conjugates than others (i.e.,
liver, kidney) and may require harsher permeablization.

FLUORESCENCE IMAGING

Quantum dots can be used for ordinary epifluorescence microscopy with either a xenon or,
preferably, a mercury light source. Standard fluorescein or rhodamine filter sets for the 525-
nm and 605-nm quantum dots can be used, but they will be 5 to 10 times dimmer than optimized
filter sets. The optimal excitation filter for all quantum dots is approximately 425 nm, with a
bandwidth of 40 nm (full width half maximum), and the emission filter should be 20 nm (full
width half maximum) centered at the emission peak. Because they have such large Stoke’s
shifts, the dichroic edge steepness and placement are not critical, and most major manufacturers
offer completely optimized filter sets specifically designed for quantum-dot imaging. For
confocal microscopy, the most common lasers are the argon and krypton-argon type offering
488-, 514-, 568-, and 647-nm lines, none of which are completely optimal. If possible, it is
best to use a blue diode laser with a line at 442 nm, or even better, at 405 nm. Quantum dots
are particularly well suited for multiphoton (2-photon) excitation, because their 2-photon
absorption cross-sections are two to three orders of magnitude greater than traditional organic
flluorophores (Zipfel et al., 2003).

MULTIPHOTON MICROSCOPY AND QUANTUM DOTS

Multiphoton excitation microscopy is a type of fluorescence microscopy in which two photons
of low-energy, typically infrared, wavelength are used to mimic the higher energy single-
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photon excitation of a fluorophore in a quantum event, resulting in the emission of one photon
from fluorescence (Denk et al., 1990). The probability of the near simultaneous (<10~1°-
second) absorption of two photons is extremely low. Therefore, an extremely high flux of
photons is required to achieve efficient excitation. To achieve this, a diode-pumped, high-
power titanium-sapphire laser is usually used, generally having an infrared output that can be
adjusted between 700 and 1,000 nm. The beam is pulsed 80 million times a second with a pulse
width of ~100 femtoseconds, so that the actual average power is low and is scanned over the
sample point by point in a raster pattern as in confocal microscopy.

Multiphoton microscopy offers a number of interesting advantages (Zipfel et al., 2003).
Because the pulse bandwidth is relatively large (~20 nm), one can obtain simultaneous
excitation of multiple fluorophores normally excited with UV to blue light using infrared
excitation. In addition, infrared light exhibits deeper penetration into biological specimens with
less out-of-plane phototoxicity. More importantly, because two photons must be absorbed
simultaneously to excite a fluorophore, the probability of emission is a nonlinear process and
is related to the intensity squared of the excitation beam. This means that for a laser focused
by high numerical aperture (NA) optics, only a small excitation volume results for 2-photon,
thereby confining the excitation to the focal plane of the objective lens (Denk et al., 1990). The
result is confocal-type imaging without the need for pinhole apertures.

As previously mentioned, quantum dots are particularly well suited for 2-photon excitation
because of their enormous 2-photon absorption cross-sections. Typically all CdSe/ZnS
quantum dots are efficiently excited at 800 nm by 2-photon excitation. Given their excellent
resistance to photobleaching, there is no need to use antifade reagents during imaging.

TOWARD A SPECIMEN COMPATIBLE WITH BOTH FLUORESCENCE AND
ELECTRON MICROSCOPY

Quantum-dot fluorescence is extremely durable. It can with-stand many types of chemical
treatments, including aldehyde fixation, solvent dehydration, and even epoxy resin embedding
and heat (60°C to 70°C) polymerization (Giepmens et al., 2005). This property makes it
possible to create specimens in which the fluorescence can be preserved throughout processing
for electron microscopy as long as postfixation with osmium tetroxide is omitted (which nearly
instantaneously and irreversibly destroys their fluorescence). The specimens can be embedded
in either epoxy resin, or better, with LR (London Resin) White acrylic resin, which possesses
lower autofluorescence than the former. Specimens in polymerized resin can be imaged by
conventional epifluorescence (cells) or by confocal or multiphoton microscopy (cells and tissue
sections) using optical sectioning (Figure 4a). Conventional ultrathin sections can be cut by
ultramicrotomy, and the sections can be mounted on copper electron microscopy (EM) grids
and again imaged by fluorescence microscopy (Figure 4b). The same specimen can then be
imaged by electron microscopy for higher resolution examination (Figure 4c and 4d). This
approach allows for relatively wide-field surveying of specimens by light microscopy,
followed by directly correlated imaging of a smaller region of interest by electron microscopy.
Protocols and reagents that could serve as suitable replacements for osmium tetroxide
postfixation to better preserve and contrast cell membranes and that do not affect quantum-dot
fluorescence are currently being explored. This approach could help create libraries of
specimens with room-temperature—stable fluorescence that could be archived indefinitely for
later examination by both light and electron microscopy. Such specimens will be important in
protein expression and localization studies in healthy versus pathological tissue, and patient-
tissue libraries thus created would be of high value in the field of comparative toxicological
pathological research. Already, quantum dots are beginning to play a role in molecular
pathology by aiding in the assessment of multiple malignant-tumor biomarkers (True et al.,
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2007). Increasing their multiplexing capability and automating image acquisition will further
this and other potential applications to toxicological and experimental pathology.

FUTURE PROSPECTS

Progress with the development of new nanomaterials continues at a rapid pace, and certainly
many new types of commercially available quantum dots and enhanced multifunctional
nanoscale probes are to be expected. Aside from an expansion of the repertoire of colors,
smaller bioconjugates as well as enhanced surface chemistries should allow for even greater
penetration into cells and tissues. More distinct-shaped (pyramid, rod, dot, oblate, square)
quantum dots from a wide range of semiconductor materials have already been demonstrated,
and their availability as secondary antibody or direct primary antibody conjugates will allow
for easier multiprotein discrimination by electron microscopy. Furthermore, as methods for
delivering quantum dots into living cells continue to evolve and improve, sophisticated
correlated live-cell and electron-microscopic imaging of single molecules will be possible.

Abbreviations

EM, electron microscopy; HeL a, Henrietta Lacks; 1gG, immunoglobulin G; LR, London Resin;
NA, numerical aperture; QD, quantum dot; RFL6, rat fetal lung fibroblasts; TIRF, total internal
reflection fluorescence microscopy; UV, ultraviolet.
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FIGURE 1.

(a) Diagram representing the composition of a CdSe/ZnS quantum dot showing the core, shell,
coating, and targeting molecules. The overall size isabout 15 to 20 nm. (b) Micromolar aqueous
solutions of 525, 565, 585, 605, and 655 quantum dots (left to right) under ultraviolet (UV)
illumination. (c) Electron microscopic appearance of the same quantum dots (left to right)
spread on a thin carbon substrate and air-dried. (d) Higher magnification image. Bar = 20 nm.
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FIGURE 2.

(a) Cultured RFL6 (rat fetal lung) fibroblasts immunolabeled for B-tubulin with quantum dot
(QD) 655 (red) and anti connexin 43 with QD 565 (green). Cell nuclei were counterstained
with Hoecshst 33342 (blue). (b) Electron microscopic appearance of a similarly labeled sample
with QD labeling on microtubules (arrows) and a connexin-43-rich vesicle (arrowhead).
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FIGURE 3.

(a) Multiphoton image of rat cerebellum double labeled for the inositol 1,4,5-trisphosphate
receptor in Purkinje neurons with 565-nm quantum dots (green) and anti-GFAP (glial fibrillary
acidic protein) in glial cells with 655-nm quantum dots (red). (b) A region similar to the area
shown in panel A (arrow) of a Purkinje cell dendrite. (¢) High-magnification image of the
boxed area in panel B showing 565-nm quantum-dot labeling on the endoplasmic reticulum of
the dendrite and 655-nm quantum-dot labeling in a neighboring glial cell process. Bar = 200
nm.

Toxicol Pathol. Author manuscript; available in PMC 2009 November 2.



1duosnuey Joyiny vd-HIN 1duosnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Deerinck Page 10

FIGURE 4.

Preservation of quantum-dot fluorescence in fixed and embedded cells. (a) Cultured HelLa
(Henrietta Lacks) cells immunolabeled for b-tubulin with 565-nm quantum dots and embedded
in epoxy resin. (b) An 80-nm-thick section of the same preparation mounted on a copper
electron microscopy (EM) grid (grid bars visible as a boxed shadow) and imaged by confocal
microscopy. (c) EM image of the same region shown in panel B (arrow). (d) Higher
magnification of the same region showing quantum-dot—labeled microtubules.
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