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ABSTRACT: Materials with short-wave infrared (SWIR) emis-
sion are promising contrast agents for in vivo animal imaging,
providing high-contrast and high-resolution images of blood
vessels in deep tissues. However, SWIR emitters have not been
developed as molecular labels for microscopy applications in the
life sciences, which require optimized probes that are bright, stable,
and small. Here, we design and synthesize semiconductor quantum
dots (QDs) with SWIR emission based on HgxCd1−xSe alloy cores
red shifted to the SWIR by epitaxial deposition of thin HgxCd1−xS
shells with a small band gap. By tuning alloy composition alone,
the emission can be shifted across the visible-to-SWIR (VIR) spectra while maintaining a small and equal size, allowing direct
comparisons of molecular labeling performance across a broad range of wavelength. After coating with click-functional multidentate
polymers, the VIR-QD spectral series has high quantum yield in the SWIR (14−33%), compact size (13 nm hydrodynamic
diameter), and long-term stability in aqueous media during continuous excitation. We show that these properties enable diverse
applications of SWIR molecular probes for fluorescence microscopy using conjugates of antibodies, growth factors, and nucleic acids.
A broadly useful outcome is a 10−55-fold enhancement of the signal-to-background ratio at both the single-molecule level and the
ensemble level in the SWIR relative to visible wavelengths, primarily due to drastically reduced autofluorescence. We anticipate that
VIR-QDs with SWIR emission will enable ultrasensitive molecular imaging of low-copy number analytes in biospecimens with high
autofluorescence.

■ INTRODUCTION

Fluorescent probes are used throughput the biomedical
sciences to detect, image, and track molecules in cells and
tissues.1−5 When labeling proteins and nucleic acids in fixed
samples, small organic dyes are the most commonly used
probes,6−8 whereas transgenic fluorescent proteins are most
often used in live-cell applications to monitor dynamic
molecular events.1,9 Light-emitting nanoparticles such as
semiconductor quantum dots (QDs) have also become
popular for many research-based applications due to their
broad wavelength tunability and unique combination of
intense and stable emission that allows long-term tracking of
individual molecules.10−12 Over the past decade, advances in
fluorescent probes, together with new instrumentation and
computational techniques, have enabled rapid progress in
microscopic molecular imaging, leading to super-resolution
optical microscopy13−16 and single-molecule imaging17−19 that
have both been widely adopted in cellular biology. However, a
fundamental bottleneck is the intrinsic fluorescence from
cellular components, which produces a baseline signal that
obscures probe signals.20−22 This is especially problematic
when using common dyes, when targets are low in copy
number, and when using highly autofluorescent samples like

fixed tissues. Creative workarounds have been developed using
molecular amplification,23,24 multiphoton excitation,25 upcon-
verting nanoparticles,26 time-gated imaging,27 and harsh
sample treatments,28 but these are challenging to apply
broadly. A broader solution is to simply use fluorophores
that emit light beyond the visible spectrum (400−700 nm) at
infrared wavelengths (>700 nm) where autofluorescence is
reduced.20,29,30 However, as the emission of an organic dye or
protein is shifted to the red, its quantum efficiency, aqueous
solubility, and stability decrease, yielding diminishing returns
for contrast.31−33

Recently, an assortment of nanomaterial-based fluorophores
has been engineered to efficiently emit light at wavelengths
spanning two infrared spectral windows,33−56 typically denoted
as the first near-infrared window (NIR-I, 700−950 nm) and
the second near-infrared window (NIR-II, 950−2000 nm),
with the latter also known as the short-wave infrared (SWIR).
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There is some variability in the literature over the
nomenclature and spectral ranges of these windows, and it is
noteworthy that the IUPAC defines the infrared A spectrum
(IR-A) as 780−1400 nm. The NIR-I window has long been
explored for biological imaging,57 facilitated by the ubiquitous
availability of silicon-based detectors for high-sensitivity
imaging up to ∼950 nm, whereas affordable array sensors for
the SWIR have only recently become available.58 The vast
majority of studies to date exploring the SWIR window have
focused on the enhanced penetration depth of SWIR photons
through biological tissue deriving from reduced scattering.
Compared with images collected at shorter wavelengths, SWIR
images of thick tissues exhibit higher resolution and higher
contrast, with particularly impressive outcomes for optical
vascular imaging in living animals.33−49 The diversity of SWIR-
emitting nanomaterials is rapidly expanding and now includes
carbon nanotubes, rare-earth-doped nanocrystals, and semi-
conductor QDs composed of InAs, PbS, PbSe, Ag2S, Ag2Se,
Cd3P2, CuInSe2, and HgCdTe.47−56

In this report, we demonstrate the utility of SWIR
fluorophores as molecular labels for microscopy-based imaging
of proteins and nucleic acids in cells and tissues. These
applications are unlike those in vascular imaging for which
diverse probe sizes and structures can be applied with contrast
tuned simply by dose. For accurate molecular labeling, there
are stringent criteria for probe physical dimensions, photon
flux, and stability in oxidizing conditions, while outcomes are
fundamentally limited by the molecular copy number, which

can span many orders of magnitude.59 In particular, probes
must have hydrodynamic diameters smaller than ∼15 nm to
access crowded cellular regions such as the neuronal synapse60

and to access cytoplasmic RNA,61 and must exhibit minimal
nonspecific interactions with biological matter. For a nano-
particle, the hydrodynamic diameter is a product of the size of
the particle core, its coating layers, and adsorbed ions and
solvent molecules. For molecular probes based on QDs, it has
not been possible to achieve suitably compact sizes in the
SWIR spectrum in part because of the quantum confinement
effect, which requires an increase in core size to reach longer
emission wavelengths.62,63 Furthermore, for the coating, there
is a trade-off between hydrodynamic thickness and stability.59

To develop SWIR probes for fluorescence microscopy, we
designed and developed a new class of compact QDs based on
a 3-domain alloy structure that exhibits continuous spectral
tunability across the visible, NIR-I, and SWIR (a spectral range
collectively termed VIR) with high quantum yields (QYs)
without changing the nanocrystal size. A central aspect of the
design is the sole use of II−VI semiconductor compounds to
be fully compatible with the mature shelling processes that are
standard for advanced QD designs in the visible spectrum and
responsible for high brightness and photochemical stability in
aqueous media.59,64 The nanocrystals are compatible with
multidentate coating technologies that yield compact sizes,
long-term colloidal stability, monodispersity, minimal non-
specific binding, and click-chemistry functionalization.65 We
show that VIR-QDs can be applied for advanced high-

Figure 1. Schematic depiction of 3-domain quantum dots (QDs) with visible-to-infrared (VIR) emission and their synthesis as molecular probes.
(a) Schematic depiction of the stepwise synthesis methodology for VIR-QD nanocrystals, comprising a mercury exchange process on CdSe cores to
select the emission wavelength (λ), followed by epitaxial growth of a mercury cadmium sulfide shell to induce a further shift to the near-infrared
(NIR), with a final epitaxial growth of an insulating cadmium zinc sulfide shell that boosts quantum yield and absorption coefficient to select the
desired brightness (B). (b) Schematic representation of VIR-QD surface coating with hydrophilic multidentate azide (N3) functional polymers,
which replace native hydrophobic ligands. Resulting hydrophilic QDs can then be conjugated through click chemistry to streptavidin (SAv)
modified with a dibenzylcyclooctyne (DBCO) linker or conjugated to Protein A through self-assembly mediated by a hexahistidine protein
terminus.
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resolution cell and tissue imaging applications that require
ultrasensitive detection down to the level of single molecules.
We evaluate their use for applications in single-molecule
growth factor imaging,29 in situ RNA imaging,61 and in situ
immunolabeling of proteins.65 In all cases, when moving from
the visible spectrum to the SWIR, signal-to-background ratios
are amplified by 1−2 orders of magnitude owing to the large
reduction in autofluorescence in the SWIR. This results in the
ability to collect high-resolution molecular images of cells and
tissues at shorter acquisition times and with fewer obscuring
signals, which is particularly beneficial when imaging high-
background biospecimens with low-target copy numbers. We
further determined that VIR-QDs do not induce significant
toxicity in living cells at high concentrations, even though the
nanocrystals contain divalent cadmium and mercury. Although
beyond the scope of this work, the stability, compact size, high
brightness, and low toxicity of VIR-QDs suggest that these
nanoparticles can also be used as contrast agents for rapidly
developing efforts in in vivo imaging.

■ RESULTS AND DISCUSSION
SWIR Nanocrystal Design and Synthesis. We designed

a new class of QDs with fixed size and tunable emission from
the visible to the SWIR based on 3-domain nanocrystals
primarily composed of mercury cadmium chalcogenide alloys
(HgxCd1−xSe or HgxCd1−xS). Our goal was to maximize
chemical and structural similarity to (core)shell (CdSe)-
CdxZn1−xS QDs; these are the workhorse materials of high-
resolution single-molecule dynamic imaging due to a high QY
approaching unity, high photostability, and stable hydrophilic
coatings that minimize total size in aqueous solution.59 Figure
1a shows the processing steps to generate the 3-domain
nanocrystal composed of (core)shell/shell (HgxCd1−xSe)-

HgyCd1−yS/CdzZn1−zS QDs. These materials are entirely
within the II−VI family with tetrahedral bonding geometries
that are structurally the same as those of 2-domain (CdSe)-
CdxZn1−xS QDs. For the first step, we applied a previously
described cation exchange process53 in which zinc blende
CdSe cores are mixed with certain mercury salts, resulting in a
controllable optical red shift due to the formation of
HgxCd1−xSe QDs, which shrinks the bulk band gap (Eg) as
the alloy transitions between CdSe with Eg = +1.73 eV to HgSe
with Eg = −0.22 eV.53 The alloying process does not change
the QD size due to the near lattice match between HgSe and
CdSe. These materials are processable with high-temperature
liquid-phase epitaxy to allow growth of CdyZn1−yS shells,
resulting in (HgxCd1−xSe)CdyZn1−yS QDs with emission
wavelengths up to 800 nm and high QY after dispersion in
aqueous solution with a variety of coatings.66 Theoretically,
HgxCd1−xSe cores could emit at longer SWIR wavelengths
through further cation exchange (higher x). However, in
reality, the exchange efficiency is kinetically limited and does
not approach completion even with prolonged annealing in the
presence of excess mercury. Higher temperatures (150 °C) do
result in emission that extends to the SWIR; however,
transmission electron microscopy (TEM) reveals that the
particles are fused and aggregated and thus unsuitable for use
as molecular probes (Figure S1).
We developed a new epitaxy-based shell growth process to

further increase the mercury content in the HgxCd1−xSe
nanocrystals and continuously red shift the band gap deep into
the SWIR by deposition of submonolayer quantities of
HgxCd1−xS. We previously were not able to adapt standard
shell growth processes to generate mercury-based shells due to
the high reactivity of mercury precursors that leads to both
heterogeneous cation exchange and homogeneous nucleation

Figure 2. Photophysical and structural characterization of VIR-QDs. (a) Tunable absorption and photoluminescence (PL) spectra for five
spectrally distinct VIR-QDs. Black lines are absorption spectra, blue curves are PL spectra in tetrachloroethylene (TCE), and red filled areas are PL
spectra in deuterated water (D2O). (b) Transmission electron micrographs for the five samples. Scale bars are 20 nm. (c) Size distributions from
the corresponding TEM images. Red lines are Gaussian fits to the histograms. (d) Gel permeation chromatograms for the five QDs after coating
with multidentate polymer ligands and dispersion in water. Molecular weight protein standard elution times are indicated on the top x axis. au =
arbitrary units.
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(Figure S2).53,67,68 We overcame this limitation by optimizing
the quantity of mercury precursor, its reactivity, and the
reaction temperature. Using a simple temperature cycling
process, HgxCd1−xS was epitaxially deposited using mercury
octanethiolate with a red shift dictated by both the thickness
and the mercury content in the shell. By controlling the
mercury content in the HgxCd1−xSe core and the HgxCd1−xS
shell together, the band gap can be widely and continuously
tuned without substantially changing the nanocrystal size. With
further overgrowth of a standard wide-band-gap CdxZn1−xS
shell,64,69 electronic insulation results in stable emission with a
high QY. By selecting core sizes smaller than 4 nm, the total
crystalline size can be smaller than 6 nm, which is suitable for
molecular labeling. The core size and shell thickness can also
be independently tuned to select any combination of
brightness (B), diameter, or wavelength (λ) based on
previously described brightness tuning principles.66 As shown
in Figure 1b, after synthesis, we exchanged the native aliphatic
amine and carboxylate ligands with a monolayer of hydrophilic
multidentate polymers for monodisperse stabilization in
aqueous solution. These polymers contain mixed side chains,
of which 65% are triethylene glycol (TEG) and 35% are
imidazole (histamine). These polyacrylamido(histamine-co-
TEG) polymers are called P-IM when TEG groups are entirely
terminated with hydroxyls and called P-IM-N3 when 30% of
the TEG groups are azide (N3)-terminated. Azide functional
groups allow efficient click chemistry conjugation to proteins
and nucleic acids, while the QD surface itself also enables
conjugation through self-assembly.65 Figure 1b depicts the
conjugations to streptavidin (SAv) and Protein A used in this
work.
Spectroscopic Properties. Figure 2a depicts steady state

absorption and photoluminescence spectra of 5 batches of
alloy VIR-QDs based on 3.9 nm CdSe nanocrystal cores with
different mercury content. The QDs are named based on the
peak wavelength of the photoluminescence emission when
dispersed in tetrachloroethylene (TCE), QD-630, QD-770,
QD-950, QD-1130, and QD-1360, with mercury-to-cadmium
ratios (Hg/Cd) of 0, 0.070, 0.16, 0.23, and 0.31, respectively,
measured by inductively coupled plasma-optical emission
spectrometry (ICP-OES, Table S1). Photoluminescence
spectra in Figure 2a are shown for both pure QDs in TCE
as well as aqueous polymer-coated QDs in heavy water (D2O),
both minimally absorbing solvents (see below). The emission
band is tunable from ∼600 to 1400 nm, spanning the visible,
entire NIR-I, and one-half of the SWIR, as far as our
fluorescence spectrophotometer can detect. To our knowledge,
this is the widest spectral tunability (∼1.2 eV) reported to date
by alloy composition alone. The Hg/Cd ratio correlated with
the photoluminescence band energy with negative linearity (R2

= 0.98), so presumably the entire SWIR and mid-infrared can
be covered by further deposition of the HgxCd1−xS domain.
The emission can be tuned further to the blue as well simply
by using a smaller core or by including sulfur in the core.66 The
full-width-at-half-maxima of the emission bands increase from
0.094 eV for the CdSe-based QDs to 0.15−0.22 eV for the
QDs incorporating mercury (Table S2). Notably, we tuned the
emission by continuously monitoring the absorption and
emission spectra during cation exchange and the two epitaxial
growth steps and have not yet rigorously determined the
reproducibility of a specific synthesis protocol to achieve a
precise emission wavelength or bandwidth.

Figure 3 shows the progression of the optical properties as
the VIR-QD is grown. Mercury exchange results in a red shift

in absorption and photoluminescence bands, as well as a
decrease in QY due to the introduction of surface traps that
lead to nonradiative decay processes. In contrast, the insulating
CdxZn1−xS shell has less impact on the spectral shape, and
simply increases the absorption coefficient in association with a
small red shift. However, the CdxZn1−xS shell boosts QY and is
essential for retaining QY after phase transfer to water and
maintaining stability for months under ambient conditions.
The robustness of coverage of the shell is evident from the lack
of spectral shift upon purification and phase transfer to polar
solvents.

Quantum Yield. VIR-QDs coated with their native ligands
after synthesis exhibited high QY between 40% and 80%,
measured in low-absorbing TCE or hexane relative to reference
dyes (Table S3). QY values of the VIR-QDs coated with P-IM
or P-IM-N3 were more challenging to measure due to the high
absorption coefficient of water beyond ∼1100 nm, resulting in
irregular spectral shapes due to fluorescence reabsorption by
the solvent, with a strong dependence on dilution. To
overcome this issue, we measured spectra in heavy water
(D2O), which is chemically the same as normal water but with
heavy hydrogen isotopes, which drastically reduces vibrational
oscillator strengths in the SWIR region. Figure 4 shows the
impact of these solvent conditions, with a moderate alteration
in the fluorescence emission band shape for QD-950 in normal
water but a drastic impact on QD-1360. In all cases, the
emission band shapes in heavy water were similar to those in
TCE (Figure 2a), indicating that the spectral perturbation by

Figure 3. Progression of VIR-QD optical properties during a typical
synthesis. (a) Absorption coefficient (ϵ) spectra show CdSe cores
(red), HgxCd1−xSe resulting from cation exchange (brown), and
(HgxCd1−xSe)HgyCd1−yS/CdzZn1−zS VIR-QDs (yellow). Calculation
methods are described in the Supporting Methods. (b) Photo-
luminescence (PL) spectra of the QDs in panel a, plotted in arbitrary
units and normalized at the band maxima. au = arbitrary units.
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normal water derives from light absorption by the solvent,
rather than photophysical changes in the QDs themselves due
to coating exchange. In heavy water, QYs of all of the QDs
were high but lower than those in TCE, between 30% and 38%
in the 770−1130 nm spectral range. These aqueous QYs are
much higher than those reported for the many recently
developed NIR and SWIR fluorophores.43−47,70,71 The
observed reduction in QY due to the coating and phase
transfer process is common for II−VI QDs and interpreted as
surface atom reconstruction and surface defect introduction
due to ligand exchange.59 For fluorescence microscopy
applications using biological samples that are composed
primarily of normal water, these ensemble measurements in
heavy water are a realistic condition for interpreting perform-
ance outcomes (see below) because >99% of SWIR light
transmits through thin (∼10 μm) biological samples,
eliminating the solvent absorption effects that impact ensemble
measurements in normal water. This is unlike applications in
thick tissues, for which 1 cm of tissue will attenuate >99.9% of
light in the 1400 nm SWIR wavelength range. Notably, QDs
emitting at 1360 nm exhibited a more substantial drop in QY
after phase transfer, with 14% measured in heavy water,
although a substantial fraction of the emission was outside the
spectral range of our detector.
Physical Dimensions. TEMs of the nanocrystals (Figure

2b) show quasi-spherical particles with a mean size near 6.0
nm for all wavelengths. Size distributions are uniform, with
∼10% relative standard deviation of diameter (Figure 2c),

which is typical for conventional (CdSe)CdxZn1−xS QDs. It is
noteworthy that some of the QDs are faceted in TEM images
and not entirely spherical, which could derive from differences
in cations and ligands on the QD surface after differing degrees
of mercury exchange. Hydrodynamic diameters and mono-
dispersity of the same QDs coated with multidentate polymers
were assessed using gel permeation chromatography (GPC) in
phosphate-buffered saline (PBS) in Figure 2d. All five QD
colors exhibited equivalent elution times and similar degrees of
monodispersity with minimal aggregation. Each sample further
exhibited high colloidal stability under storage after extensive
purification. Elution peak times of the QDs from GPC
corresponded to 13 nm hydrodynamic diameter based on
globular protein size standards. Dynamic light scattering
showed unimodal hydrodynamic sizes in the same range
8.5−16.0 nm (Table S4); however, the results were unreliable
due to poor data quality deriving from interference from
absorption and fluorescence at red wavelengths used to
measure the scattering intensity. In comparison, other reported
coatings for SWIR materials in biological media include lipids
and amphiphilic polymers that generate micellar structures and
increase the size to near 30 nm.49 Monodentate and bidentate
hydrophilic ligands can also be used to generate a more
compact structure but provide little stability.72

Single Quantum Dot Imaging. We used a home-built
widefield optical microscopy setup to image the spectral range
of aqueous VIR-QDs (Figure 5a). We used both a silicon-
based CCD camera (Vis-CCD) and an InGaAs-based cooled
CCD camera (NIR-CCD) with quantum efficiency curves
shown in Figure 5b. Either a filtered bulb or a continuous laser
was used for excitation. QDs were then deposited on coverslips
and imaged in air using filter sets shown in Figure S3. We
chose four VIR-QDs with emission spanning the visible (QD-
630), NIR-I (QD-770), and SWIR (QD-1130), with one QD
intermediate between the two infrared spectral windows (QD-
950) that could be measured on both detectors for focusing
and alignment (Figure 5c). We used the same four QDs to
assess representative spectral ranges for biological studies (see
below). Each of the four QDs could be readily detected at the
single-molecule level using a 1.45 NA objective with a 100 ms
exposure time (Figure 5c). The capacity to detect individual
emitters at short time increments is consistent with the high
ensemble QYs and absorption coefficients of VIR-QDs and the
high quantum efficiencies of the detectors. Single QDs were
distinguished from small aggregates by characteristic bimodal
intensity distributions derived from blinking traces shown in
Figure 5d and 5e.29 Importantly, single-QD traces were stable
in air and under continuous excitation for at least 7 min
without photobleaching, reflecting the robust electronic
insulation provided by the CdxZn1−xS shell and the stability
of the coating. The widths of two-dimensional Gaussian fits of
single-QD point spread functions (PSFs) increased linearly
with wavelength (R2 = 0.96; Figure S4) by a small magnitude
consistent with diffraction-limited resolution theory.73 Poten-
tial implications of PSF size differences on image resolution are
discussed further below. Next, we devised three strategies to
test the breadth of utility of VIR-QDs for molecular labeling in
cells and tissues and to measure the impact of the spectral
wavelength.

Single Growth Factor Imaging in Cells. We compared
the performance of VIR-QDs across a wide spectral range for
single-molecule imaging applications in cultured cells using the
optical microscopy setup and four QDs in Figure 5 together

Figure 4. Impact of solvent absorption on VIR-QD emission spectra.
(a) Absorbance spectra of three solvents used for QDs: normal water
(H2O, red), heavy water (D2O, green), and tetrachloroethylene
(TCE, black). (b) Photoluminescence (PL) spectra of QD-950 in
three solvents. (c) PL spectra of QD-1360 in three solvents. For
spectra in panels b and c, QDs were diluted to achieve equal
absorbance at 350 nm, the wavelength we use for concentration
determination, indicating equal QD concentrations. Excitation
wavelength is 400 nm for both b and c. au = arbitrary units.
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with a recently described workflow for counting single growth
factors on cells.29 We focused on epidermal growth factor
(EGF), a signaling molecule that binds as a ligand to EGF
receptors (EGFR) on cell membranes to induce signaling that
can impact cell behavior and phenotype through processes that
are dysregulated in diverse types of cancer.74−77 We previously
showed that QDs could be conjugated to purified EGF
molecules so that each EGF molecule bound to receptors on
an individual cell could be imaged and counted to correlate
with downstream signaling events. This was possible when
using QDs emitting in the NIR-I spectrum (744 nm), but not
possible with dyes or QDs emitting in the visible spectrum due
to autofluorescence in cells which can be near to, or greater
than, that of individual fluorophores.29 To label QDs with
EGF, QDs coated with P-IM-N3 were covalently conjugated
through copper-free “click” chemistry to SAv modified with
dibenzylcyclooctyne (DBCO), resulting in a triazole linkage
(Figure 1b).78 Then by mixing with biotinylated EGF, the QDs
bound to the growth factor with near covalent bond strength
(Figure 6a). We mixed four QD-EGF colors together and
applied them on human triple-negative breast cancer cell
MDA-MB-231 expressing EGFR, using a low concentration so
that EGF binding is diffuse, allowing observation of well-
separated individual molecules (Figure 6b). This is a similar
protocol that we performed previously29 that allows direct
comparison of different emitter classes spanning different
wavelength ranges on the same sample; this is important due
to the heterogeneity of autofluorescence across samples. We
expect that all EGF-QDs bind equivalently to EGFR because of

the strong specificity of these conjugates to EGFR and
negligible binding by free QDs that we previously demon-
strated29 together with the similar sizes of the VIR-QDs
(Figure 2d) and their identical coatings. We also expect that
there should be no photophysical interference between QDs as
their large separation distances (hundreds of nanometers to
micrometers) are too large to allow energy transfer.79

Figure 6c shows example images depicting the same field of
view in multiple emission channels collected through bandpass
filters. We measured the average intensity of QDs within 3 × 3
pixel areas and compared these values with mean values for the
cell regions that did not contain QDs, as shown in Figure 6d.
These two values were then divided to determine the signal-to-
background ratio, shown in Figure 6e. The visible spectrum
QD-630 intensity is only 1.6 times higher than the average
cellular autofluorescence intensity, while at 770 and 950 nm,
the single QD intensity is 7 and 14 times higher than
autofluorescence, respectively. In the SWIR at 1130 nm, the
single QD intensity is 55 times higher than cellular
autofluorescence, which was close to the baseline intensities
in noncellular areas measured using the NIR-CCD, even at the
high excitation intensities needed for single-molecule counting.
Over these spectral ranges and with the filters used, all of the
single QDs exhibited similar intensities (Figure 6d), only
differing on average by 1.4-fold. This uniformity was enabled
by the maintenance of similar QD core sizes and
monodispersity across the QDs. In contrast, the mean
autofluorescence intensity decreased by nearly 2 orders of
magnitude from the red spectrum to the SWIR. One

Figure 5. Single-molecule characterization of VIR-QDs. (a) Schematic depiction of the home-built optical microscope for imaging visible, NIR-I,
and SWIR QDs. OBJ: Objective lens. BE: beam expander. CDL: condenser lens. DM: dichroic mirror. Dotted line: inverted microscope. EF:
emission filter wheel. FM: flip mirror for switching between two cameras. TL: tube lens. NIR-CCD: liquid nitrogen-cooled NIR camera. Vis-CCD:
EMCCD camera. LDM1/2: long-pass dichroic mirror. Lasers: 405, 488, and 561 nm. (b) Top panel shows quantum efficiency (QE) curves of
CCD detectors. Bottom panel shows fluorescence spectra of the four VIR-QDs analyzed (solid colored curves) and their sum (dashed black line).
(c) Representative single-QD fluorescence images of QD-630, QD-770, QD-950, and QD-1130 at their respective emission wavelengths. All images
share the same scale bar of 2 μm. (d) Representative intensity time traces of single QDs corresponding to the same QDs from panel c, collected
with 100 ms exposure time at 2.19 frames per second. (e) Intensity histogram of single QDs shown in panel d with fitted Gaussians for the off
intensity (black) and on intensity (red). au = arbitrary units.
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disadvantage of the NIR-CCD camera in this application was
that it exhibited much higher shot noise than the Vis-CCD,
even with liquid nitrogen cooling. For these calculations, the
shot noise was subtracted from signals to calculate the
contribution to signal independent from the measurement
instrument. A potential disadvantage of these SWIR QDs for
live-cell applications is that increasing wavelength also requires
an increase in the mercury content in the nanocrystals.
Mercury, like cadmium, is a toxin in its cationic or reduced
forms, so off-target effects and cellular damage could result if
the nanocrystal deteriorates during the experiment and releases
its elemental components.80−82 However, acute treatment over
the course of 24 h did not show toxicity measurable by
metabolic rate (p > 0.05; Figure S5) for concentrations more
than 2 orders of magnitude higher than what are used for
typical single-QD experiments, an outcome that we attribute to
the robust inorganic shell and the stable coating layers.
Nucleic Acid Imaging in Cells. Imaging endogenous

molecules in cells using fluorescence is particularly challenging
when target copy numbers are low. This is a prominent
challenge for mRNA, which typically only exists in copies from
tens to hundreds per cell,83 requiring molecular amplification
for detection above autofluorescence background levels. We
recently demonstrated that QDs can be used for accurate
labeling and quantification of mRNA through fluorescence in
situ hybridization (FISH) when the probes are smaller than
∼15 nm, a threshold that enables complete cytoplasmic access
in fixed and permeabilized cells.61 We tested the four VIR-QDs
described above as labels for glutaraldehyde 3-phosphate
dehydrogenase (GAPDH) transcripts using covalent QD-SAv
conjugates with the labeling scheme depicted in Figure 7a and
7b. In this methodology, each target is labeled with
approximately 10 QDs.61 QD-FISH fluorescence signals were

observed for all four VIR-QD labels in fixed HeLa cells (Figure
7c). Unlabeled cells imaged under the same conditions used
for QD imaging exhibited significant autofluorescence in the
QD-630 and QD-770 channels; however, autofluorescence in
deeper infrared windows (used for QD-950 and QD-1130)
was similar in intensity to that of noncellular regions (Figure
7d). The specific mRNA FISH signal intensities were
comparable across all four of the label channels (Figure 7e),
so signal-to-background ratios increased approximately 10-fold
when shifting VIR-QD wavelengths from the visible to the
SWIR (Figure 7f). Autofluorescence signal is a major problem
for current FISH labeling techniques, which are being broadly
applied for cell classification in situ.28,84 This background can
clearly be largely eliminated in the deep NIR-I and SWIR so
that signals are nearly free from autofluorescence. Importantly,
some mRNA FISH studies are performed at the single-
molecule level83 using counts of individual fluorescence puncta
rather than total measured fluorescence intensity which was
used here. Our widefield images of GAPDH targets in a single
image plane through the cells did not reveal well-isolated
diffraction-limited spots. However, these spots could likely be
reconstructed through deconvolution or through projections of
three-dimensional z stacks.85

Immunofluorescent Imaging of Proteins in Fixed
Tissues. Compared with cells grown in a culture, resected
tissue from animals and clinical biospecimens exhibit
autofluorescence that is substantially more intense and
heterogeneous, which makes important applications in
biomarker detection particularly challenging and nonquantita-
tive.86 To determine if SWIR emission provides advantages for
these applications, we labeled tissue antigens with QD−
antibody conjugates. Conjugation was performed by QD self-
assembly with recombinant Protein A expressed with a

Figure 6. Single-molecule imaging of epidermal growth factor (EGF) on cultured cells using VIR-QDs. (a) Schematic depiction of conjugation
between QD-streptavidin (QD-SAv) and biotin-EGF to generate QD-EGF. (b) Schematic depiction of cultured cells expressing epidermal growth
factor receptor (EGFR), bound to QD-EGF. (c) MDA-MB-231 cells were incubated with 1 nM QD-630, QD-770, QD-950, and QD-1130
conjugated with EGF. Images show an overlay of brightfield (B.F.) and nucleus label (Hoechst 33342; blue) next to fluorescence images of QD-
EGF conjugates with indicated spectral windows. Yellow arrows indicate an example region of high autofluorescence. Red arrows indicate single
QDs with 488 nm excitation. Slightly higher background fluorescence is observed in the lower right side due to somewhat uneven illumination of
the cells. All images share the same scale bar of 5 μm. (d) Single QD intensity and cellular autofluorescence (AF) intensity for 3 × 3 voxels (N = 3).
au = arbitrary units. (e) Signal-to-background ratio for each QD derived from plot in panel d, calculated as the QD intensity (IQD) divided by the
intensity of the control autofluorescence regions (IC). Error bars in d and e are standard deviation.
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terminal hexahistidine sequence which binds to the QD surface
through metal atom chelation without the need for covalent
linkages (Figure 1b). Protein A then serves as an adaptor
which binds to the Fc domain of certain classes of IgG
antibodies (Figure 8a).87 We used QD conjugates of an
antibody against α-tubulin, a high copy number cytoplasmic
microtubule target (Figure 8b). We labeled 10 μm sections of
mouse adipose tissues (Figure 8c) which exhibit distinguish-
able histological features of microtubule localization due to the
absence of the target within cell nuclei or within large
adipocyte fat globules. The intensity of autofluorescence was
so high in this tissue that QD-630 was not distinguishable
above the background levels, resulting in effectively undetect-
able microtubule signals (Figure 8d). However, autofluor-
escence was substantially reduced in QD-950 and QD-1130
channels, yielding signal-to-background ratios of 23 and 29,
respectively (Figure 8e). The staining patterns for QD-950 and
QD-1130 were unlike those of QD-630 and QD-770, with the
more red-shifted channels showing an absence of high-
intensity signals within cell nuclei, which lack microtubules.
The two red-shifted channels also showed image patterns with
substantially more submicrometer fibers consistent with the
structure of microtubules (Figure S6), despite the slightly
lower resolution of diffraction-limited objects at longer

wavelength. This trend of increasing signal-to-background
ratio when moving from the visible to the NIR-I and to the
SWIR is similar to that observed in cultured cells (Figures 6
and 7) and again demonstrates the utility of long-wavelength
emission for microscopic molecular detection and imaging in
challenging biospecimens. However, in this sample type,
autofluorescence is still measurable above background in the
SWIR, so improvements in signal-to-background between the
NIR-I and the SWIR are smaller than those observed in
cultured cells. Notably in this experiment involving dense
labeling of microtubules by multicolor QDs, close proximity
between multicolor QDs could hypothetically induce energy
transfer between adjacent QDs, which could change their
relative intensities. However, the effect is expected to be small
because the shortest separation distance between QDs is
expected to be about 10 nm due to the insulating barriers of
the polymeric coating and Protein A, a distance too long for
efficient Forster-type energy transfer.79

■ CONCLUSIONS

Nanomaterials with diverse compositions and structures have
recently been developed that absorb and emit light in the
SWIR.33 A major advantage of VIR-QDs is that they are based
on decades of well-developed and industrialized II−VI

Figure 7. mRNA fluorescence in situ hybridization (FISH) in cultured cells using VIR-QDs. (a) Schematic depiction of the mRNA labeling process
in which biotinylated single-stranded DNA (ssDNA) is hybridized with mRNA targets in multiple sequence regions. QD-streptavidin (QD-SAv)
then binds to biotin to append multiple QD labels per target. (b) Schematic depiction of cultured HeLa cell expressing cytoplasmic GAPDH
mRNA (black) labeled with QDs (red). (c) Images show HeLa cells labeled with both nuclear dye (Hoechst 33342, top row) and each of four
colors of VIR-QDs (bottom row), imaged in their respective spectral channels. (d) Images show HeLa cells labeled with Hoechst 33342 alone,
without QDs, imaged in the respective QD spectral channels to reveal background autofluorescence levels. All images share the same scale bar of 10
μm. (e) Fluorescence intensity for +QD cells and autofluorescence (AF) intensity from −QD cells (N = 3). au = arbitrary units. (f) Signal-to-
background ratio for each QD channel derived from the plot in panel e, calculated as the QD intensity (IQD) divided by the intensity of the control
samples for autofluorescence (IC) in each channel. Error bars in e and f are standard deviation.
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chemical processing steps that allow precise tuning of
nanomaterial composition, shape, size, and internal structure.
Synthetic developments of VIR-QDs now add mercury-based
shelling through temperature cycling to the unit processing
steps of II−VI materials. With this new shelling method, the
emitters can be continuously tuned between visible, NIR-I, and
SWIR spectra, and we believe the emission can be pushed even
further in the mid-infrared employing the same technique.
Because the new alloyed core materials are compatible with
well-developed CdxZn1−xS epitaxy methods and hydrophilic
coatings, these new QDs are both stable and bright under
oxidizing conditions and can be immediately adapted to
downstream applications that currently use standard (CdSe)-
CdxZn1−xS QDs, including bioimaging research and devices. In
contrast, new nanomaterials from chemical families outside II−
VI may require entirely new coating technologies and extensive
testing for applications in complex biological media. The large
increase in signal-to-background ratio observed for VIR-QDs
with SWIR emission is likely to impact several areas which are
critically limited by this parameter. These include FISH assays
which are being used to map cell identities across tissues based
on signals that often have similar intensities as background
signals,61 immunofluorescence-based quantification of clinical
biomarkers on resected biospecimens,88,89 and 3-dimensional
imaging of intact tissues, for which background autofluor-
escence often limits the use of fluorescent probes to a narrow
red-shifted window suitable for just a single target with high
expression.21 These VIR-QDs are also ready to be deployed for

single-molecule dynamic imaging in live samples. With red-
shifted excitation spectra as well as emission, these QDs may
eliminate phototoxicity that currently limits single-photon QD-
based live-cell experiments. While SWIR images are
fundamentally lower in resolution compared with those in
the visible spectrum (here by a margin of 45%), SWIR object
resolution may be enhanced for broad categories of samples for
which background noise is limiting, such as plants and fixed
tissues.90 Beyond SWIR emitters, both upconverting emitters26

and multiphoton excitation25 allow probe detection with
reduced autofluorescence due to excitation at wavelengths
longer than the emission wavelength. Both modalities are
compatible with high quantum efficiency visible spectrum
detectors, however multiphoton excitation requires specialized,
expensive instruments for laser excitation. In addition, the
longer history of development of downconverting fluorophores
like QDs has resulted in access to smaller probes with
continuous and independent tunability of wavelength and
brightness, properties not yet available in upconverting
materials.66 With the ongoing and concurrent rapid develop-
ments of SWIR emitters, upconverting emitters, and novel
imaging modalities, it will be fascinating to see which tools are
ultimately adopted by the life science communities for specific
end-use applications in molecular labeling and imaging.

■ EXPERIMENTAL SECTION
Materials. Cadmium acetate dihydrate (Cd(Ac)2·2H2O, 98%),

selenium dioxide (SeO2, ≥99.9%), sulfur powder (99.98%), mercury
acetate (Hg(Ac)2, 99.999%), 1,2-hexadecanediol (HDD, 97%),

Figure 8. Immunofluorescence staining of fixed adipose tissues using VIR-QDs. (a) Schematic depiction of IgG antibody conjugation to QDs using
Protein A adaptor which binds to the Fc domain of IgG. (b) Schematic depiction of QD conjugates (red) of anti-α-tubulin IgG (orange), which
labels cytoplasmic microtubules (black). (c) Fluorescence images of mouse adipose tissue are shown with indicated spectral windows, labeled with
a nuclear dye (DAPI) and stained with four-QD cocktail (+QD, top row) or no QDs (−QD, bottom row), showing background autofluorescence
levels. All images share the same scale bar of 20 μm. Representative expanded images are shown in Figure S6. (d) Intensity of staining for +QD
tissues and autofluorescence (AF) intensity for −QD tissues (N = 3). au = arbitrary units. (e) Signal-to-background ratio for each QD derived from
plot in panel d, calculated as the QD intensity (IQD) divided by the intensity of the control samples for autofluorescence (IC) in each channel. Error
bars in d and e are standard deviation.
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tetramethylammonium hydroxide solution (TMAH, 25 wt % in
methanol), behenic acid (BAc, 99%), 1-octadecene (ODE, 90%
tech.), oleylamine (OLA, 70%), 1-octanethiol (OT, 98.5%), and
potassium hydroxide (KOH) were purchased from Sigma-Aldrich.
Anhydrous cadmium chloride (CdCl2, 99.99%), zinc acetate (Zn-
(Ac)2, 99.98%), and oleic acid (OAc, 90%) were purchased from Alfa
Aesar. Solvents including chloroform, hexane, acetones, diethyl ether,
and methanol were purchased from Thermo Fisher Scientific. All
reagents were used as purchased.
Cadmium Behenate Synthesis. Cd(BAc)2 was prepared

following modified literature methods.91 BAc (10 mmol) was
dissolved in methanol (200 mL) with the addition of TMAH
solution (∼3 mL), followed by sonication and stirring for 15 min until
complete dissolution of BAc. The solution was then centrifuged, and
the colorless supernatant was transferred to a beaker and stirred at 60
°C until the odor of TMAH disappeared. In a separate beaker, CdCl2
(5 mmol) was dissolved in a mixture of methanol and water (20 mL,
methanol:water = 4:1) and then added dropwise to the BAc solution
during vigorous stirring. The reaction mixture was stirred for an
additional hour, and the white Cd(BAc)2 precipitate was then
collected by vacuum filtration and washed repeatedly with methanol
on a filter funnel. The product was dried overnight on the funnel
under air.
Mercury Octanethiolate Synthesis. Mercury octanethiolate,

Hg(OT)2, was synthesized following modified literature methods.53

Hg(Ac)2 (2 mmol) was dissolved in methanol (100 mL), filtered, and
then added dropwise to a solution of OT (6 mmol) and KOH (6
mmol) in methanol (100 mL) with vigorous stirring. The resulting
white Hg(OT)2 precipitate was collected by vacuum filtration and
washed repeatedly with methanol before drying overnight under air.
CdSe Core Synthesis. CdSe cores were synthesized following a

previously reported protocol.92 Cd(BAc)2 (140 mg), SeO2 (24 mg),
HDD (50 mg), and ODE (5 mL) were added to a 25 mL round-
bottom flask, which was degassed at ∼120 °C for 1 h. Then the
temperature of the solution was raised to 240 °C at a rate of ∼20 °C
min−1 under nitrogen. After reaching 240 °C, the reaction was
allowed to proceed for 1 h, after which the mixture was cooled to
∼100 °C, and OAc (1 mL) was injected into the reaction flask. After
cooling to room temperature, the crude solution was transferred to a
50 mL centrifuge tube, and the CdSe QDs were precipitated by
addition of methanol (5 mL) and acetone (25 mL). After
centrifugation, the QDs were redispersed in hexane (5 mL) and
again precipitated with methanol and acetone. Finally, the pellet was
washed with several milliliters of acetone to ensure complete removal
of methanol and then dispersed in hexane. The purified CdSe cores
exhibited a first exciton absorption band at 579 nm and fluorescence
emission band at 590 nm.
HgxCd1−xSe Synthesis by Mercury Exchange. A dispersion of

CdSe QDs (∼100 nmol) in hexane (∼2 mL) was mixed with OLA (1
mL) and ODE (5 mL) under nitrogen. Hexane was evaporated
completely under vacuum at 50 °C and returned to a nitrogen
atmosphere. OT (20 μL) was then added to the reaction mixture
followed by a solution of Hg(Ac)2 (0.075−0.150 mmol) in OLA (1
mL). The cation exchange reaction was monitored spectrophoto-
metrically while gradually increasing the reaction temperature to 120
°C, with mercury incorporation tuned by both the temperature (50−
120 °C) and the time (0−60 min). Once the desired red shift was
achieved, OT (300 μL) was swiftly injected to quench the reaction
and the mixture was cooled to room temperature. The brown/black
dispersion containing HgxCd1−xSe QDs was transferred to a 50 mL
centrifuge tube and the QDs were precipitated by addition of
methanol (15 mL) and acetone (25 mL). After centrifugation, the
precipitate was dispersed in hexane (15 mL) and incubated without
stirring for ∼15 min. The solution was centrifuged again, and the
precipitate was discarded. OLA (200 μL) and OAc (400 μL) were
added to the supernatant, and the mixture was vortexed for ∼2 min.
The QDs were precipitated again with the addition of methanol (∼35
mL), centrifuged, and dispersed in a mixture of hexane (15 mL), OLA
(200 μL), and OAc (400 μL). The QDs were precipitated and
redispersed in this manner at least 5 times to eliminate remaining

unreacted mercury salts. Without doing so, shell growth in the
following steps led to multiple emission bands due to new nucleation
of mercury chalcogenide nanocrystals (Figure S7). Finally, the
HgxCd1−xSe QDs were dispersed in hexane (2 mL) without OLA
or OAc. Note that the quantity of OT has an important impact on the
cation exchange process, as OT binds with high affinity to the
nanocrystal surface. OT is necessary to prevent Ostwald ripening,
resulting in asymmetric emission bands with low QY when it is absent
(Figure S8), but strongly inhibits cation exchange when it is in excess.

Shell Growth Precursors. Precursor solutions for cadmium, zinc,
and mercury with 0.1 M concentration were prepared by dissolving
Cd(Ac)2·2H2O, Zn(Ac)2, or Hg(OT)2, respectively, in OLA with
sonication under nitrogen. A sulfur precursor solution with 0.1 M
concentration was prepared by dissolving sulfur in ODE under
nitrogen, using repeated cycles of vortexing and gentle heating with a
heat gun.

Epitaxial HgxCd1−xS Deposition. In a typical reaction to
synthesize QDs emitting at 1360 nm, a purified hexane dispersion
of HgxCd1−xSe QDs (50 nmol) was prepared as described above using
0.15 mmol of Hg(Ac)2 with 1 h of annealing at 120 °C. The QD
suspension was then transferred to a 50 mL round-bottom flask with
ODE (2 mL) and OLA (1 mL) and evacuated at 50 °C until hexane
fully evaporated. Under nitrogen at 50 °C, the Hg(OT)2 precursor
solution was added to the reaction mixture in a quantity
corresponding to 0.1 monolayers (ML) of thickness of a HgxCd1−xS
shell. The mixture was then heated to 120 °C, and the reaction was
allowed to proceed for 5−10 min. The sulfur precursor was then
added in an amount corresponding to 0.2 ML. After 10 min, the
temperature was increased to 130 °C and 0.2 ML of the cadmium
precursor was added. After 10 min of reaction, the solution was
cooled to 50 °C and the process was repeated, with 0.1 ML mercury
precursor added at 50 °C with ∼10 min of reaction at 130 °C, 0.2 ML
sulfur precursor added at 140 °C with ∼10 min of reaction, and 0.2
ML cadmium precursor added at 150 °C with ∼10 min of reaction.
Finally, the temperature was reduced to 50 °C, 0.2 ML of mercury
precursor was added, and the temperature was raised to 150 °C for
∼10 min. Note that in these reactions, maintaining an excess of
cations and adding mercury precursors at low temperature are critical
to avoid new nucleation.

Epitaxial CdxZn1−xS Deposition. Layer-by-layer shell growth was
performed using a modification of previous protocols.66 For
(HgxCd1−xSe)HgyCd1−yS QDs, shell growth was performed on QDs
after cation exchange without purification. For QDs without a
HgyCd1−yS shell, purified HgxCd1−xSe cores (50 nmol) in hexane (2
mL) were transferred to a 50 mL round-bottom flask with ODE (2
mL) and OLA (1 mL), and the mixture was evacuated at 50 °C until
the hexane evaporated entirely, at which point the atmosphere was
switched to nitrogen. In all cases, shell growth was initiated at 120 °C
and layers were grown in 0.8 ML increments beginning with the
dropwise addition of the sulfur precursor over 3−5 min followed by
15 min of reaction. Next, the same amount of cadmium precursor was
added in a similar manner and allowed to react for 15 min to
complete the first 0.8 ML of CdS shell growth. The reaction
temperature was raised by ∼10 °C between each precursor addition
until reaching a maximum of ∼190 °C. After each cycle of growth, an
aliquot (20 μL) was collected and diluted 100-fold in hexane to
measure the absorption and emission spectra. The shell growth
process was repeated until growing 2−3 ML of CdS shell for
HgxCd1−xSe cores or 0.8 ML of CdS for (HgxCd1−xSe)HgyCd1−yS
cores. In both cases, 1.6 ML of ZnS was grown after the CdS shell
using the zinc and sulfur precursors. Finally, the reaction was cooled
to room temperature, and the QDs were purified by precipitation with
methanol and acetone before dispersion in hexane.
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