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Abstract
Our understanding of the fundamental processes that drive biology and medicine is,
in large part, based on our ability to visualize biological structures and monitor their
transformations over time. Fluorescence imaging is one of the most transformative
technologies of modern biomedical imaging as it provides a low cost, high sensitivity
method for real-time molecular imaging in vivo. As the scattering and absorption
of light through biological tissue impose significant restrictions on imaging penetration depth, acquisition speed, and spatial resolution, the development of novel optical
imaging technologies has increasingly shifted toward the use of light of longer wavelengths. Fluorescence imaging in the shortwave infrared (SWIR, 1000 - 2000 nm)
spectral region mitigates the negative e↵ects of light attenuation and benefits from a
general lack of tissue autofluorescence. As a result, SWIR imaging promises higher
contrast, sensitivity, and penetration depths compared to conventional visible and
near-infrared (NIR) fluorescence imaging.
However, the lack of versatile and functional SWIR emitters has prevented the
general adoption of SWIR imaging both in academic and clinical settings. Here,
we will present progress toward the synthesis of a new generation of SWIR-emissive
materials and discuss their use in enabling biomedical imaging applications.
In the first part of this thesis, we will examine the synthesis of SWIR-emissive
indium arsenide (InAs) quantum dots (QDs). To address existing challenges in the
synthesis of these semiconductor nanocrystals, we will investigate the processes that
govern nanoparticle formation and growth. Combining experimental and theoretical
methods, we demonstrate that the synthesis of large nanocrystals is hindered by slow
growth rates for large particles, as well as the formation and persistence of small
cluster intermediates throughout nanocrystal growth. Based on these insights, we
design a novel, rational synthesis for large InAs QDs with high brightness across the
SWIR spectral region.
Second, we will discuss the use of InAs-based QDs in functional SWIR imaging applications in pre-clinical settings. We will present three QD surface functionalizations
that enable the non-invasive real-time imaging of hemorrhagic stroke, the quantifica5

tion of metabolic activity in genetically-engineered animals, and the measurement of
hemodynamics in the brain vasculature of mice. In addition, we will present preliminary results for the synthesis of SWIR-emissive QD probes for the molecular targeting
of biological entities and for advanced particle tracking applications.
Using a QD-based broadband SWIR emitter, we will further investigate the e↵ect
of SWIR imaging wavelength on image contrast and tissue penetration depth. While
it was previously assumed that reduced scattering of light at longer wavelengths is
the primary cause for increased image contrast, our results indicate that for imaging
scenarios with strong fluorescent background signals, image contrast and penetration
depth correlate closely with the absorptive properties of biological tissue. As a result, deliberate selection of imaging wavelengths at which biological tissue is highly
absorptive can help to overcome contrast-limited imaging scenarios.
In the last part of this thesis, we will take a closer look at SWIR emitters with the
potential for translation into clinical settings. We will demonstrate that the FDAapproved NIR dye indocyanine green (ICG) exhibits an unexpectedly high SWIR
brightness that arises from a large absorption cross-section and a vibronic shoulder
in its fluorescence spectrum that extends well into the SWIR spectral region. We
expand on this finding by showing that ICG outperforms commercial SWIR dyes
during in vivo imaging, and additionally by demonstrating a variety of high-contrast
and high-speed imaging applications in small animals. These results suggest that
ICG enables the direct translation of SWIR imaging into the clinic.
In summary, this thesis will paint a comprehensive picture of the current state of
SWIR-emissive materials, present the synthesis of novel versatile SWIR probes, and
show their application in unprecedented functional SWIR imaging applications.
Thesis Supervisor: Moungi G. Bawendi
Title: Lester Wolfe Professor of Chemistry
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Chapter 1
SWIR-Emissive Materials - An
Introduction
1.1
1.1.1

SWIR Imaging
The Emergence of SWIR Imaging

Our understanding of the fundamental processes that drive biology and medicine is,
in large part, based on our ability to visualize biological structures and to monitor
their transformations over time. The rapid increase in the complexity of biomedical
studies has motivated the biomedical imaging community to continuously develop
more sophisticated and specialized imaging technologies. This upward spiral has revolutionized a vast variety of imaging modalities. X-ray based imaging, for example,
was first used under clinical conditions in 1896 to image a needle stuck in a hand,
whereas nowadays, X-ray-based computed tomography scans are the standard of care
for advanced medical screening applications. 1 Yet, while an ideal imaging modality
would allow for non-invasive imaging of processes in the human body with infinite
resolution and sensitivity in real time and without the administration of any exogenous contrast agents, technological limitations require a choice of imaging parameter
preferences and a sacrifice of less crucial ones.
Compared with other conventional diagnostic imaging techniques such as com23

puted tomography, positron emission tomography, or magnetic resonance imaging,
fluorescence-based optical imaging provides a low cost, high sensitivity method for
real-time molecular imaging. These application-specific advantages have enabled a
rapid adaptation in academic, pre-clinical, and clinical settings. 2–7 However, because
the scattering and absorption of light through biological tissue impose significant restrictions on imaging penetration depth, acquisition speed, and spatial resolution,
the development of novel optical imaging technology has increasingly focused on the
usage of light in the near-infrared (NIR) spectral range between 650-1000 nm. In
this wavelength range, photon attenuation – the sum of scattering and absorption –
is reduced, thus enabling a deeper penetration of tissue and the acquisition of images with higher spatial resolutions at faster imaging speeds. 8 Yet, even in the NIR
spectral region, the autofluorescence of blood, lipids and other biomolecules adds a
background signal that decreases the signal-to-noise ratio and thus lowers imaging
sensitivity.
Using theoretical models, Lim et al. predicted in 2003 that, next to the NIR imaging window, two spectral windows for improved imaging would exist at even longer
wavelengths. Centered at roughly 1300 nm and 1600 nm, these windows fell into
the short-wave infrared (SWIR) spectral region between 1000-1700 nm and promised
orders of magnitude greater tissue transparency than the NIR window (see Figure
1-1). 9 Yet, the experimental verification of these predictions was delayed for multiple
years due to technological limitations. For one, the detection range of silicon-based
cameras, which are commonly used for high-sensitivity fluorescence imaging in the
visible and NIR, is intrinsically limited by the band gap of silicon, denying access
to the two SWIR spectral windows. 8 Therefore, SWIR imaging requires the use of
detector materials with narrower band gaps, such as InGaAs. While InGaAs-based
cameras are sensitive in the SWIR spectral range (in fact, here, we define the SWIR
spectral region as the sensitivity range of InGaAs detectors, see Figure 1-4), they are
also characterized by comparatively lower sensitivity and resolution. In addition, the
use of infrared camera technology has historically been strictly regulated on the basis of national-defense-related policies, limiting their availability for commercial and
24
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Figure 1-1: Wavelength-Dependent Fluorescence Imaging. Top Lim et al. predicted that in addition to the well-established NIR imaging window, two spectral
windows would exist in the SWIR spectral range. The simulations suggested that
the transparency of tissue would be orders of magnitude higher in the SWIR windows than in the NIR window (all windows are highlighted schematically in blue). 9
Bottom Experimental verification of this hypothesis, originally published by Hong
et al. 10 The blood vasculature of a mouse is labeled using a broadband SWIR emitter
– indium arsenide quantum dots (QDs) in this case 11 – that covers both the NIR and
SWIR spectral ranges, and the fluorescence signal is imaged through the intact skin
and the skull. Because the tissue is rendered translucent, small vasculature features
can be imaged with high spatiotemporal resolution. The image acquired using an
imaging wavelength of 1600 nm shows significant enhancement of both penetration
depth and image resolution compared to the image acquired at 1000 nm. (Adapted
from Ref. 9;11 )
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research settings.
In addition to the challenges in detecting SWIR light, the absence of suitable
SWIR-fluorescent contrast agents further delayed the early adoption of SWIR imaging. More than six years after the initial prediction by Lim et al., the first report
of SWIR fluorescence imaging in small animals was published in 2009. 12 Using novel
SWIR-fluorescent carbon nanotubes (CNTs), Welsher et al. demonstrated that the
use of SWIR light allowed for deep tissue penetration and yielded a low autofluorescence background for in vivo imaging in mice. Inspired by these seminal publications,
the field of SWIR in vivo imaging started to evolve rapidly (see Figure 1-2), and early
findings were soon substantiated with increasing experimental proof for high imaging
sensitivity, high spatiotemporal resolution, and increased penetration depths. 10;13–15
Hong et al., for example, demonstrated that entire animals could be rendered translucent under SWIR light and that, upon labelling the blood vasculature with fluorescent
CNTs, a mouse brain could be imaged non-invasively through the skin and the skull
with a much higher resolution than in the NIR (see Figure 1-1). 10;13
Motivated by these promising results and a growing demand for modern SWIR
cameras, manufacturers increased e↵orts to fabricate cheaper and better InGaAs sensors. As a result, the cost of SWIR detection technology has decreased by roughly
one order of magnitude between 2010 and 2014, and now more than 20 SWIR camera
models are classified for dual (military and commercial) use by the U.S. Department
of State. 16;17 However, with our advanced understanding of the benefits of SWIR
imaging and the availability of a↵ordable detector technologies, the shortage of highquality SWIR-emissive fluorophores has never been more apparent. While several
examples of SWIR-emissive inorganic nanomaterials and organic molecules exist (see
Section 1.1.3), it remains an active focus of emerging research studies to increase the
brightness, biocompatibility, and functionality of these fluorophores.
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Figure 1-2: 30 Years of Infrared Imaging. The emergence of SWIR imaging as
tracked through the number of annual citations (Web of Science, accessed November
2017). Whereas near infrared imaging (“near infrared” + “imaging”) started gaining
significant traction in the late 1980s, SWIR imaging (“short wavelength infrared” /
“shortwave infrared” / “NIR-II” + “imaging” ) did not get serious research e↵orts
until the early 2000s, indicating a delay of roughly 10 years.

1.1.2

Quality Criteria for SWIR Emitters

The potential of a material class to excel as a SWIR-fluorescent contrast agent primarily correlates with probe brightness, or quantum efficiency (QE). 18 QE denotes
the probability of a given material to absorb a photon of a given wavelength and
to subsequently emit a photon. Thus, QE can be expressed as the product of the
molar extinction coefficient (") and the quantum yield (QY). Because we will later
discuss the correlation between imaging in a certain spectral window and image quality, we extend the common expression for QE to include a term for the likelihood
that a photon is emitted with a wavelength between

1

and

2.

Thus, the molar

wavelength-dependent QE can be expressed as in equation 1.1.

QEmol ( 1 ,

2,

ex )

= "(

ex )
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P L( )d

P L( )d

(1.1)

While the molar QE is an appropriate measure for comparing emitter brightness
on a single molecule level, a mass-normalized QE represents a better measure for
biomedical imaging, as it is common to denote the amount of injectable contrast
agent in units of mass of the contrast agent per unit of body mass of the imaging
subject. The mass-normalized QE is obtained by dividing the molar QE by the
emitter’s molar mass:

QEmass = QEmol · M

1

(1.2)

Next to a high brightness in a spectral region of interest, it is also desirable that
SWIR probes exhibit narrow and tunable emission profiles to enable multiplexed
imaging. Furthermore, contrast agents should exhibit high stability of the QY and
of the wavelength of the photoluminescence (PL) peak under temporary laser irradiance, at elevated temperatures, and during long-term storage. With respect to a
potential probe commercialization, fluorophore synthesis should be cost-efficient and
reproducible with high reaction yields.
For functional imaging applications, contrast agents should either contain a functional group that allows conjugation to biological entities or be synthesized in a manner that enables intrinsic functionality. A key parameter that is often found to limit
functionality is the size of a contrast agent. Large nanoparticles for example, can
impede cell labelling and extravasation processes. They can also lead to unfavorable
probe metabolism and digestion.
Lastly, the biocompatibility of contrast agents determines their potential for usage
in animal and human studies. While long-term toxicity might be permissible for
studies in which animals are sacrificed before toxic e↵ects can occur, even low toxicity
and rare side e↵ects diminish the chances for eligibility in human studies.

1.1.3

Overview of SWIR-Emissive Materials

With these quality criteria in mind, we present SWIR-emissive nanomaterials and organic dyes currently in development in Table 1.1. The compiled data is largely based
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on a list previously published by Bischof 19 that has been updated to include more recent achievements and absorption cross-sections. 20–22 While our short overview aims
to highlight key advantages and limitations of the various material classes, the reader
may be referred to recent review articles and the specified references for a more extensive discussion. 20–22

Carbon nanotubes (CNTs) 10;13;15;23–25 have been used to pioneer SWIR imaging
because their emission covers large parts of the SWIR spectral range. However, they
su↵er from large sizes, low QYs, and challenging functionalization which impedes
functional and fast SWIR imaging.
Gold nanoparticles (Au NPs) 18;26 are primarily limited to fluorescence in the
NIR, and samples with peak emission in the SWIR have only recently been reported.
AuNPs commonly exhibit low QYs, but their small sizes and low toxicity render them
interesting candidates for a translation into clinical settings.
Rare earth doped NPs 27–32 can be employed both for upconversion and downconversion of light and promise low toxicity. While high QY values have been reported,
the literature regarding their absorptive properties is sparse. Existing reports indicate that the atomic-like absorption of the active dopant centers in the nanoparticles
is fairly low (cross-sections of l0

21

to 10

20

cm2 per dopant atom) which would sig-

nificantly reduce SWIR brightness.
Silver chalcogenide quantum dots (Ag2 S, Ag2 Se QDs) 33–38 exhibit favorable
toxicity profiles and moderate QYs on the order of a few percent. Yet, the emission
wavelength is not fully tunable and cannot reach past 1300 nm.
Cadmium arsenide (Cd3 As2 ) QDs 39 exhibit high QYs and unusually large tunability of the emission wavelength from the visible to the deep SWIR. Yet, stability
issues and the presence of two toxic heavy metal ions have impeded a broader application.
Indium arsenide (InAs) QDs 40–43 are broadly tunable across the SWIR spectral
range, but samples with emission at longer SWIR wavelengths are characterized by
low QYs. In addition to concerns about toxicity, InAs QDs have been shown to pho29

tobleach under high excitation flux.
Lead chalcogenide (PbS, PbSe, PbTe) QDs, 44–51 similar to InAs QDs, show
broad tunability, high QYs in the NIR, and moderate to low QYs in the SWIR spectral range. Yet, lead-based QDs are prone to degradation by oxygen and water, which
limits application in biological settings.
Mercury telluride (HgTe) QDs 52–54 are tunable from the SWIR into the mid-wave
infrared but are characterized by low QYs. Toxicity concerns and stability issues have
limited broader application.
Organic dyes 26;45;55–57 excel through small sizes, potentially lower toxicity, and the
ability to be readily conjugated to biological entities. Their main disadvantages are
low QYs, limited access to the SWIR spectral region, and poor photostability at high
excitation fluxes.

The choice of SWIR-emissive materials is highly application dependent. In preclinical research settings, long-term toxicity concerns play a less important role, and
high probe brightness and functionality are commonly preferred. In contrast, proof of
non-toxicity is mandatory for studies in humans, such that probes for clinical research
settings commonly exhibit inferior optical properties. Based on our judgment of
the potential of the here listed materials to be used as contrast agents for SWIR
imaging applications, we decided to pursue InAs-based QDs for pre-clinical settings
and organic dyes for clinical settings. To provide the reader with an understanding
of the existing challenges, we will review each material in the second and the third
sections of this chapter.
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Table 1.1: Overview of SWIR-Emissive Materials. Please note that for
nanomaterials, QY usually varies with emission wavelength. The table thus contains a range of typically reported values. For a more detailed description of the
wavelength-dependent optical properties, the reader may be referred to the specified
references. (Adapted and updated from Ref. 19 )

CNTs†
Au NP
Rare Earth Doped NP
Ag2 S QDs
Ag2 Se QDs
Cd3 As2 QDs
InAs QDs‡
PbS QDs‡
PbSe QDs‡
PbTe QDs
HgTe
IR-26
IR-1061
IR-E1050

Peak Emission
[nm]
1000-1400
1000
1000-1600
1000-1200
700-1300
530-2000
600-1425
900-1900
1000-4000
1150-3000
1200-5500
1130-1170
920-1081
1050

QY
[%]
0.1
0.6
0.2-90
0.5-1.5
1-3
20-60
2.5-90
30-90
0.5-45
4-5 ⇤
0.01-40
0.05-0.01
0.18-0.32
0.2

⇤
⇤

Absorption Cross-Section
[M 1 cm–1 ]
0.03-0.08 ·105
"450nm = 1.62·105 ·R3
"400nm = 1.86·105 ·R3
"400nm = 2.49·105 ·R3
1.4·105
1.38·105
0.08·105

References
10;13;15;23–25
58
27–32
33–35
36–38
39
40–43
44–49
44;45;50;51
59;60
52–54
45;57
18;26
55;56

† Absorption

cross-sections for CNTs are specified for the first excitonic transition.
of the references based their relative QY measurements on a comparison with IR-26
for which a QY of 0.5 % was reported initially. 61 More recently, two independent
publications reported QY values of 0.05 % and 0.07 %. 45;57;61;62 The given values were
therefore corrected to reflect the updated QY value of IR-26.
‡ If available, QD absorption cross-sections were reported as a function of QD radius R (in
nm).
⇤ Some

1.1.4

Finding the Right Imaging Wavelength

To harvest all of the advantages of imaging at SWIR wavelengths, it is essential to
not only develop brighter contrast agents, but more so to understand the underlying
limitations of fluorescence imaging at di↵erent imaging wavelengths. Generally, the
inability to detect and resolve signal from a fluorescent object of interest during fluorescence imaging can arise either from a contrast-limited or signal-limited imaging
scenario. 63 In the latter case, the primary limitation that prevents a detection of signal
is the lack of photons that reach the detector. This can be caused by strong attenuation of excitation and emission light through biological tissue between the excitation
31

source and the object and between the object and the camera. Additionally, it is possible that the contrast agent labelling the object of interest is neither concentrated
nor bright enough to generate sufficient fluorescence signal. When the delivery of additional contrast agent is not feasible, signal-limited imaging scenarios are commonly
addressed by increasing either the excitation flux or the image acquisition time. This
way, more fluorescence signal can be collected from the object of interest so that it
becomes clearly resolved over the background (see schematic representation in Figure
1-3). Yet, if excitation fluxes are too high, they may damage tissue, and if image
acquisition times are too long, they may limit the temporal resolution required for a
certain experiment.
In contrast-limited imaging scenarios, low signal-to-noise ratios are mostly caused
by the presence of background signal or by the scattering of light from the object
of interest. In the case of background autofluorescence, the contrast limit can be
overcome by increasing the extent of labeling of the object of interest. Yet, for many
imaging applications, background signal arises from out-of-focus or close-by structures
that are also labeled by the fluorescent contrast agent. In these cases, adjustments
to excitation power or detector sensitivity do not improve the signal-to-noise ratio
because the numbers of photons collected from the object of interest and from the
background increase proportionally. 63 Thus, the contrast-limited imaging scenario
represents a more severe and complex imaging limitation.
Because absorption and scattering coefficients are strongly wavelength-dependent,
choosing a di↵erent excitation or imaging wavelength can be a powerful tool to adjust
signal attenuation and to overcome contrast-limited imaging scenarios. The NIR and
SWIR wavelength ranges are particularly interesting because here the attenuation
properties of water and other organic molecules vary over orders of magnitude (see
Figure 1-4). Hong et al., for example, were able to show that imaging the brain
vasculature of a mouse in the second SWIR window beyond 1500 nm greatly improved contrast compared to the NIR window and the first SWIR window at 1300
nm. The researchers therefore hypothesized that reduced light scattering at longer
imaging wavelengths would primarily be responsible for the observed improvements
32
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Figure 1-3: Schematic Representation of Signal-Limited and ContrastLimited Imaging Scenarios. In the case that an image is signal-limited, longer
image acquisition times or higher detector sensitivities can be used to improve the
signal-to-background ratio. In contrast-limited imaging scenarios however, signal
from the object of interest is blurred either by scattering or by signal originating
from other structures. In our schematic depiction, this prohibits the distinct resolution of two linear objects. Here, longer image acquisition times do not improve image
contrast because the signals from the object of interest and from the background are
both enhanced.
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in contrast. 10 Yet, the exact contributions that scattering and absorption of light have
on the overall improvement of image contrast are still being investigated. 17 However,
the examination of image contrast as a function of imaging wavelength is impeded
by the absence of a bright broadband SWIR emitter that allows for the detection of
sufficient fluorescence signal in narrow spectral windows, including wavelengths that
are highly attenuated by tissue.
Therefore, the optimal SWIR imaging wavelength remains in question. 17 To address the challenge, the two main parameters, excitation wavelength and imaging
wavelength, need to be optimized for a particular system using a defined set of readout values, including penetration depth, image resolution, image contrast, imaging
speed, and detection sensitivity. Given the great variability and complexity of biological systems with respect to the geometry of the imaging subject, the position of
the object of interest within this subject, and the presence of background signal, it is
also evident that the answer for the optimal imaging wavelength will not be singular.
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Figure 1-4: Finding the Right Imaging Wavelength. A External quantum
efficiency of a modern SWIR-sensitive InGaAs camera. 64 B Absorption of SWIR light
by three organic solvents (cuvette path length 1 mm). Notably, C-H vibrations lead
to vibrational overtones centered around ⇠1200 nm and ⇠1400 nm. C Absorption
of SWIR light by water (H2 O) and heavy water (D2 O) (cuvette path length 1 mm).
Notably, the absorption of light by water molecules is about one order of magnitude
higher than for organic molecules.
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1.2

Quantum Dots as SWIR Emitters

1.2.1

Introduction

QDs are semiconductor nanocrystals with sizes on the order of a few nanometers.
Here, we want to focus on colloidal QDs, a class of materials that is commonly
synthesized via wet-chemical bottom-up processes in non-polar solvents. Similarly to
other nanomaterials, QDs have gained the interest of a broad research community
due to their optical and electronic properties, which include a size-tunable band gap,
a broad absorption profile, narrow and symmetric PL spectra, and high QYs.
Based on these optoelectronic properties, QDs are considered promising candidates for applications that require the conversion of light into light of a di↵erent
color, the transformation of light into electric current, or the conversion of electric
current into light (see Figure 1-5). As a result, QDs have been used in a variety
of technologies, including lasers, 65;66 light emitting diodes (LEDs), 67–71 spectrometers, 72 photodetectors, 70;73–75 photon downshifting and display technologies, 76;77 photon upconversion, 78;79 photovoltaics, 75;80–83 quantum computation, 84 catalysis, 85;86
and biomedical imaging and sensing. 87–89

Photon
Downshifting

Photon
Upconversion

Photocurrent
Generation

Electroluminescence

Figure 1-5: QDs as Building Blocks for Optoelectronic Conversion Technologies.
While QD research has been conducted for more than 35 years in academic settings, 90;91 the last five years have seen a rapid commercialization of QD-based technologies. Starting with the introduction of the first QD-containing TVs in 2013,
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QD-based LCD screens are now well established and are predicted to reach market
sizes of multiple billions of dollars over the next few years. In addition to large display
manufacturers, a variety of small companies have recently been established to pursue
the commercialization of QD-based LEDs, solar cells, and solar light concentrators.
In this thesis, we will focus exclusively on the use of QDs as fluorophores for
biomedical imaging and sensing applications. While, QDs for imaging studies in
cell cultures or animals can be bought from major chemical vendors, the presence
of heavy metals will likely prevent the current generation of QDs from ever being
employed in humans. 91 Therefore, our discussion will remain limited to the use of
QDs in small-animal imaging studies. In the following sections, we will review the
underlying physics and chemical procedures that have historically guided the synthesis
of high-quality QDs for imaging applications.

1.2.2

Electronic Structure

QDs fall between molecular compounds and bulk semiconductors not only with respect to their size, but also with respect to their electronic properties. Figure 1-6
shows that QDs can be regarded as a hybrid material because they possess some electronic properties that are commonly associated with molecular compounds and some
that are associated with bulk solids. Whereas atoms and molecules exhibit distinct,
quantitized electronic states, the electronic properties of bulk materials are typically
described using electronic bands. This di↵erence is based on the fact that the addition of atoms to a chemical structure increases both the number of electronic states
and their density. Because QDs fall between those two extremes, they exhibit both
band-like energy structures as well as quantitized states that are located in proximity
to the band gap.
Most importantly, for QDs with spatial dimensions smaller than the exciton Bohr
radius – a material specific constant that describes the average distance between the
electron and hole in an excited state – the energy of an exciton is no longer solely
determined by the band gap energy EG and the Coulomb attraction ECoulomb . The
exciton experiences an additional confinement energy that arises from a spatial con36
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Figure 1-6: Electronic Structure - From Atom to Bulk. Schematic energy
diagrams for the electronic structures of atoms, molecules or clusters, small and large
QDs, and bulk semiconductors. The diagram emphasizes the hybrid electronic nature
of QDs, exhibiting both molecule-like properties such as discrete energy levels as well
as band-like states as found in bulk semiconductors.
finement of the exciton’s wavefunction – a phenomenon that is commonly explained
with the particle-in-a-box model. For these cases, the exciton energy EExciton can be
expressed as a function of its radius r and its reduced e↵ective mass µ⇤ following the
Brus equation: 92

EExciton (r) = EG + ECoulomb +

~2 ⇡ 2
2µ⇤ r2

(1.3)

The Brus equation and the hybrid electronic character of QDs are easily visualized
by absorption spectroscopy of di↵erently-sized QDs (Figure 1-7). All spectra show a
distinct absorption peak that redshifts with increasing QD size. This absorption peak
corresponds to the lowest energy excitonic transition, and as QD size increases, quantum confinement is relieved, and the energy required for the transition decreases. In
addition to this distinct feature, the absorption spectrum shows a band-like character,
as indicated by the strong increase in density of electronic states at short wavelengths.
Figure 1-7 thus demonstrates how QD size can be an e↵ective parameter to tune QD
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absorption and emission wavelengths across a broad spectral range that is limited by
the band gap of the bulk semiconductor. Because QD size directly correlates with the
position of the absorption and emission peak, any inhomogeneities in particle size will
translate into spectral inhomogeneities. Therefore, the narrowness of the absorption
and emission peaks of QD samples is fundamentally limited by our synthetic control
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Figure 1-7: Size-Dependent Optical Properties of QDs. Displayed are absorption spectra for five di↵erent InAs QD samples acquired during the growth from
smaller to larger particles. (Adapted from Ref. 11 )
In addition to having narrow size distribution,s QD contrast agents suitable for
biomedical imaging are further required to exhibit high brightness. Because QY and
other optical properties such as fluorescent lifetimes are closely related to structural
defects within the nanocrystal and on the nanocrystal surface, it is crucial to minimize the occurrence of these defects during QD growth. 93;94 While the formation of
crystal defects within a QD can be mitigated through controlled crystal growth and
annealing at high temperatures, engineering a defect-free QD surface poses a much
bigger challenge. The dynamic binding and detachment of molecular ligands that
solubilize the QD, the presence of unpassivated surface charges, and the di↵usion of
atoms on the QD surface can all lead to electronic trap states. 94 These trap states
may localize either the electron or the hole and thus open up non-radiative decay
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pathways which drastically reduce QY.
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Figure 1-8: Core-Shell QD Semiconductor Heterostructures. In a type-I heterostructure, both carriers remain confined within the core of a core-shell QD, typically increasing QY through improved shielding from surface defects and solvent
interactions. In contrast, a type-II shell results in a charge separation and localization of one of the carriers in the shell, increasing PL lifetimes and reducing QYs. In a
quasi type-II structure, the charge separation is less pronounced, however due to the
resulting decrease in quantum confinement and shielding from any surface defects,
the PL wavelength is commonly redshifted and the QY is reduced.
To mitigate the harmful interactions of the exciton with the QD surface, QDs
are most commonly overcoated with a shell consisting of another semiconducting
material. 95 For most of these core-shell semiconductor heterostructures, the band gap
of the shell is larger than the band gap of the core and the excitonic wavefunction
is primarily confined to the QD core such that interactions with the QD surface
are minimized (see Figure 1-8). 96;97 However, because this method requires the shell
to be grown epitaxially onto the QD core, crystal structures and lattice parameters
of both materials need to be compatible. If the chosen core and shell materials can
form alloys, interfacial defects can be mitigated further by growing gradient core-shell
QDs. 98
In addition to these type-I shells, two other shell types are commonly employed.
In a type-II structure, the band gaps of the core and shell material align such that
either the electron or the hole localizes in the core, while its counterpart primarily
localizes in the shell. The increased spatial separation of charges facilitates charge
extraction, which is useful for applications in QD-based catalysis. 86;99 Lastly, quasi
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type-II shells are configurations in which one of the carriers delocalizes over both the
core and the shell. This decreases the quantum confinement energy and can thus
be used to induce an additional redshift of the QD emission. However, because thin
quasi type-II shells are not e↵ective in shielding the exciton from surface defects, it is
common to either grow thick quasi-type II shells 77;100;101 or to overcoat the core-shell
particle with an additional type-I shell. 40

1.2.3

Quantum Dot Nucleation and Growth Kinetics

Since the early days of QD research, novel synthetic achievements have been closely
related to an improved understanding of the underlying chemistry and physics of
QD formation and growth. 102–107 In general, wet-chemical nanoparticle synthesis is
governed by two major processes that need to be controlled kinetically: a nucleation
event – the incorporation of solubilized molecular precursors into a newly formed solid
phase – and the subsequent evolution of these nuclei via attachment or detachment
of molecular precursors or via aggregation with other particles. Thus, most syntheses
are based on mixing QD precursors in a solvent-surfactant mixture and controlling
the conversion of these precursors into nanoparticles via temperature and time. In
this section, we will review various theoretical frameworks and discuss how they have
been used to explain and predict particle formation and growth.

1.2.3.1

Classical Nucleation Theory

Classical nucleation theory is based on a thermodynamic description of the formation
of a spherical particle with radius r from a solute. 108–111 To describe the change in
Gibbs free energy for the phase transition from solute to solid, classical nucleation
theory considers both the thermodynamically favorable formation of bulk volume
– described by the change in bulk free energy

GV ol – as well as the unfavorable

formation of a new solid-liquid interface – described by the surface energy

G(r) =

4 3
⇡r GV ol + 4⇡r2
3
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(1.4)

For particles with small radii, the proportionally large contribution of the newlyformed solid-liquid interface yields positive

G(r) values. The formation of large

particles becomes increasingly favorable because

GV ol scales with particle volume

(see Figure 1-9). Thus, there exists a critical radius rc for which

G(r) is maximized.

For particles with radii below rc the incorporation of additional solute is thermodynamically unfavorable, so the particles are unstable. However, once a particle with
r

rc is formed, for example through statistical thermal fluctuations, crystal growth

occurs as a spontaneous process. The critical radius and the corresponding critical
activation energy

G⇤ can be extracted by setting the first derivative of

G(r) equal

to zero.

rc =

G⇤ =

G(rc ) =

∆G(r)
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(1.5)
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Figure 1-9: Classical Nucleation Theory. In order to form thermodynamically
stable particles, a system needs to overcome a kinetic energy barrier G⇤ that is
associated with a critical radius rc . Only if a particle with r > rc is formed the
additional attachment of solute is thermodynamically favorable and thus spontaneous.
The critical activation energy

G⇤ therefore represents a kinetic threshold that

inhibits the formation of a thermodynamically favored state. Assuming an Arrheniuslike behavior, the expression for

G⇤ can be used to predict kinetic processes such
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as the nucleation rate J: 110

J ⇠ exp

✓

G⇤
kT

◆

(1.7)

To understand the relationship between nucleation rate, critical particle size, and
solute concentration, we can further express the bulk free energy change component
as the change in chemical potential

µ divided by the molecular volume Vm . This

expression can then be rewritten as a function of the supersaturation S, which equals
the ratio of the real solute concentration c to the equilibrium concentration of a
saturated solution csat .

GV ol =

µ
Vm

kT
=
ln
Vm

✓

c
csat

◆

=

kT
ln (S)
Vm

(1.8)

It is therefore evident that high levels of supersaturation will lead to a strong
increase in particle formation rates because they decrease the critical radius and
the critical nucleation threshold. However, with increasing nucleation rates, solute
concentration and supersaturation decrease, which reduces the formation rate of new
particles. Thus, supersaturation acts as one of the crucial parameters that both
induces and self-regulates nucleation.

1.2.3.2

LaMer-Dinegar Model and Ostwald Ripening

While classical nucleation theory draws a reasonable picture of the nucleation event,
it fails to provide any information on the resulting size and size distribution of the
growing particles. This gap was filled by a model, developed by LaMer and Dinegar
in 1950, that has since laid the theoretical groundwork for many nanoparticle syntheses. 112 In their model, LaMer and Dinegar describe how rapid supersaturation of a
solution with crystal monomers can yield highly monodisperse particles by progressing
over three stages (see Figure 1-10). In the first stage, an excess amount of monomer
is added to the solution within a short time period, leading to rapid supersaturation.
However, the nucleation rate J remains close to 0 until a critical nucleation threshold
is surpassed. For supersaturations larger than the nucleation threshold, the critical
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radius and the activation barrier for nucleation

G⇤ drastically decrease, leading to

a rapidly increasing nucleation rate. The system enters a second stage in which supersaturation is relieved by rapid incorporation of monomers into newly formed solid
phases. Self-nucleation continues until the monomer concentration drops again below
the critical nucleation value and the nucleation rate becomes negligible.

Phase I

II

III

J–›∞

Criticical Limiting
Supersaturation

Precursor Concentration

J>0

Nucleation Threshold
J≈0

Precursor Solubility

t1

Size Focusing

t2

Time
Figure 1-10: Nucleation Theory by LaMer and Dinegar. Following the rapid
supersaturation of a solution with crystal monomers, a critical supersaturation threshold is surpassed. The system partially relieves supersaturation through self-nucleation
and incorporation of monomer units into a newly formed solid phase. Once supersaturation is lowered beneath the critical nucleation threshold, the nucleation rate
J quickly approaches zero. In the last stage, particles grow from the remaining
monomers. If this process occurs in a di↵usion-limited regime, the size distribution
of the system focuses.
At the beginning of the final stage, the system contains newly formed particles
– or nuclei – as well as remaining monomers at a concentration above the solubility
limit. Because the nucleation of new particles is mostly halted, the existing particles
continue to grow by incorporating excess monomers. The rate of particle growth
depends on the di↵usion rate of the monomer to the nucleus, as well as on the rate
constant for embedding the monomer into an existing particle. Thus, two limiting
cases can be found. In the first case, the incorporation of monomers is much faster
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than di↵usion. For this di↵usion-limited scenario, the change of particle radius with
time can be expressed by Equation 1.9.
dr
1
⇠
dt
r

✓

1
rc

1
r

◆

(1.9)

For the second limiting case, the incorporation of monomer into particles is much
slower than monomer di↵usion, and hence particle growth becomes reaction-limited.
The change in particle radius over time can be expressed by Equation 1.10.
dr
⇠
dt

✓

1
rc

1
r

◆

(1.10)

Figure 1-11 visualizes the particle growth rates as a function of particle radius
for the two scenarios. In both cases, particles with r < rc will dissociate because
dr/dt is negative. In the case of a reaction-limited crystal growth, dr/dt decreases
monotonically such that bigger particles will always grow faster than smaller ones,
leading to a broadening of the particle size distribution throughout the extent of the
reaction. For a di↵usion-limited growth regime, however, size broadening only occurs
for particles with radii between rc < r < 2 rc , while for r > 2 rc , smaller particles
grow faster than bigger ones, thus leading to a focusing of particle size distribution.
LaMer’s and Dinegar’s theory of particle formation and growth is commonly expanded by incorporating the theories of Lifshitz, Slozov, and Wagner that describe
so-called Ostwald ripening processes at low supersaturation levels. 113;114 Building on
the Gibbs-Thomson relation, these theories quantify the size-dependent solubility of
nanoparticles caused by an additional chemical potential that is related to particle
curvature. 115 Therefore, the solubility of a crystal with the radius r (cr ) in relation to
the solubility of a solid with infinite dimensions (c1 ) can be expressed as a function
of particle radius r as given in Equation 1.11.
cr
= exp
c1
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The larger chemical potential of surface atoms in smaller particles causes smaller
particles to dissolve more readily than larger ones. This e↵ect becomes more pro44
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Figure 1-11: Di↵usion- and Reaction-Limited Particle Growth. A Growth
rate for a particle with the radius r as a function of its size and the critical radius
rc in a di↵usion-limited growth regime. While initially, larger particles growth faster
than smaller ones, this trend reverses for particles with r > 2 rc , resulting in a focusing
of the particle size distribution. B Growth rate for a particle in a reaction-limited
growth regime. Because larger particles grow faster than smaller particles, the particle
size distribution broadens with continued particle growth.
nounced as the supersaturation decreases during the later stage of nanoparticle growth
and larger particles start to grow at the expense of smaller particles. Because this
process can lead to bimodal size distributions and increased polydispersity, it is highly
undesirable.

1.2.3.3

Advanced Growth Models

Over the years, the model of classical nucleation theory including the work of Lifshitz, Slozov, and Wager (CNT-LSW) has been iterated in multiple studies to more
accurately predict QD formation and growth. 103;105;106;116–118
An early expansion was developed by Talapin et al. to model the trajectory of a
single nanoparticle assuming size-dependent activation energies for the growth and
dissolution of said particle. 106 The study suggested that CNT-LSW theory overestimates the influence of ripening processes and that size broadening caused by Ostwald ripening plays an unexpectedly minor role. The researchers further compared
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di↵usion- and reaction-limited growth scenarios and concluded that future QD syntheses should best be carried out in a di↵usion-limited regime to obtain optimal size
focusing.
As the experimental community gathered more insights into QD precursor chemistry and conversion kinetics, it became increasingly clear that for many QD systems,
the molecular precursor is initially converted into an intermediary molecular compound before it gets incorporated into a crystal. 119 Therefore, Clark et al. developed
a model that incorporated a precursor conversion step into the CNT-LSW framework. 116 Their model predicted that size focusing during the growth stage increased
with increasing precursor conversion rates, and they attributed this observation to a
suppression of particle ripening processes.
Shortly after, Abe et al. expanded on this idea and presented a model for the
investigation of the e↵ect of precursor conversion rates on the final size and size
distribution of a nanoparticle sample at full reaction yield. 117 The model assumed
that the rate of nucleation is controlled by the rate of precursor conversion, which
in turn depends in first order on the precursor concentrations. Accordingly, slower
precursor conversion rates lead to the formation of fewer nuclei at the beginning of
the reaction and therefore result in a final sample with a lower particle concentration
but a larger average particle size. After verifying these predictions experimentally,
the study strongly suggested that – if conducted at full reaction yield – the size of a
nanoparticle sample could easily be tuned by adjusting precursor conversion kinetics.
In addition to CTN-LSW-based models that primarily draw from thermodynamic
considerations, researchers have also developed kinetic rate equation model in which
coupled di↵erential equations describe the time-dependent concentrations of individual particles. 120–123 While these models o↵er higher precision, they are also computationally intensive and require educated guesses for the rate constants concerning
di↵erently sized nanoparticle.
Rempel and Hänseler presented such a kinetic rate equation model to study the influence of precursor conversion rates on QD growth. 120–122 In their model, the authors
considered three basic processes: the conversion of precursors into a monomer, the
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reversible incorporation of said monomer into existing crystals, and the irreversible
aggregation of existing crystals. In contrast to CNT-LSW, the authors assumed that
the rate constants for particle growth and dissociation were size independent. In accordance with Abe et al., Rempel and Hänseler predicted that size focusing correlates
strongly with precursor conversion rates and that slower precursor conversion rates
yield larger particles with improved size distributions. However, the authors also predicted that size focusing would occur both for di↵usion-limited and reaction-limited
growth regimes. Size focusing was found to continue as long as precursor material
was being converted into monomers. Upon the depletion of monomers however, the
size distribution was found to defocus. Notably, the growth model by Rempel and
Hänseler also predicted the persistence of smaller particles throughout the reaction,
suggesting either the coexistence of two distinct populations during QD growth or
the existence of smaller particles as a reservoir for QD monomers.
Lastly, it should be noted that the particle formation and growth models discussed above only represent a subsection of available models and were chosen because
they are the most relevant to the QD systems and growth mechanism discussed in
this thesis. The curious reader may be referred to the extensive literature in the
field. 115;118;124
1.2.3.4

Implications for Quantum Dot Synthesis

While the particle formation and growth models discussed above were developed to
investigate a great variety of parameters for di↵erent QD systems, a few general
principles resonate throughout them. For an ideal QD synthesis, it is important to
achieve a distinct nucleation event during which small nuclei are formed. In the
subsequent growth stage, secondary nucleation should be avoided at all costs. For
optimal size focusing, most models suggest that particle growth is carried out in a
di↵usion-limited growth regime. Multiple studies highlight the potential of adjusting
precursor conversion rates to provide a rate limiting step for crystal growth. An
adjustment of precursor conversion rates also allows for the control of particle size for
reactions that are run at full yield. This is because less reactive precursors produce
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fewer nuclei that then grow to be larger particles. Lastly, Clark et al. suggest that for
optimal size focusing, seeded nanocrystal syntheses shall be employed because they
allow for independent control of reaction conditions for the nucleation and growth
stages. 116
Based on a combination of this theoretical guidance and empirical studies, the synthesis of QD samples has rapidly evolved over the last 35 years. Yet, the hot injection
method – developed by Murray et al. in 1993 for the synthesis of monodisperse CdSe,
CdS, and CdTe QDs – is still one of the key synthetic approaches. 102 In this method,
the basic principles of LaMer and Dinegar are applied to the synthesis of colloidal QDs
by injecting a precursor solution into a coordinating solvent at a high temperature.
The resulting decrease in temperature and the rapid supersaturation of the solution
results in a sharp nucleation event followed by a comparatively slow QD growth. Over
the years, this basic scheme has been continuously improved, for example, by the use
of less reactive and toxic precursors, 104 the control of precursor supply via mechanical syringe pumps, 77;125;126 and a better understanding of ligand chemistry. 127;128 The
hot injection method and variations thereof were consequently applied to other QD
systems including other II-VI QDs 129 such as ZnSe, III-V QDs 130–132 such as InP
and InAs, IV-VI QDs 44;133 such as PbS and PbSe, II-V QDs 39;134 such as Cd3 P2 and
Cd3 As2 , and ternary QDs 135 such as CuInSe2 . Apart from the hot injection method,
most synthetic approaches toward QDs can be classified into two subclasses: seeded
growth 126 and heat-up syntheses 136 .

1.2.4

The Dilemmas of InAs Quantum Dot Synthesis

Whereas II-VI QDs can be synthesized with uniform particle size distributions, nearunity QY, negligible fluorescence intermittency and extreme long-term stability, 76;77;137
III-V QDs such as InAs QDs are commonly characterized by broader size distributions, lower QYs, and reduced long-term stability. In this section, we will discuss
the underlying reasons for the shortcomings of III-V QD syntheses with a particular
focus on InAs QDs.
48

1.2.4.1

Covalency

If we take a look at the semiconductor industry, most of today’s technology is based
on covalent semiconductors that originate either from group-IV elements (e.g. Si,
Ge) or group III-V compounds (e.g. InAs, GaN, GaAs): silicon-based electronics and
solar panels have revolutionized information and energy technologies, GaN lasers and
LEDs excel as blue light sources, and GaAs is commonly employed for high efficiency
solar cells. In contrast, commercial applications of II-VI semiconductors are limited,
with the primary exception of CdTe-based thin-film solar cells.
Despite the clear dominance of covalent semiconductors in bulk form, the roles are
reversed for QD-based technologies. Here, primarily ionic II-VI (e.g. CdSe, fractional
ionic character fi = 0.70) or IV-VI QDs (e.g. PbS, fi = 0.77) are employed. 132
However, because the more covalent III-V QDs (e.g InP, fi = 0.42 and InAs, fi
= 0.26) generally exhibit higher electron mobilities, lower exciton binding energies,
and larger exciton Bohr radii, while employing no cadmium or lead atoms, it has
been an ongoing e↵ort of the research community to replace II-VI and IV-VI QDs in
existing technologies. 132;138 To harvest the theoretical advantages of III-V QDs over
their ionic counterparts, however, it is important that novel syntheses consider these
ground truths for covalent colloidal semiconductors: 132;138–140
• III-V QDs are more prone to form amorphous phases than II-VI or IV-VI QDs.
• Group-V elements exhibit low electron affinity.
• The high charge of the group-III cation requires a higher surface ligand density
compared to II-VI or IV-VI QDs.
• III-V QDs exhibit an inherently di↵erent electronic structure.
Based on these considerations, a few general III-V QD synthesis design principles have
been developed. Because amorphous phases form more easily at lower temperatures,
III-V QD syntheses are commonly conducted by decomposing reactive precursors
under high temperatures and long annealing times. 138;139 These conditions, however,
reduce precise control of QD nucleation and growth and hence lead to poor control
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of QD size and size distribution. 139 Controlled III-V QD growth is further impeded
by the greater density of ligands on the particle surface, which poses an increasing
steric hindrance for the attachment of new crystal units onto larger particles. 140 The
dichotomy between the need for high reaction temperatures to increase crystallinity
and the need for lower reaction temperatures to control crystal growth from highly
reactive precursors therefore represents one of the main challenges of III-V QD growth.
Thus, the search for novel, less reactive group-V precursors has developed into a
major research direction. 141–143 Unfortunately, the low electron affinity of the group-V
atom limits the list of possible reagents with the right oxidation state (-III) to a small
number of compounds that commonly exhibit a strongly complexed organometallic
structure. 132;138
Lastly, III-V QDs are intrinsically disadvantaged because the energetic depth of
surface traps states increases with the covalency of the crystal lattice. 138 Therefore,
III-V QD samples not only are more challenging to synthesize with narrows size dispersions, but also face disproportionately large reductions of their optical properties
for any imperfections during QD growth.
1.2.4.2

The Shortcomings of III-V QD Syntheses

The intrinsic challenges toward the synthesis of monodisperse III-V QDs are reflected
in the established synthetic protocols, which – based on the choice of indium precursor – can be divided into two categories. On one hand, the use of indium halides
typically yields InAs QDs with sizes ranging from 2-6 nm. These syntheses, however,
require size-selective purification to obtain narrow size distributions with well-defined
absorption features which is costly and impractical to scale up. 130;144 Syntheses that
use indium carboxylates are able to obtain narrow size distributions without requiring
size-selective precipitation. 40;145 However, these syntheses are based on a two-stage
process where the initial precursors are consumed at lower temperatures to produce
small clusters, which are subsequently converted into larger crystals by ripening at
elevated temperatures. 41 This interparticle ripening process limits the obtainable QD
size range to small sizes and denies access to QDs emitting in the sensitivity range of
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SWIR cameras.
In contrast, experimental studies on II-VI and IV-VI QD systems 47;119;146–148 were
able to demonstrate how adjustments to precursor chemistry and precursor conversion
rates enable the tuning of QD size over broad ranges, as has been predicted by
theoretical growth models. 117;121;122 Hendricks et al., for example, demonstrated how
chalcogenide precursors with di↵erent reactivity can be used to synthesize a broad size
range of CdS and PbS QDs with narrow emission linewidths at full reaction yields. 148
Based on these results, III-V QD growth seemed to obey distinctively di↵erent
growth mechanics, in particular with respect to precursor conversion kinetics. Allen
et al. substantiated this hypothesis by showing that while precursor conversion and
particle growth occur on similar timescales for II-VI QDs, the high reactivity of
group-V precursors causes precursor depletion on much faster timescales than the
actual growth of III-V QDs. 149 Thus, the researchers suggested that III-V QD growth
is primarily characterized by non-molecular ripening processes and the absence of
molecular precursors, which impede prolonged periods of size focusing and access to
larger particles. 103;107;149
Despite these insights, the PL linewidths of InAs QD samples remain significantly
broader than what has been demonstrated for other QD systems. 77 Cui et al. investigated whether these PL linewidths were inhomogeneously broadened by poor
particle uniformity or homogeneously broadened by intrinsically broad single QD
linewidths. 150 Using solution photon-correlation Fourier spectroscopy, the researchers
found that InP, InAs, and CdSe QDs exhibit almost identical single QD PL linewidths,
thus strongly suggesting that the broad PL linewidths of III-V QDs correlate with
poor synthetic control of QD growth.
In addition to challenges in size control, as-synthesized InAs QDs exhibit poor
stability and QYs of less than 1%. While SWIR-emissive PbS core-only QDs can
be synthesized with QYs ranging from 30 to 60%, 47 InAs QDs must be overcoated
with higher band gap semiconducting materials, such as CdSe, CdS, ZnS or ZnSe,
to achieve high QYs. 40;130;135;151 To solve these problems, Aharoni et al. developed
InAsCdSeZnSe core-shell-shell (CSS) QDs in which each shell serves a distinct pur51

pose. 40 The first shell, CdSe, is lattice-matched to the InAs core and yields a strong
redshift of the PL peak with increasing shell thickness. This is indicative of a quasi
type-II structure, likely caused by the small conduction band o↵set between InAs
and CdSe. 95;152 The outer shell, ZnSe, is employed to form a type-I heterostructure
that confines the exciton to the core and first shell and thus increases the QY. However, because the InAs core QDs employed in this study were quite small, a large
CdSe shell was required to shift the emission past 1300 nm. The resulting CSS QDs
exhibited low QYs at long emission wavelengths (2.5% at 1425 nm) and showed significant photobleaching. 40 This highlights an inherent trade-o↵ of extended quasi type-II
structures: the increased electron delocalization tends to lengthen radiative lifetimes
and strengthen exciton-phonon coupling, doubly reducing QY. 95;153;154
As a result, the synthesis of large SWIR-emissive InAs NCs with narrow emission
linewidths remains challenging, and conventional syntheses require additional postsynthetic purification, which drastically reduces reaction yields. 40 In addition, current
shell overcoating procedures fail to produce samples with high QYs and high stability,
leaving room for further optimization.
1.2.4.3

Intrinsic Challenges for SWIR-Emissive QDs

To engineer QDs with optimal SWIR brightness, consideration of their photophysics
cannot be limited to a molecular level but need to include interactions with other
molecules, including surface ligands and solvent molecules, in the immediate microenvironment of the emitter. This aspect becomes increasingly important for long
emission wavelengths, becasuse ,in contrast to the visible wavelength range, both water and common QD ligands are e↵ective light absorbers in the SWIR. The strong
absorption of SWIR light is caused by overtones of vibrational modes from bonds involving hydrogen atoms such as O-H, C-H and N-H bonds. 20 With increasing overlap
of the QD emission spectrum with these vibrational modes, additional non-radiative
decay pathways become available by transfer of photoexcitations from the QD into
these external molecules. As a result, SWIR-emissive QDs commonly experience a
sharp decrease in QY with increasing emission wavelength and increasing presence of
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hydrogen-containing molecules. 20;45;155
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Figure 1-12: Quenching of SWIR Emitters Through Energy Transfer. Classically, the QY is defined by the ratio of emitted photons to absorbed photons, which
in turn is determined by the ratio of radiative and non-radiative processes within the
QD. In the SWIR spectral region, organic molecules such as water and surface ligands
are highly absorbing and thus open up additional non-radiative decay channels. The
transfer of energy via electronic-electronic or electronic-vibrational energy transfer
decreases the QY and is intrinsic to the specific QD-ligand-solvent system. In addition to these near-field interactions, the brightness of SWIR emitters can further be
decreased by reabsorption of already emitted photons by surrounding molecules.
Aharoni et al., for example, reported that the QY of InAs-based QDs dropped
from 60% to 50% upon changing the solvent from 1,1,2-trichloro-1,2,2-trifluoroethane
to toluene. 155 The authors demonstrated that PL lifetimes in the non-halogenated solvent were significantly shorter, so they attributed the decrease in PL to a long-range
electronic-to-vibrational energy transfer (EVET) process. These long-range dipoledipole interactions can be regarded as an extension of the electronic-electronic transitions described in Förster’s model of resonance energy transfer (FRET). 156 While
these processes are weak on a single molecule level due to the long distance between
dipoles, Aharoni et al. showed that the high concentration of solvent molecules leads
to a strong cumulative e↵ect. 155 Similarly, Semonin et al. reported that for SWIRemissive PbS and PbSe QDs the non-radiative transfer of energy to vibrational modes
of the native oleic acid ligand strongly contributes to decreases in QY for larger particles. 45 The same trend was also observed by Keuleyan et al. for HgTe QDs. 53 In all
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three studies, the researchers suggested that the quenching would proceed via energy
transfer from the electronic transition in the QD to the vibrational modes of surface
ligands or solvent molecules rather than via a direct electronic-vibrational coupling
and mixing of the wavefunctions of the organic molecule and the nanoparticle.
To minimize PL quenching caused by energy transfer into external vibrational
modes, general design principles have been proposed that are primarily based on a
reduction of the concentration of C-H and O-H bonds in close proximity to the SWIR
emitter. 20 Following this guidance, increases in QY of SWIR emitters were achieved
by the halogenation or deuteration of coordinating ligands 157 or by the encapsulation
of QDs into a SWIR-transparent shell of As2 S3 . 158
Lastly, in addition to a direct quenching of QD emission, brightness can be further reduced by secondary events such as scattering or absorption of emitted photons.
However, because these events are not intrinsic to the emitter and its immediate environment, there are no options to engineer probes to minimize this e↵ect. Therefore,
the brightness of InAs-based QDs with long emission wavelengths remains intrinsically limited both on a nanocrystal level – for example through potential increases
in exciton-phonon coupling or the number of surface defects – 45;53;94;159 and on a microscopic level where ubiquitous water molecules and C-H bond-containing ligands
exhibit a strong potential to quench photoexcitations.
1.2.4.4

Summary of Challenges for SWIR-Emissive InAs QDs

Eventhough colloidal InAs QDs were first synthesized more than 20 years ago, significant challenges remain. InAs-based QD syntheses are characterized by poor control
over size and size distribution, leading to broad PL emission linewidth and low reactions yields. Most importantly, InAs QDs seem to run into a red wall 160 that prevents
the synthesis of bright samples with emission wavelengths longer than 1300 nm. Recent studies have shown that three bricks build this red wall: Firstly, highly reactive
precursors deny tight control over QD growth and thus cause current syntheses to
yield either big particles with broad size distributions or smaller particles with moderate size distributions. 141;142 As a consequence, InAs QDs emitting at long SWIR
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wavelengths are commonly synthesized by first producing smaller InAs cores that are
then overcoated with quasi-type II shells to induce a redshift of the emission. The
increased carrier separation however, reduces both PL QY and QD stability which
constitutes the second brick in the red wall. 40;95 Lastly, SWIR emissive QDs exhibit
increased non-radiative photoexcitation decay pathways that are caused either by
increased exciton-phonon coupling or by non-radiative energy transfer to vibrational
modes of surface ligands or solvents molecules. 20;159

1.3

Organic Dyes for SWIR Imaging

NIR-emissive dyes such as indocyanine green (ICG) and IRDye 800CW are cornerstones for NIR imaging applications in clinical settings and have proven particularly
useful for providing guidance during surgical procedures such as sentinel lymph node
mapping and metastasis detection. 7 In contrast to QDs, organic dyes exhibit small
hydrodynamic diameters and are more readily functionalized and conjugated to biological entities. 161 On the other hand, QDs exhibit higher molecular absorption
cross-sections, higher QYs, and narrower emission linewidths, which all benefit imaging performance. Therefore, the dominance of small organic molecules as fluorescent
contrast agents in clinical settings can primarily be attributed to lower toxicity and
thus more straightforward pathways toward approval by the Food and Drug Administration. 161
While the superior optical properties of nanomaterials make them ideal candidates
for SWIR imaging in pre-clinical settings, a translation of SWIR imaging into humans
will therefore likely be based on a small molecule contrast agent. Hence, the last
decade have seen an increasing number of publications reporting the synthesis of
novel organic dyes with peak emission in the SWIR spectral region. 18;55 In analogy
to the intrinsic challenges that SWIR-emissive QDs face (see Section 1.2.4), SWIRemissive dyes also exhibit inferior optical properties compared to their visible and
NIR counterparts. The low QYs of SWIR dyes are primarily caused by a vibrational
overlap between the ground and excited electronic states (see Figure 1-13) that leads
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to a direct coupling into non-radiative decay pathways and thus to a reduction in
QY. For numerous dye classes, non-radiative decay rates have been shown to increase
exponentially with decreasing energetic di↵erence between the ground and the excited
electronic states. 20 Together, the observations have yielded the empirical energy gap
law which still serves as a main guiding principle for the synthesis of novel SWIR
dyes. 20;162;163
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Figure 1-13: Franck Condon Diagram for Wide and Narrow Energy Gap
Fluorophores. The increased vibrational overlap between the ground and excited
states for narrow energy gap fluorophores causes a direct coupling of photoexcitations
to non-radiative decay pathways. S0 and S1 denote the ground and excited electronic
states, respectively. (Adapted from Ref. 20 )
A common approach toward novel SWIR dyes is the modification of molecular scaffolds from established dye classes such as cyanines or boron-dipyrromethene (BODIPY) using established structure-property relationships. 164 Common modifications
include the incorporation of functional groups, the substitution of atoms with heavier
analogs from the same periodic group, and the extension of the conjugated chromophore system. 22;161;165;166 However, only a small group of dyes with peak emission
in the SWIR exists. Compounds such as IR-26 and IR-1061 were developed originally as laser dyes, and their use for in vivo imaging remains doubtful due to their
low QYs and non-negligible toxic e↵ects. 20;26;45;57;61 In addition, these dyes are not
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water soluble per se and require incorporation into micelle-like structures to be used
for biomedical imaging. 26 Most recently, Antaris et al. reported the conjugation of
CH-1055 – a dye based on a donor-acceptor-donor structure – to polyethylene glycol
(PEG) chains to provide water solubility. 21;55 While the dye exhibited a low QY (0.03
%, see Table 1.1) and absorption cross-section, the dye’s peak PL position at 1055 nm
enabled functional SWIR imaging on a similar level to what has been demonstrated
before with CNTs.
It is almost certain that future research will yield SWIR-emissive dyes with higher
molar absorptivities and QYs, increased photostability, and high biocompatibility. 164
However, because intrinsic limitations such as the energy gap law prevail, it remains
to be seen whether the SWIR brightness of organic dyes can be increased to a point
at which it enables SWIR fluorescence imaging applications in humans.

1.4

Thesis Summary

The primary goals of the research described in this thesis are to develop novel highquality emitters for SWIR fluorescence imaging and to apply them to enabling imaging
technologies.
Chapters 2 through 5 will be dedicated to an extensive investigation of the mechanisms that govern the formation and growth of InAs-based QDs on the basis of
synthetic, analytical, and computational tools. More specifically, we will present
a library of arsenic precursors in Chapter 2 and use them to test whether tuning
group-V precursor reactivity is a suitable tool to improve III-V QD synthesis. We
will show that despite theoretical predictions and experimental verification for other
QD systems, InAs QD growth appears invariant toward precursors reactivity. Based
on these unexpected results, we will present an alternative to controlling precursor
conversion rates in Chapter 3. Here, we will discuss how mechanical syringe pumps
can be used to obtain tight control over InAs QD growth kinetics and we will present
a new synthetic approach toward InAs-based core-shell-shell QDs with high QYs,
narrow emission linewidths, and improved photostability. We will further show that
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InAs-based QDs exhibit additional challenges in aqueous media, because their PL intensity is quenched up to 50% by non-radiative energy transfer to surrounding water
molecules. Chapter 4 will deliver additional insights into the growth of III-V QDs
by revealing the persistence of small cluster intermediates during QD growth, and it
will highlighting the importance of these clusters for future QD syntheses. Lastly,
our collected insights will be used in Chapter 5 to generate a new theoretical growth
model on the basis of coupled kinetic rate equations. Our preliminary results suggest
that this growth model is capable of sucessfully reproducing the experimental results
from the earlier chapters.
In the second part of this thesis, we will employ our novel InAs-based QDs to
perform functional SWIR imaging in pre-clinical settings. We will present three QD
surface functionalizations that enable the non-invasive imaging of stroke, the quantification of metabolic activity in genetically-engineered animals, and the measurement of hemodynamics in the brain vasculature of mice. Further, we will highlight
progress toward the development of a new molecular ligand that allows for straightforward phase transfer of InAs-based QDs into aqueous media and that enables the
conjugation to biological entities via efficient click chemistry.
We will present a broadband SWIR emitter that enabled us to study the e↵ect of
imaging wavelength on image contrast and penetration depth. Curiously, our results
show that for certain imaging scenarios, image contrast and penetration depth correlate closely with the absorption spectrum of water. This suggests that the absorptive
properties of biological tissue play a much more dominant role in improving image
contrast than scattering properties. Based on these results, we suggest that there is
another SWIR imaging window in the peak of the water absorption band where both
image contrast and penetration depth are maximized.
In the last chapter, we will take a closer look at SWIR emitters with potential
for a translation into clinical settings. We will demonstrate that the FDA-approved
NIR dye ICG exhibits an unexpectedly high SWIR brightness that arises from a
large absorption cross-section and a vibronic shoulder in its fluorescence spectrum
that extends well into the SWIR spectral region. We elaborate on this finding by
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showing that ICG outperforms commercial SWIR dyes during in vivo imaging and
by demonstrating a variety of high-contrast and high-speed imaging applications in
small animals. These results suggest that ICG enables a direct translation of SWIR
imaging into the clinic.
In summary, we hope that this thesis will paint a conclusive picture of the current
state of the field of SWIR-emissive materials and the underlying physics of SWIR
fluorescence imaging.
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Chapter 2
The Unexpected Influence of
Precursor Conversion Rates in the
Synthesis of III–V Quantum Dots
2.1

Contributions

The work in this Chapter was carried out in collaboration with Daniel Harris. With
his earlier publication on “Improved Precursor Chemistry for the Synthesis of III-V
Quantum Dots” in the Journal of American Chemical Society, Daniel also provided
the experimental and theoretical basis for this study. 141 Lisi Xie performed the optimization of reaction parameters using microfluidic reactors. Parts of the here presented results were published earlier in my M.Sc. thesis, 167 Daniel Harris’ Ph.D. thesis, 151 as well as in the journal Angewandte Chemie International Edition. 168

2.2

Introduction and Background

In Section 1.2.3 we discussed the correlation between precursor conversion rate and the
number of particles formed during a nucleation event. Generally, precursor conversion
rates are governed by a precursor conversion rate constant k (or alternatively a characteristic time constant ⌧ = 1/k) and the concentration of all species participating
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in the initial precursor conversion reaction. The dependency of precursor conversion
rate on precursor concentration can either be linear (first order) or non-linear. For
the synthesis of InAs QDs, the time-dependent change in precursor concentration can
thus be expressed as:
˙ =
[As]

k [As]↵ [In]

(2.1)

In the following, we will examine how changes in the precursor conversion rate
influence the size and the size distribution of III-V QD samples. While this chapter
focuses on the role of the precursor conversion rate constant k, the next chapter will
investigate the role of the time-dependent precursor concentrations.
Theoretical QD growth models suggest that a less reactive precursor will produce
fewer nuclei during the nucleation event, which would allow for the growth of these
nuclei from a larger pool of leftover precursor material. Therefore, particles would
undergo an extended period of growth and size focusing, generating larger particles with narrower size distributions. 116;117;121;122;169–171 Building on this assumption,
tuning QD size and size distribution through precursor chemistry – directly altering
precursor conversion rates through the rate constant k – has been poised as a “potentially powerful tuning strategy”. 117 To allow a quantitative comparison of the role
of precursor conversion rates for di↵erent QD systems and models, we here introduce
the tunability parameter tP , which describes the change in particle volume V as a
function of the precursor conversion rate constant k:

tp =

V 2 k2
V 1 k1

(2.2)

For a linear scaling between particle volume and rate constant upon full reaction
yield, the tunability parameter equals 1, such that a twofold decrease in precursor
conversion rate yields QDs with twice the original volume. The model developed
by Abe et al. predicts a non-linear scaling with tP values ranging from 1.2-1.5. 117
In contrast, the growth model developed by Rempel and Hänseler predicts a much
weaker dependence of particle volume on the precursor conversion rate constant with
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tP values from 0.1-0.3. 121;122
Early experimental studies on nucleation processes of silver halide particles by
Sugimoto have confirmed the hypothesized correlation between particle size and precursor conversion rate. 170;171 For II-VI and IV-VI QDs this relationship has been
further verified in multiple experimental studies (see Figure 2-1). 117;119;146 Results of
the Owen group for example, have shown that by tuning the molecular precursor
identity, a broad size range of PbS and CdS QDs could be synthesized, with maximal
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tunability parameters of 0.7 for PbS and 0.6 for CdS. 148
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Figure 2-1: Dependence of QD Volume on Precursor Reactivity. The normalized QD volume is plotted as a function of the normalized rate constant knorm for various systems. Values for CdS and PbS QDs were obtained by the Owen group, 148 theoretical values derived from models developed by the Bawendi and Jensen groups, 121;122
and the Hens group. 117 (Adapted from Ref. 168 )
Based on the theoretical predictions and experimental results for II-VI and IV-VI
QDs, Harris and Bawendi previously hypothesized that less reactive group-V precursors could be used to synthesize III-V QDs with a broader range of sizes and narrower
size distributions. 141 In addition to a higher degree of synthetic control, less reactive
precursors are generally desirable due to increased safety and are therefore easier to
scale. In their study, Harris and Bawendi replaced the silicon atoms in the most commonly employed arsenic precursor tris(trimethylsilyl)arsine, (TMSi)3 As, with germanium atoms, to yield the less reactive tris(trimethylgermyl)arsine, (TMGe)3 As. As
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predicted, the slower precursor reactivity led to a slightly improved size distribution. Particle size, however, remained unchanged. Yet, for the use of the phosphorus analogue, tris(trimethylgermyl)phosphine, (TMGe)3 P, no improvement in control
over the size distribution was obtained. In agreement with the studies of Joung et
al. 143 and Gary et al., 142 who investigated tris(tert-butyldimethylsilyl)phosphine and
triarylsilylphosphines as possible phosphorus precursor candidates, the use of less
reactive phosphorus precursors was found to slightly increase particle size while simultaneously broadening the size distribution. Because the precursor conversion rate
constants for (TMGe)3 V (V = P, As) were roughly only one order of magnitude slower
than for the original (TMSi)3 V, we hypothesized the need for an even slower precursor
conversion rate. In this chapter, we thus present a library of arsenic and phosphorus
precursors that allowed us to systematically examine the correlation between precursor reactivity and particle size and size distribution for III-V QDs and to compare
our findings to other QD systems and the theoretical growth models discussed above.

2.3
2.3.1

Methods
Precursor Synthesis

Group-V Precursors. Our precursor library was synthesized following two di↵erent
protocols: In the first approach, originally described by Wells et al., an alkylsilyl chloride or alkylgermyl chloride (e.g. (TMGe)Cl) is reacted with (Na/K)3 (V) to yield the
desired precursor (in this example (TMGe)3 V). 172 To obtain (Na/K)3 (V), the groupV element (elemental arsenic or red phosphorus) is dispersed in dry dimethoxyethane
(DME) and reduced using an excess of sodium potassium alloy (Na/K). Upon addition of the alkylsilyl chloride, sodium and potassium chloride are formed as insoluble byproducts which drives the reaction to completion and simultaneously enables
straightfoward separation from the liquid main product. After filtration, the product
is purified via high-vacuum distillation.
3 (N a/K) + V ! (N a/K)3 V
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(N a/K)3 V + 3 (T M Ge)Cl ! (T M Ge)3 V + 3 (N a/K)Cl
A reader familiar with the joys of group-V chemistry and pyrophoric, liquid metals
will realize that this reaction involves a variety of highly reactive and toxic substances.
This requires the synthetic chemist to take great care, especially when the reaction is
carried out on large scales. To reduce risks, we recommend to make yourself familiar
with air-free synthesis procedures and appropriate safety equipment (e.g. wearing
flame-retardant lab coats and having Met-L-X fire extinguishers handy) before carrying out this reaction. In addition, it is advised to employ glassware that was specifically designed for this reaction. 172 Abiding these guidelines, this synthesis has proven
quite robust and has yielded group-V precursors on large scales with high yields. Following Wells’ reaction scheme, we obtained (TMSi)3 As, tris(isopropyldimethylsilyl)phosphine, (iPrDMSi)3 P, and tris(isopropyldimethylsilyl)arsine, (iPrDMSi)3 As. Because (TMSi)3 As was not only used as a QD precursor but also a starting reagent
for the synthesis of other group-V precursors via the exchange route (see below), we
synthesized the compound on a ⇠30 g scale. (iPrDMSi)3 P and (iPrDMSi)3 As in contrast, were synthesized on a ⇠5 g scale. Because (TMSi)3 P is commercially available
at reasonable cost, we decided to forego the synthesis of this compound.
The second synthetic approach toward novel group-V precursors is based on an
exchange reaction that takes place upon mixing an existing tris(alkylsilyl)-group-V
precursor (in our case (TMSi)3 V) with an alkylgermyl chloride. 141;173 Because alkylsilyl chlorides (e.g. (TMSi)Cl, BP: 57 °C) commonly exhibit lower boiling points than
their corresponding alkylgermyl chloride (e.g. (TMGe)Cl), the reaction equilibrium
can – according to the law of mass action – be pushed toward the production of
the tris(alkylgermyl)-group-V compound by removing the volatile alkylsilyl chloride
via supply of heat. Upon complete conversion, residual alkylgermyl chloride can be
removed via application of vacuum. Subsequently, the remaining raw product to be
purified via high-vacuum distillation.
(T M Si)3 V + 3 (T M Ge)Cl ⌦ (T M Ge)3 V + 3 (T M Si)Cl
Following this method, we synthesized (TMGe)3 P and (TMGe)3 As, 141 as well
65

as two novel precursors, tris(triethylgermyl)phosphine, (TEGe)3 P, and tris(triethylgermyl)arsine, (TEGe)3 As. Unfortunately, we were unsuccessful in obtaining tris(tributylsilyl)arsine, tris(tert-butyldimethylsilyl)arsine, or tris(ethyldimethylsilyl)arsine
using the exchange method. This points toward a shortcoming of this approach with
regards to the use of alkylsilyl chlorides that either exhibit bulky groups or low boiling
points. In contrast, the NaK route o↵ers a more robust and versatile approach. Yet,
considering the time to complete the reaction (⇠ 4 days) and the involvement of
NaK, the exchange reaction method o↵ers a viable alternative to synthesize smaller
quantities (< 3 g) of group-V precursors within a few hours. For a more detailed
description of the synthetic procedures, reaction conditions, and characterization of all
synthesized precursors, the reader may be referred to the original publication. 168 Table
2.1 summarizes synthesis routes used to obtain four existing group-V precuorsors as
well as four novel precursors. This precursor library thus marks a significant expansion
for the repertoire of available group-V precursors and enables us to quantify the
influence of precursor reactivity on the size and size distribution of the resulting
III-V QD sample.
Table 2.1: Summary of Synthesized Group-V Precursors.
Precursor
(TMSi)3 P
(TMSi)3 As
(iPrDMSi)3 P
(iPrDMSi)3 As
(TMGe)3 P
(TMGe)3 As
(TEGe)3 P
(TEGe)3 As

Method Yield [%]
purchased
NaK
48
NaK
67
NaK
45
Exchange
87
Exchange
64
Exchange
57
Exchange
53

Group-III Precursors. Indium myristate (InMy3 ) has been prepared and characterized following the instructions of Harris et al. 141 Briefly, indium (III) acetate
(InAc3 ) and four equivalents of myristic acid were dissolved in 1-octadecene (ODE)
and the mixture was degassed under vacuum at 110 °C for at least 2 hours. Upon
cooling, InMy3 precipitates from solution and residual myristic acid molecules can
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be removed from the powder through repeated washing with hexanes. Ultimately,
the powder is dried under vacuum for multiple hours, ideally overnight. To confirm
the complete removal of myristic acid, both Fourier-transform infrared spectroscopy
(FTIR) and 1 H-nuclear magnetic resonance (NMR) can be used. 167;168
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Figure 2-2: Characterization of InMy3 by FTIR Spectroscopy. Pictured are
the transmission IR spectra of InMy3 (red) and myristic acid (purple). A clear shift of
the C=O vibrational mode indicates that free myristic acid has largely been removed
from the InMy3 powder. (Adapted from Ref. 168 )
Whereas the remaining concentration of free acid can be measured relatively accurately, the determination of the amount of water contamination remains more challenging and is usually carried out via dissolving InMy3 in dry solvents and performing
Karl Fischer titrations. Because indium carboxylate powders are prone to both enclosing water molecules and to be hydrolyzed in the presence of water, the degree of
water contamination can change significantly over time. 174 This becomes important
in the context of III-V QD synthesis, as Xie et al. have recently reported that even
the presence of trace amounts of water has a significant impact on the growth of
InP QDs. 175 Therefore, it is important that any quantitative comparison of precursor
conversion kinetics employs the same batch of indium carboxylate precursors. It is
advised to generate an InMy3 stock solution large enough to cover all relevant experiments and to store said solution in dried solvents under inert conditions. In case
one seeks to reduce water contamination of InMy3 powder to a minumum, we suggest
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synthesizing InMy3 from trimethylindium and myristic acid as described by Lindel et
al. 174

2.3.2

UV-Vis Absorbance Spectroscopy

To extract precursor conversion rates, we assumed that the conversion of a given
molecular group-V precursor is directly linked to the formation of III-V QD material. 119;141;142 More precisely, this assumption produces a lower boundary for precursor
conversion or an “e↵ective conversion rate”, because the model does not consider the
formation of any potential intermediate species between precursor conversion and
QD formation. This approximation has the advantage that the formation of QDs
can easily be quantified via in situ absorbance spectroscopy, because absorption at
UV wavelengths scales with the amount of QD material in solution. 176 Thus, the rate
for the rise of absorbance at short wavelengths at the beginning of a reaction can be
considered proportional to the precursor conversion rate.
In practice, we quantified precursor conversion by injecting a group-V precursor
solution into an InMy3 precursor solution at elevated temperatures and recording the
rise of absorbance using a dip probe (Ocean Optics T300 Vis-NIR) in combination
with a white light source (Micropack DH2000 deuterium lamp) and a fiber optics
spectrometer (Ocean Optics QD6500). 141
For the phosphorus precursors, a stock solution of 7.5 mmoles InMy3 in 110 mL
ODE and 40 mL trioctylphosphine (TOP) was prepared. 24 mL of the solution were
filtered, degassed, and then heated to 130°C under argon. After 10 minutes, 50 mL of
a 60 mM phosphorus precursor solution in toluene were injected into the InMy3 solution. The rise of absorbance was recorded at multiple wavelengths and background
corrected by subtracting the absorbance at 700 nm. The initial rise of absorbance
at 275 nm was fit using a biexponential function. For every precursor a decay of
absorbance at longer timescales was detected, implying that the formed nanostructures are not stable under the given conditions. Additionally, we observed strong,
but reproducible, discrepancies in the total rise of absorbance upon injecting equal
amounts of di↵erent precursors: The maximal rise of absorbance for the injection of
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(TMGe)3 P for example, was more than twice as large as for the injection of (TMSi)3 P.
The reason for these discrepancies are not fully understood, but we believe this to
correlate with a partial conversion of phosphorus precursors either into primary or
secondary phosphines as observed by Gary et al. 177 or into small cluster intermediate
as observed by Xie et al. 178
As the arsenic precursors are more reactive than their phosphorus counterparts,
the initial rise of the absorbance upon mixing of indium and arsenic precursors occurred on time scales too fast to be observed under identical conditions. We thus
adopted the protocol described for the phosphorus precursors by employing a 4.3
mM InMy3 , 0.61 M TOP stock solution in ODE and injecting 100 mL of a 25 mM arsenic precursor solution in TOP. The initial rise of absorbance at 300 nm was fit using
a biexponential function or a combination of a biexponential and linear function. In
contrast to the phosphorus precursors experiments, we observed that the absorbance
converged against a constant value shortly after the injection of the arsenic precursor
into the InMy3 solution. This allowed for the injection of multiple precursors into one
InMy3 solution. In agreement with previous investigations we found that the order
of injections did not change the obtained time constants. 141
The results are displayed in Figure 2-4 and 2-5. For more experimental details
the reader is referred to the original publication. 168

2.3.3

Microfluidic Reactors

For a rapid screening of the impact of mixing and growth temperatures on the size
and size distribution of QD samples, we employed a two-stage microfluidic reactor. 141
The precursors were dissolved in stock solutions and mixed during the first stage at
a given mixing temperature. The usually moderate temperature of the first stage
was then increased to the final growth temperature in the second reactor stage. For
the optimization reactions, a 60 mM InMy3 solution and a 20 mM solution of the
arsenic precursors were prepared in octane. For screening of phosphorus precursors,
the concentration of the InMy3 solution was decreased to 40 mM. Under the employed
reaction conditions, the solvent is supercritical allowing for a high solubility and a
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fast heat transfer. The mixing time (first stage) was set to 2 minutes, while the aging
time (second stage) was twice as long. In a systematic study, we varied a) the growth
temperature from 170-320 °C (with a fixed mixing temperature of 130 °C) and b) the
mixing temperature from 130-170 °C (with a fixed growth temperature of 320 °C) for
the use of (TMSi)3 V, (TEGe)3 V and (iPrDMSi)3 V as group-V precursors.

2.4
2.4.1

Results
Characterization of Precursor Reactivity

For a quantitative comparison of the established and the novel compounds in our
group-V precursor library (see Figure 2-3), we employed in situ absorbance spectroscopy. Our measurements reveal a strong variance in precursor reactivity (Figures
2-4 and 2-5), indicating that the slowest phosphorus and arsenic precursor convert
about 37 times and more than three orders of magnitude slower than the respective
(TMSi)3 V precursors.
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Figure 2-3: Group-V Precursor Library. Molecular structures of the established
(TMSi)3 V and (TMGe)3 V precursors, as well as of the novel compounds, (TEGe)3 V
and (iPrDMSi)3 V.
In contrast to Harris’ and Bawendi’s work 141 and recent reports of the Owen
group, 148 not all conversion rates could be fit with monoexponential functions. Origi70

nally, we hypothesized that this behavior could be attributed to a secondary ripening
process that happens on similar timescales as precursor conversion, a precursor conversion rate that is a function of the QD population, or absorbance cross-sections that
do not scale with QD volume. However, given our recent insights into the formation
and persistence of small cluster intermediates throughout QD growth (see Chapter
4), it is also plausible that the observed multi-expontential precursor conversion rates
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Figure 2-4: Reactivity of Phosphorus Precursors. Extraction of rate constants
for precursor conversion employing in situ UV-Vis absorption spectroscopy. The
rise of absorbance upon mixing a group-V precursor with InMy3 is indicative of QD
formation. Rate constants for the phosphorus precursors were obtained by fitting
the rise of absorbance with a biexponential function (Absorbance = A1 (1-et/⌧1 ) +
A2 (1-et/⌧2 ) +y0 ). (Adapted from Ref. 168 )
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Figure 2-5: Reactivity of Arsenic Precursors. Extraction of rate constants for
precursor conversion employing in situ UV-Vis absorption spectroscopy. The rise
of absorbance upon mixing a group-V precursor with InMy3 is indicative of QD
formation. Due to a higher reactivity of the arsenic precursors, lower concentrations
were used and the kinetics were fit using a monoexponential (Absorbance = A1 (1et/⌧1 )+y0 ) or a combination of exponential and linear functions (Absorbance = A1 (1et/⌧1 ) + A2 (t/⌧2 ) + y0 ). (Adapted from Ref. 168 )
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2.4.2

Probing the Influence of Precursor Reactivity on Quantum Dot Growth

After having characterized the precursor conversion rate constants for all compounds
in our group-V precursor library, we proceeded to investigate how precursor reactivitiy
would impact QD size and size distribution for the growth of III-V QDs. For a direct
comparison, all syntheses were performed under identical conditions adopting a twostep heat-up synthesis: 1 mL of a 0.15 M group-V precursor solution in TOP was
injected into 20 mL of a 75 mM InMy3 solution in ODE at 130 °C. After 4 minutes, the
reaction temperature was increased to 220 °C and QD growth was allowed to proceed
for another 16 minutes. Figure 2-6 shows that under these conditions all precursors
were able to produce QD samples. Yet for the use of the two novel precursors,
(TEGe)3 V and (iPrDMSi)3 V, the absorption features were found to be less defined.
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Figure 2-6: QD Growth from Precursor Library. Exemplary absorption spectra
of A InP and B InAs QDs synthesized using a mixing temperature of 130°C and a
growth temperature of 220 °C. Absorption spectra qualitatively demonstrate di↵erences in size and size distribution. Respective PL spectra of the C InP and D InAs
QDs after 20 minutes reaction time. (Adapted from Ref. 168 )
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Based on these results, Figure 2-7 shows the correlation between precursor conversion rates and particle size and size distribution. While for InP QDs a slower
precursor conversion rate results in broader size distributions, here estimated by the
full-width-at-half-maximum (FWHM) of the PL peak, there is no clear correlation
for InAs QDs. In contrast to our previous observation for the use of (TMGe)3 As
over (TMSi)3 As, 141 the even slower precursor conversion rates of our novel arsenic
precursors do not further improve QD size distributions. Possible explanations for
these observations could be di↵erent reaction pathways of the various precursors with
small amounts of impurities such as water or acids 177 or a possible influence of the
byproducts of precursor conversion (such as TMGe-myristate) on QD growth.
In addition to their inability to systematically enhance size distributions, groupV precursor conversion rates also exhibit an unexpectedly low size tuning potential.
Our results thus show a significant deviation of III-V QD synthesis from the findings
of kinetic growth models and experimental results for II-VI and IV-VI QDs. 117;121;122
While we were able to tune precursor conversion rate constants for InAs QDs over
almost three orders of magnitude, almost no shift in particle size was observed (maximal tP = 0.1). For the growth of InP QDs, however, we found a clear dependence
of nanoparticle volume on precursor reactivity, with a maximal tunability parameter
of 0.8, corresponding to a shift in PL wavelength of around 60 nm. While the use
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of less reactive phosphorus precursors resulted in larger particles, the samples were
characterized by broad size distributions, thus rendering precursor conversion rate a
dramatically less powerful tool than anticipated for both III-V systems. The dependence of particle volume on precursor conversion rate is summarized in Figure 2-8
and 2-9 for InP, InAs, CdS, and PbS QDs and compared to the predictions from the
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Figure 2-8: Unexpected Influence of III-V QD Precursor Reactivity. Dependence of the normalized QD volume on normalized rate constant knorm . While the
sizes of II-VI and IV-VI compounds are highly sensitive toward precursor reactivity,
InP QDs are much less a↵ected by group-V precursor reactivity. InAs QDs seem to
be invariant toward precursors reactivity within the realm of the investigated reaction
parameters. (Adapted from Ref. 168 )
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Figure 2-9: Tunability Parameters. tp was calculated for a variety of QD systems.
Theoretical models predict maximal tunability parameters between 0.3 to 1.5. Recent
results from other groups have shown that II-VI and IV-VI QD compounds such as
CdS, PbS QDs fall well within this range. 148 In contrast, InAs QD synthesis remains
mostly invariant toward precursor conversion rates. (Adapted from Ref. 168 )
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2.4.3

Optimizing Synthesis using Microfluidic Reactors

To verify that these results hold true at di↵erent reaction conditions and to eliminate
batch-to-batch variations due to variations in reagent quantities, injection rates, or
mass or heat transport, we used a microfluidic reactor that allows a fast screening of
reaction conditions in continuous flow. 141 Our microfluidic reactors are based on a twostage, steady-state heating system that mimics the behavior of our batch synthesis,
allowing for separate control of mixing and growth temperature.
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Figure 2-10: Optimization of InP QD Synthesis using Microfluidic Reactors.
Growth conditions for the use of the novel precursors were optimized using two-stage
microfluidic reactors. Top The initial mixing temperature was set to 130 °C while
the growth temperature was varied between 170 °C and 320 °C. Bottom The growth
temperature was set to 320 °C, while the mixing temperature was varied between 130
°C and 170 °C. Variations in the mixing temperature seem to have comparatively less
impact than changes in the growth temperature. (Adapted from Ref. 168 )
We compared the novel precursors (TEG)3 V and (iPrDMSi)3 P to the commonly
employed (TMSi)3 V. Figure 2-10 and 2-11 show that the final absorption spectrum
of InP QDs exhibits sharper features at higher growth temperatures, while InAs QDs
seems to favor intermediate growth temperatures around 220-270 °C. Both systems
were found to be rather invariant to changes in mixing temperature. Since the mixing
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temperature directly a↵ects precursor conversion rates, this invariance is another
strong indicator for their minor role during III-V QD synthesis, suggesting growth
mostly to be governed by secondary ripening processes. Because di↵erent mixing and
growth temperatures did not improve the synthesis of both systems beyond what
was already possible, the general conclustions based on the batch reactions discussed
above remain unchanged.
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Figure 2-11: Optimization of InAs QD Synthesis using Microfluidic Reactors. Growth conditions for the use of the novel precursors were optimized using
two-stage microfluidic reactors. Top The initial mixing temperature was set to 130
°C while the growth temperature was varied between 170 °C and 320 °C. Bottom
The growth temperature was set to 320 °C, while the mixing temperature was varied
between 130 °C and 170 °C. Similar to InP QD growth behavior, the temperature
in the growth stage of the reaction has a more drastic influence on QD size and size
distribution. (Adapted from Ref. 168 )

2.5

Conclusions

Whereas experimental and theoretical work suggested that adjusting group-V precursor chemistry could be a suitable tool to overcome the current challenges of III-V QD
synthesis, 141;142 our study indicates that tuning precursor conversion rates via precur77

sor chemistry has a dramatically weaker potential to improve particle size tunability
while maintaining narrow size distributions. The screening of reaction conditions with
our continuous flow system suggests that secondary ripening or growth processes govern III-V QD growth and therefore reduce the influence of the precursor conversion
rate. Although we employed group-V precursors that span two to three orders of magnitude in reactivity, the e↵ect on particle size was negligible for InAs QDs. While InP
QDs exhibit a precursor reactivity-dependent particle size, QD samples with larger
sizes are characterized by broader size distributions.
In addition, we showed that less reactive phosphorus precursors require higher
reaction temperatures to produce well-defined absorption features and thus equally
narrow size distributions – a trend which has also been observed for other QD systems. 77;179 Consequently, the synthesis of InP QDs faces the dilemma of desiring less
reactive precursors to extend size tunability while requiring higher temperatures to
achieve a distinct nucleation event and prolonged size focusing.
The observed deviations from the growth kinetics of other QD systems have
pointed us toward the need for new, more predicative models for the formation and
growth of III-V QDs. We address this need by investigating the role of small III-V
clusters as growth intermediates in Chapter 4, and by expanding on the non-classical
growth model developed by Rempel and Hänseler in Chapter 5. 121;122 However in
Chapter 3, we will first demonstrate how III-V QD syntheses can be conducted in
a prolonged size focusing regime by controlling the kinetics of precursor conversion
throughout di↵erent stages of the reaction using a syringe pump that mechanically
limits precursor supply.
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Chapter 3
Continuous Injection Synthesis of
InAs Quantum Dots

3.1

Contributions

Daniel Harris pioneered the early continuous injection synthesis of InAs QDs 39 and
found that broad PL linewidths of InAs QDs were caused by shape inhomogeneity.
While Daniel’s results were first published in his Ph.D. thesis, they were also included
in our joint paper and will therefore be included here for completion. Discussions with
Daniel were further invaluable help for unraveling the growth mechanisms of InAs
QDs. Similarly, Ou Chen’s advice on shell syntheses has proven once more that he
posseses an insane amount of knowledge regarding nanocrystal chemistry. Matthias
Ginterseder was a tremendous help and conducted most of the actual lab work for
refining the tris(dimethylamino)arsine-based continuous injection synthesis that I proposed for his M.Sc. thesis. Parts of the here presented results were published earlier
in Daniel Harris’ Ph.D. thesis, 151 Matthias Ginterseder’s M.Sc. thesis, 180 as well as
in the journals Nature Communications 11 and Nature Biomedical Engineering. 62
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3.2

Introduction and Background

In the previous chapter we discussed how changes in group-V precursor reactivity play
an unexpectedly minor role in the growth of III-V QDs and therefore do not enable the
synthesis of large InAs QDs. 168 However, because controlling precursor conversion kinetics have been proven to be a powerful tool to control QD growth kinetics, 117;148;181
we investigated other possibilities to adjust QD size and size distribution via controlling precursor conversion kinetics. Fortunately, the rate of precursor conversion is not
only a function of the precursor reactivity – manifested in the precursor conversion
rate constant k – but also of the time-dependent precursor concentration profiles in
solution. Following this rationale, we will use this chapter to examine to what extent
controlling the concentration of the arsenic precursor at various stages of QD growth
can improve the synthesis of InAs QDs.

˙ =
[As]

k [As]↵ [In]

(3.1)

Our approach follows the basic idea that in order for a precursor to be converted,
the precursor needs to be present in solution. Thus, if the time scale for precursor
supply is much slower than the time scale for precursor conversion, the precursor
supply becomes the rate limiting step, e↵ectively slowing down precursor conversion.
Given that precursor supply can be arbitrarily slowed down using syringe pumps and
microfluidic cannulas, this approach allows to e↵ectively and accurately decrease precursor conversion rates, even for the usage of highly-reactive group-V precursors and
high reaction temperatures. Inspired by the continuous injection synthesis of Cd3 As2
QDs, 39 , we will here discuss whether similar synthetic strategies can be translated to
the growth of large, high-quality InAs QDs.
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3.3
3.3.1

Methods
Core Synthesis

Standard Continuous Injection Synthesis. InAc3 (1 mmoles) and oleic acid (4
mmoles) were mixed in ODE (5 ml) and degassed at room temperature for 30 minutes
to yield a pressure of less than 10 mtorr. While optimizing this synthesis route, we
found that the reaction is quite sensitive to this degassing step and that the best
results are obtained after long and thorough degassing. The mixture was heated to
115 °C for another 60 minutes, during which a clear solution was formed. The atmosphere was switched to nitrogen and the temperature increased to 295 °C. In a
glovebox (TMGe)3 As (0.05 mmoles) was dissolved in TOP (1 ml) and subsequently
injected into the solution to induce nucleation. After 10 minutes of reaction time,
(TMGe)3 As (0.42 mmoles) in ODE (2.5 ml) was slowly injected into the solution
using a syringe pump and a cannula connecting syringe and flask through a septum.
For an optimal reaction it is important to fully immerse the injection cannula into the
growth solution without perturbing the stirring bar. The injection speed was set to
0.15 ml/h and the reaction was run for another 900 minutes. The heat was removed
and the growth solution was transferred to a glovebox. QDs were precipitated from
the growth solution using a mixture of 1-butanol and methanol and centrifuged for 3
minutes at 3800 rpm. QDs were redispersed in hexanes and the process was repeated
one more time.
Synthesis of InAs QDs from (TMSi)3 As. The synthesis of InAs QDs from
(TMSi)3 As was adapted from the continuous injection synthesis described above. 1
mmole InAc3 was added to 4 mmoles oleic acid and 5 mL ODE and the dispersion
was degassed at 115 °C under vacuum to form indium oleate (InOl3 ). The reaction atmosphere was switched to nitrogen and heated to 295 °C. Subsequently, 0.05 mmoles
of (TMSi)3 As in 1 mL TOP were injected. After 10 minutes, a continuous injection
of a 0.168 M solution of (TMSi)3 As in ODE was started. The injection speed was
set to 2 ml/h for the first 30 minutes and then switched to 0.15 ml/h for another
480 minutes, such that the final amount of arsenic precursor injected into solution
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equaled 0.30 mmoles. During the reaction, the formation of small amounts of metallic solid on the side of the flask was noted and the growth solution turned slightly
turbid. The resulting aliquots after the injection of 0.238 mmoles arsenic precursor
were thus filtered (200 nm syringe filter) before the PL spectrum was measured. We
attribute the formation of precipitate to a decomposition reaction of (TMSi)3 As at
these elevated temperatures.
Synthesis of InAs QDs from (iPrDMSi)3 As. The synthesis of InAs QDs from
(iPrDMSi)3 As was adapted from the continuous injection synthesis described above.
1 mmole InAc3 was added to 4 mmoles oleic acid and 5 mL ODE and the dispersion was degassed at 115°C under vacuum to form InOl3 . The reaction atmosphere was switched to nitrogen and heated to 295°C. Subsequently, 0.05 mmoles of
(iPrDMSi)3 As in 1 mL TOP were injected. After 10 minutes a continuous injection
of a 0.168 M solution of (iPrDMSi)3 As in ODE was started. The injection speed was
set to 2 ml/h for the first 20 minutes and then switched to 0.15 ml/h for another
575 minutes, such that the final amount of arsenic precursor injected into solution
equaled 0.40 mmoles.
Synthesis of InAs QDs from (DMAm)3 As. A flask containing InCl3 (132 mg),
oleylamine (7.2 mL) and TOP (0.3 mL) was degassed at 100°C for one hour and then
heated to 260°C under inert atmosphere. In the meantime, 2.4 mL oleylamine were
heated to 50 °C in the glovebox and mixed with 225 µL tris(dimethylamino)arsine,
(DMAm)3 As. After the bubbling had stopped, 0.3 mL of the resulting solution were
injected into the InCl3 solution along with 0.3 mL of diisobutylaluminum hydride
(DIBAL-H, 25 wt%) using two separate syringes. Subsequently, the temperature was
lowered to 240 °C. 10 minutes after the initial injection, additional 0.4 mL of both
the arsenic precursor solution and DIBAL-H were added over a period of 80 minutes
using a syringe pump. After all precursor had been added, the solution was annealed
at 260 °C for 90 minutes. After cooling to 60 °C, 1 g of myristic acid was added to
the solution and allowed to react for one hour. Ultimately, the resulting mixture was
purified in a glovebox using multiple precipitation and redispersion cycles.

82

3.3.2

Shell Synthesis

Shell Precursors Stock Solutions. A 0.2 M solution of cadmium oleate (CdOl2 )
was obtained by mixing CdO (8 mmoles) with oleic acid (64 mmoles). The solution
was degassed at room temperature for 1 h, and then degassed at 100 °C for another 2
h. The atmosphere was switched to nitrogen and heated to 200 °C until the solution
turned clear. Subsequently, ODE (20 ml) was added to the solution. A 0.1 M solution
of zinc oleate (ZnOl2 ) was obtained following the same procedure while substituting
CdO for ZnO and adding additional 20 ml of oleylamine to the solution. A 0.2 M
solution of TOPSe was obtained by mixing Se (4 mmoles), TOP (4 ml) and ODE (16
ml) inside a glovebox and sonicating the resulting solution for 30 minutes. A 0.045
M solution of sulfur in ODE was obtained by mixing sulfur (58 mg) in ODE (40 ml)
and heating the solution under vacuum at 110 °C for 2 h.
CSS QD Synthesis. InAs QDs were synthesized and purified as described above.
The diameter and the concentration of the synthesized particles in solution was determined using a sizing curve. 43 Based on QD size and concentration, a rough estimate
of shell precursor material that is necessary to grow a certain amount of shell monolayers was calculated. 40 The shell growth process was monitored by taking frequent
aliquots and measuring absorption and fluorescence spectra, as well as QY. In a typical reaction, purified InAs QDs (96 nmoles, diameter of 4.7 nm, PL peak at 1039
nm) in hexanes were transferred to a mixture of ODE (3 ml) and oleylamine (3 ml)
in a four neck flask. The solvent mixture was previously degassed at 115 °C for at
least 1 h. The solution was switched to vacuum for 30 minutes at room temperature
and another 10 minutes at 110 °C. Similar to the InAs QD core synthesis, it was
found that the reaction yields optimal results after thorough degassing in this step.
Subsequently, the solution was heated to 280 °C for the shell growth. As soon as
the mixture reached 240 °C, shell precursor injection was started using 0.05 M shell
precursor solutions in ODE. CdOl2 (111 mmoles) and TOPSe (111 mmoles) were
added over the course of 67 minutes (injection speed 2 ml/h). InAsCdSe CS QDs
were purified using acetone and methanol as non-solvents and stored in hexanes. In
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contrast to bare InAs QD cores, the InAsCdSe core-shell QDs were not transferred
to a glovebox but stored in air. The size was measured to be 5.1 nm (transmission
electron microscopy, TEM) and the QDs exhibited a PL peak at 1296 nm. The resulting InAsCdSe (roughly 86 nmoles, 10% loss through aliquots and purification) were
redispersed in ODE (3 ml) and oleylamine (3 ml), and degassed at room temperature
for 30 minutes and at 100 °C for 10 minutes. To this solution 3 ml of a 0.05 M CdOl2
and 3 ml of a 0.045 M sulfur solution in ODE were added within 1 h at a temperature
of 240 °C . The final QD diameter was determined to be 6.9 nm (TEM) with a PL
peak at 1307 nm.

3.3.3

Phase Transfer

QDs were transferred into aqueous solution by adapting a previously reported procedure. 62;182 Briefly, QDs (1–2 mg) were mixed with 18:1 PEG2000 PE (1,2-dioleoyl-snglycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]) (ammonium
salt) (25-50 mg, 1:25 ratio, Avanti Polar Lipids; Cat. No 880130) in chloroform. The
mixture was sonicated for 15 minutes and the solvent was removed under nitrogen
flow. Any residual solvent was removed by drying the sample under vacuum for 5-15
minutes. The dry sample was then redispersed in saline solution to obtain a 1 mg/ml
solution. To assure complete dispersion of particles, the sample was sonicated for 15
minutes, before it was filtered through a 200 nm syringe filter (Life Sciences, Aerodisc,
0.2 µm HT Tu↵ryn).

3.3.4

Optical Characterization

PL Spectroscopy. All samples were excited with a 532 nm diode laser, and emission was collected using a pair of gold-coated o↵-axis parabolic mirrors, and directed
to a single-grating spectrometer (Acton; Spectra Pro 300i). Samples emitting between 700-1100 nm were measured on a thinned InGaAs point detector (Thorlabs,
DET10N). Samples emitting past 1400 nm were measured using a liquid nitrogen
cooled InAs point detector (Hamamatsu, P7163). Samples with emission peaks be84

tween 1000-1400 nm were measured using a liquid nitrogen cooled InGaAs line camera
(Princeton Instruments; OMA V, 512 x 1 pixels).
PL Quantum Yield. QY measurements were performed using an integrating sphere
(Labsphere RTC-060-SF). The sample was illuminated using a 785 nm diode laser
with an excitation power of 25 mW that was chopped at 210 Hz. The output was
collected using a calibrated germanium detector (Newport: 818-IR) through a Stanford Research Systems lock-in amplifying system. A colored glass longpass (LP) filter
(Schott Glass RG800 or RG850) was used to block the excitation beam. The sample
was placed in a polytetrafluoroethylene (PTFE) capped quartz cuvette and a solvent
blank was used to ensure a consistent environment inside the integrating sphere. The
measured photocurrent was adjusted to account for the external quantum efficiency
of the detector when calculating the QY. Finally, the measured QY was corrected to
account for leakage of the excitation light and the transmittance of the filter.
PL Lifetimes. To measure PL dynamics by time-correlated single-photon counting,
samples (solutions in glass vials) were excited by a train of 532 nm, ⇠80 ps-duration
pulses at a repetition rate of 500 kHz generated by a laser diode (PicoQuant; LDHP-FA-530B). The 2 ms waiting time between pulses ensured that the delayed fluorescence decayed below the noise floor of the detector (<10

3

of the peak signal

under these conditions). The pump was attenuated to yield 10 – 100 nW of average
excitation power, to ensure a stop rate of ⇠5%, and focused to a ⇠200 mm diameter excitation spot at the sample. Under these low-fluence excitation conditions,
the PL decay dynamics are independent of excitation intensity. The emission from
the samples was collected and imaged onto an InGaAs/InP single-photon counting
avalanche photodiode (Micro Photon Devices; $IR-DH-025-C), fitted with a long-pass
filter (Chroma Technology Corp.; EP900LP) to suppress the scattered photons from
the visible pump. The detector was operated asynchronously from the laser source,
with a 2 MHz gate frequency and a 90% duty cycle. Using a PicoQuant PicoHarp
and standard software, a decay trace histogram was generated by correlating the
times of detection events with the proximal trigger from the pump laser. The time
resolution/instrument response, judged from the onset of the response to the impul85

sive excitation, was ⇠300 ps. Accordingly, the measured data are presented without
deconvolution, as their most rapid dynamics are more than an order of magnitude
slower than the instrument response.
Transmission Electron Microscopy (TEM) Images. All TEM images were acquired on a JOEL 2010 Advanced High Performance TEM operating at 200 KV with
a lanthanum hexaboride cathode. TEM samples were prepared by drop casting a
purified solution of QDs from hexanes onto a 400 mesh copper grid with a carbon
film (Ted Pella). ImageJ was employed to extract size distributions. The images were
Fourier transformed using the built-in ‘Bandpass Filter’ option. The threshold was
adjusted to match the QD dimension and the average QD 2D projection area in the
TEM was measured. Assuming a spherical shape, the extracted QD diameter was
used to estimate crystal volume.

3.4
3.4.1

Results
Continuous Injection Synthesis

Figure 3-1 shows a typical hot-injection synthesis of InAs QDs, using (TMGe)3 As
and an excess of indium carboxylates as precursors. 141 Due to the high reactivity of
(TMGe)3 As, the arsenic precursor is rapidly consumed upon mixing and, following
nucleation, QD size barely changes over the remaining course of the reaction, as
indicated by the minimal shift of the PL peak wavelength (<100 nm, Figure 3-1C).
Additionally, if the reaction is left in this state for an extended period of time, a
strong broadening of the size distribution is observed, here reflected by the increase
of the FWHM of the PL peak. This is evidence for the onset of Ostwald ripening,
which increases the mean particle size through interparticle interactions. 107
In our new approach, we employ only ⇠10% of the total amount of arsenic precursor used for the reaction depicted in Figure 3-1 to induce a nucleation event and supply
the residual amount slowly via a syringe pump. Because the time scale for precursor
reactivity is much faster than the precursor addition rate, the precursor conversion
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Figure 3-1: Growth Mechanisms for InAs QDs - Single Injection. A Schematic
representation of the temporal evolution of precursor concentration during a typical
hot-injection synthesis of InAs QDs. B-C Because a single injection supplies all
precursor material at the beginning of the reaction, growth is primarily dominated
by interparticle ripening, leading to a small overall growth of nanocrystals that is
correlated with a broadening of the size distribution at long time scales. (Adapted
from Ref. 11 )
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Figure 3-2: Growth Mechanisms for InAs QDs - Continuous Injection. A
Schematic representation of the temporal evolution of precursor concentration during
a combination of single and continuous injection. B-C If a single hot-injection is
followed by a slow, continuous supply of precursor material, the system can be maintained in a prolonged size focusing regime, giving access to large nanocrystals with
narrow size distributions. (Adapted from Ref. 11 )

87

rate and thus QD growth are ultimately limited by the precursor supply. Consequently, this method allows the precursor conversion kinetics to be independently
tuned in the nucleation and growth stages by precisely adjusting the time-dependent
precursor concentration profile via syringe pump. Figure 3-2 shows how this approach
allows the continuous growth of QDs with tunable emission from 700-1200 nm while
maintaining narrow size distributions. Further, we note that the decoupling of the
precursor reactivity and the QD growth kinetics enables the slow growth of QDs from
reactive precursors at high reaction temperatures (295 °C) which is correlated with
improved crystal quality. 138 Figure 3-3 shows the characterization of exemplary QD
samples grown via continuous injection synthesis. These InAs QDs exhibit a high degree of crystallinity and show narrow size distributions with less than 10% standard
deviation.
To probe the extent to which precursor addition rate a↵ects QD growth, we varied
the injection speed of the arsenic precursor, (TMGe)3 As, from 0.15 ml/h to 1 ml/h
to 2 ml/h. Figure 3-4 shows that for all three injection speeds an initial size focusing
is observed. However, for the fastest precursor addition rate the QD size distribution
significantly broadens after about 50% of the reaction time, yielding a bimodal final
size distribution as evident from TEM and two distinct PL peaks. A similar trend
was observed for the sample grown with intermediate precursor injection speed. In
contrast, InAs QD synthesis at the slowest injection speed yields samples with a narrow emission peak at about 1200 nm and a unimodal size distribution. To explain
the reduced synthetic quality at elevated precursor injection rates, we propose that
a high concentration of precursor material in solution may induce continuous and/or
secondary nucleation events that lead to the formation of a smaller subset of InAs
nanocrystals. Whereas previous studies on InAs and CdSe QD growth concluded
that size defocusing primarily occurs due to the absence of precursor material in
solution, 103;107 our results show that elevated precursor concentrations can likewise
cause size broadening during the synthesis of InAs QDs. Accordingly, we hypothesize
that there is an optimal precursor injection rate for the synthesis of InAs QDs where
growth proceeds in a size focusing manner — simultaneously avoiding ripening pro88
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cesses and secondary nucleation events that occur for extreme precursor injections
speeds. Based on the experiments shown in Figure 3-4, we further hypothesized that
the optimal precursor conversion rate varies over the course of the synthesis. Whereas
at the beginning of the reaction, precursor injection speed seems to play a less important role, late-stage growth of larger nanocrystals seems to strongly favor slower
injection speeds.
To investigate the decrease in growth rates for particles with sizes around 45 nm, we compared the particle growth rate with the rate of material added to
the reaction solution. 151 To quantify whether all precursor material added to the
solution is incorporated into existing crystals during the continuous injection synthesis
described in Figure 3-4 (1 ml/h), we employed two measures: By measuring the
absorbance of the solution at short wavelengths we inferred the total amount of InAs
units in the growth solution. 141;151;176 Second, we obtained the QD size from the first
excitonic feature in the absorption spectrum by using a sizing curve generated by Yu
et al. 43 Figure 3-5 shows the progression of QD size and the amount of InAs units
in solution as a function of reaction time. For smaller QDs, particle growth seems to
scale with precursor addition, indicating that all newly added precursor material is
incorporated into existing QDs. In correlation with this stage of QD growth, a size
focusing is observed (see Figure 3-4). However, beginning at 45 minutes we note that
the rate of increase of the QD volume diverges from the rate of material injection,
which is correlated with a strong broadening in QD size distribution. According to
Harris, the most obvious interpretation of this result is that precursor material added
after 45 minutes results in the formation of new particles. 151
Harris further used TEM images of various aliquots to examine the nature of the
broadening of the PL linewidth during QD growth. Figure 3-6 shows that the 10
minute aliquot and the 45 minute aliquot, the point of divergence of precursor addition and QD growth, contain QDs with approximately spherical shapes. However,
for aliquots taken at the late stage of the reaction, Harris found particles with asymmetric shapes that exhibit lobes that do not match the symmetry of the InAs crystal
structure. 151 The average lobe diameter was measured to be approximately 3.5 nm,
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Figure 3-4: Influence of the Precursor Injection Rate on the Extent of Size
Focusing. At early stages of QD growth, size focusing appears invariant to injection
speed. However, at later stages, QD growth slows down and fast injection speeds lead
to a secondary nucleation event, resulting in a bimodal size distribution, as identified
by TEM and two distinct PL peaks (the feature at 1200 nm in the emission spectrum
of the 1 ml/h injection rate originates from solvent reabsorption). Slow injection
speeds, however, are able to maintain the system in a size-focused regime, providing
access to large particles with narrow size distributions. (Adapted from Ref. 11 )
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Figure 3-5: Inhomogeneous Linewidth Broadening and Divergence of QD
Growth. The optical density (OD) at 300 nm is proportional to the total concentration of InAs in the growth solution. QD size is calculated based on the absorbance
peak using a sizing curve. The curves initially overlap quite well, suggesting that
material added to the growth solution is added to existing particles. After about 45
minutes, the particle growth rate appears to slow down and precursor material added
to the growth solution does not seem to be exclusively added to existing particles.
(Adapted from Refs. 11;151 )

while the particles from the 45 minute aliquot exhibit a size of ⇠4.5 nm. Harris
suggested that this indicates a growth trajectory in which larger QDs formed earlier
during the reaction coalesce with smaller particles that are not fully absorbed into
the parent. Therefore, his studies indicated that the size broadening observed during
InAs QD growth at fast injection speeds is governed by shape inhomogeneity.
These observations lead us to hypothesize that the size broadening during latestage growth may result from an excess of converted precursor in the growth solution
and that QD growth slows down as particle size increases. To test this hypothesis, we
demonstrate that the growth of InAs QDs can be reversibly switched between a size
focusing and a size broadening state via gradual adjustment of the precursor injection
speed from fast to slow. As seen in Figure 3-7, size focusing of smaller particles occurs
even at elevated precursor injection speeds which suggests that particle growth is fast
enough to accommodate for high precursor concentrations. However, as soon as
particles reach a size of roughly 4.5 nm, QD growth seems to slow down, and the
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Figure 3-6: Shape Anisotropy of InAs QDs Caused by High Precursor Concentrations during QD Growth. TEM of the A 10 minute aliquot, B the 45
minute aliquot, and C the 140 minute aliquot taken during the growth of InAs QDs
as described in Figure 3-4 (injection speed 1 ml/h). D and E are high resolution
TEM images of the 45 minute and 140 minute aliquots, respectively. (Adapted from
Refs. 11;151 )
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shift of the PL peak with time slows down. Meanwhile, the PL FWHM drastically
increases from 120 to 220 meV. Upon slowing down precursor injection speed to 0.15
ml/h, we note a second onset of QD growth, indicated by an increasing redshift of the
emission peak. Importantly, this growth is accompanied by a narrowing of the PL
FWHM, indicating that slower precursor injection speeds have switched the system
from a size broadening state back into a size focusing growth regime.
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Figure 3-7: Reversible Size Focusing and Defocusing during QD Growth.
Variation of the injection speed during QD growth within a single synthesis underlines
the capabilities of our approach. At the beginning of the reaction, fast injection speeds
correlate with a size focusing regime. Yet, as soon as QD growth slows down – as
indicated by the shift of the PL peak slowly converging with time – size broadening
sets in. A drastic decrease in injection rate, however, can be used to push the system
back into a size focusing growth regime, yielding a second onset of QD growth and a
partial reversion of the occurred size broadening. (Adapted from Ref. 11 )
Together our results reveal that the ideal growth conditions for InAs QDs significantly di↵er for smaller and larger particles. Neither typical hot injection approaches
that focus on the nucleation event and the growth of smaller particles, 41 nor syntheses that employ multiple precursor injections 103;183 are able to maintain the system
in a size focusing growth regime for larger crystals sizes due to unsuitable precursor
concentrations. Our continuous precursors injection synthesis allows us to adjust the
precursor conversion kinetics for the growth of smaller and larger particles separately
and precisely, thus giving access to large crystals with narrow size distributions. Based
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on this observations, we were able to significantly decrease overall reaction times by
running the synthesis at high initial precursor addition rates, followed by slower addition rates for particles with sizes larger than 4 nm to account for slower QD growth
rates.
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Figure 3-8: Eliminating Molecular Precursor Identity Through Continuous
Precursor Injection. Beause the reaction kinetics in our new CI approach are primarily dominated by the speed of precursor injection, the influence of precursor reactivity is largely eliminated in case the precursors react on much faster time scales than
the precursor addition rate. Therefore, the continuous injection approach can easily
be adopted to incorporate both less ((TMSi)3 As) and more ((iPrDMSi)3 As) reactive
precursors than (TMGe)3As as shown in panel A and B, respectively. (Adapted from
Ref. 11 )
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As QD growth kinetics are limited by the precursor addition rate, the influence
of the molecular identity of the arsenic precursor should be minimal. Specifically, if
two di↵erent precursors react on a faster time scale than the precursor addition rate,
the growth of InAs QDs should primarily be governed by the precursor addition rate
and not by individual precursor reactivity. To verify this hypothesis, we compared
the results of our (TMGe)3 As-based synthesis (shown in Figure 3-2) with syntheses employing either (TMSi)3 As – a more reactive precursor – or (iPrDMSi)3 As – a
less reactive precursor (see Figure 3-8). Despite using three precursors with varying
degree of reactivity, we were able to obtain InAs QDs with comparable sizes and
polydispersity, confirming the validity of our continuous injection approach. In preliminary experiments, we were further able to show that a similar synthetic approach
can be used to synthesize other III-V QDs such as InP QDs with narrow emission
linewidths. 151 Despite these advances, it needs to be noted that we were not able
to grow InAs QDs with PL peaks significantly redder than 1200 nm, indicating a
fundamental limitation of our continuous injection approach.

3.4.2

Core-Shell-Shell Quantum Dots

InAs QDs synthesized via our continuous injection approach represent ideal starting
materials for the synthesis of semiconductor heterostructures, as long reaction times
and high reaction temperatures favor the formation of highly crystalline InAs QDs.
Most importantly, the use large InAs QDs with emission wavelengths around 1200 nm
reduces the thickness of the quasi type-II shells that InAs QDs are commonly overcoated with to redshift the emission into the deep SWIR spectral range (see Chapter
1.2.4). The combination of a thinner shell and a larger InAs core, thus promises to
increase SWIR brightness both through increased electron-hole overlap and through
higher absorption coefficients at long excitation wavelengths. Additionally, our characterization had shown that InAs QDs derived from our continuous injection approach
exhibit high-thermal stability and therefore allow shell growth procedures to be conducted at high temperatures. The high-thermal stability of InAs cores further enables
the use of non-pyrophoric compounds as shell precursors, allowing for a more con96

trolled particle growth. 40;77;135 By investigating the stability of InAs QDs in air, we
further learned that purifying and handling InAs QDs under inert conditions helped
maintaining high QYs (see Figure 3-9).
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Figure 3-9: Stability of InAs QDs. A To test the air stability of InAs core-only
QDs, one batch of InAs QDs was synthesized and processed in three di↵erent ways.
The first part of the sample was transferred to a glovebox (GB), purified, and stored
there. The second part was purified and stored in air, whereas the last part was not
purified and stored in air. On the next day PL spectra were taken and the QY of the
samples was measured. The results show that the sample purified and stored in the
GB exhibits the highest QY and shows the smallest redshift from the original sample.
B InAs cores with a diameter of 4.2 nm (measured by TEM) and an absorption
maximum at 1008 nm were dispersed in 1:1 mixture of ODE and oleylamine and the
solution was degassed at 110 °C for 30 minutes. The solution was slowly heated up to
300°C and aliquots were taken at di↵erent temperature steps. At temperatures over
275 °C a significant broadening of the first excitonic feature was observed, indicating
a broadening of QD size distribution and a decrease in colloidal stability. Absorption
spectra were normalized to the first excitonic feature. (Adapted from Ref. 11 )
Using these insights, we designed novel InAsCdSeCdS and InAsCdSeZnS coreshell-shell (CSS) QDs (see Figure 3-10A). In analogy to Aharoni et al., we decided
to employ two shells: an inner quasi type-II shell that yields an additional redshift
and an outer type-I shell that properly confines the exciton to the boundaries of the
nanocrystal. 40
Figure 3-10B displays the changes of QY and PL peak wavelength during the
growth of a CdSe shell onto an InAs core. While the QY initially rises – likely
caused by the passivation of surface atoms – it subsequently decreases with growing
shell thickness, indicative of the formation of a quasi type-II structure and reduced
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Figure 3-10: InAs-based Core-Shell-Shell QDs. A Schematic band alignment in
InAsCdSeCdS CSS QDs, based on values provided in Ref. 95;184 B Optical properties
during the growth of two shells onto InAs QDs. While the CdSe shell leads to a strong
redshift in the PL peak, the QY initially increases and then decreases during shell
growth, indicative of the formation of a quasi type-II structure. The position of the
PL peak stays approximately constant during growth of the outer CdS shell, while
the QY shows steady improvements, indicative of the formation of a type-I structure.
(Adapted from Ref. 11 )

electron-hole overlap. 40;152 To further confine the exciton within the InAsCdSe coreshell structure, we employed an outer shell with a high band gap, consisting of either
CdS or ZnS. While the QY continuously increases during the growth of the outer
shell, we note a small redshift of the emission peak for the growth of the CdS shell,
likely due to a small o↵set of the conduction bands of CdSe and CdS. 95;184 For the
growth of a ZnS shell, however, a small blueshift was detected. Because both outer
shell materials were able to produce samples with similar QYs, the choice of the
outer shell materials thus allows a further tuning of the emission wavelength with
high precision.
After optimizing the shell growth conditions, we arrived at a protocol for the
synthesis of InAs-based CSS QDs samples spanning the entire sensitivity range of
modern InGaAs cameras with QYs ranging from 82 – 16 % (see Figure 3-11 and
3-12). Our CSS QDs also show improved photostability under high excitation flux.
While previous InAs-based QDs lost roughly 50 % of their initial fluorescence intensity
due to photobleaching, 40 our new generation of CSS QDs exhibits high photostability
and shows < 10 % photobleaching upon irradiation with a 532 nm excitation source
at flux intensities used in biomedical imaging. 17 Dispersions of CSS QDs further show
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Figure 3-11: Synthesis of CSS QDs. PL and absorbance spectra as measured
during the growth of InAs–based CSS QDs. (Adapted from Ref. 11 )
little degradation of the QY upon storage in open air for multiple months. Even a
dried powder of CSS QDs was found to lose less than 5% of its initial QY after one
month of storage in air.

3.4.3

Challenges for SWIR QDs in Aqueous Solutions

So far, our discussion of the optical properties of InAs-based CSS QDs has been
limited to dispersions in organic solvents. Yet, to characterize their potential to serve
as bright emitters in biomedical imaging applications, QDs need to be transferred
into the aqueous phase. Because phase transfer reactions are known to negatively
a↵ect QYs – for example by altering QD ligand chemistry and surface passivation –
QDs typically exhibit lower QYs in aqueous media compared to organic solvents. In
the SWIR spectral range, however, the brightness of emitters can be further reduced
as the absorption of water molecules strongly increases (see Figure 3-14). Thus,
photoexcitations can be quenched non-radiatively through energy transfer from the
QD to the vibrational modes of water molecules. 20 Aharoni et al. have shown earlier
that the PL intensity of SWIR-emissive InAsCdSeZnSe QDs in organic solvents can
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Figure 3-12: CSS SWIR QDs for Wavelength-Selective SWIR Imaging.
A CSS QDs spanning the entire sensitivity range of modern InGaAs cameras for
wavelength-selective SWIR imaging. Fluorescence spectra are overlaid with a curve
for the transmittivity of biological tissue, adapted from Ref. 9 B Representative TEM
image of InAsCdSeCdS CSS QDs with a size distribution of 8 % (scale bar equals
20 nm). C PL stability of CSS QD over time during illumination with a 532 nm
diode laser with an irradiance of 150 mW/cm2 . D Long-term stability of dispersions
of CSS QDs upon storage in open air. QY and position of PL maximum are well
maintained for at least two months. Error bars (s.d.) originate from repeating each
QY measurement three times. (Adapted from Ref. 11 )
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be reduced by non-radiative energy transfer into C-H vibrational modes of solvent
molecules. 155 Because the absorptivity of O-H vibrational overtones is approximately
one order of magnitude greater than the absorptivity of C-H vibrational overtones (see
Figure 1-4), it is therefore expected that the brightness of InAs-based QDs is further
decreased upon phase transfer. In addition to a direct non-radiative quenching, it is
also possible that emitted photons get reabsorbed by solvent molecules before they
can reach the camera. Whereas the first case represents an intrinsic mechanism to the
fluorophore-solvent system that is governed by near-field interactions in the immediate
environment of the SWIR emitter, the reabsorption of photons is an extrinsic e↵ect
that strongly depends on the position of the emitter within the solvent. In this
section, we will discuss a method that allows us to determine the reduction of QY
upon phase transfer while deconvoluting the contributions of the actual phase transfer,
the decrease of QY through non-radiative quenching, and the e↵ects of reabsorption
in a 1x1 cm2 cuvette.

To begin, we transferred four well-characterized InAs-based CSS QDs into the
aqueous phase (saline solution, H2 O) through incorporation into PEG-phospholipid
micelles, 182 and measured QY and PL lifetimes of the resulting samples (see Figure
3-13). Subsequently, the samples were transferred into heavy water (D2 O) using
repeated dialysis, and the optical characterization was repeated. Due to the di↵erence
in mass of hydrogen and deuterium atoms, D2 O does not exhibit a strong absorption
band in the SWIR region which reduces the likelihood of energy transfer interactions
between QDs and D2 O. Assuming that the dialysis process does not significantly alter
the QD surface and thus the radiative lifetimes of CSS QDs, this o↵ers the possibility
to disentangle the quenching through non-radiative energy transfer and the reduction
of QY upon phase transfer. By multiplying the ratio of the integrated PL lifetimes
in H2 O and D2 O (biexponential fit between 0-500 ns) with the QY in D2 O we can
thus obtain the intrinsic QY of the sample in H2 O, including all brightness reductions
through near-field interactions but excluding reabsorption. 185
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Figure 3-14 shows the measured QYs for all four samples in organic solutions
(hexanes, CCl4 , or trifluoro trichloroethane), D2 O, and H2 O as well as the calculated
intrinsic QY in H2 O. Multiple trends are evident: for one, the QY of all samples
decreases with increasing emission wavelength irrespective of the choice of solvent. As
discussed in Section 1.2.4.3, this “red wall” is likely correlated with increased excitonphonon interactions 159 and increased energy transfer into the vibrational models of
QD surface ligands. 20;155 Second, all samples experience a decrease in QY upon phase
transfer. Figure 3-13, however, reveals that the PL dynamics of samples in the organic
phase and in D2 O are fairly similar, indicating that the phase transfer leads to a strong
brightness reduction for a subgroup of emitters rather than to a small brightness
reduction across all emitters.
Third, it is evident that the discrepancies between the PL dynamics in H2 O and
D2 O grow with increasing emission wavelength and spectral overlap with the water
absorption spectrum. In good agreement with the changes in PL lifetimes, we observe
a decreasing intrinsic QY of the samples in H2 O for increasing emission wavelengths.
For the QD sample emitting at 1430 nm for example, the calculated intrinsic QY in
H2 O is ⇠50 % smaller than the measured QY in D2 O.
Lastly, our experiments show that the extrinsic QY – the QY value measured for
a sample emitting in H2 O without applying a reabsorption correction – significantly
deviates from the intrinsic QY. As the measurement of the extrinsic QY strongly
depends on sample concentration, cuvette length, and geometry of the integrating
sphere, it thus represents a poor mean of brightness quantification and impedes a
comparison across literature.
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Figure 3-13: PL Lifetimes of CSS QDs. PL lifetime curves of four QD samples
emitting in the sensitivity range of InGaAs cameras. Samples QD970 and QD1430
are comprised of an InAsCdSeZnS CSS structure, while QD1110 and QD1300 exhibit
an InAsCdSeCdS structure. All PL lifetime curves were recorded in Hexanes, H2 O,
and D2 O with 532 nm excitation at 500 kHz, 32 ps intrinsic resolution (re-binned 8fold, background subtracted and normalized). While QD970 and QD1110 show almost
identical dynamics in all three solvents, QD1300 and QD1430 exhibit a much faster
decay of the PL intensity for the samples dispersed in water. (Adapted from Ref. 11 )
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In summary, our measurements show that the presence of water molecules in
the immediate QD environment represents a significant intrinsic challenge for QD
samples at long emission wavelengths. For samples that exhibit a strong overlap with
the absorption band of water, SWIR brightness was found to be reduced by up to
50 % through non-radiative energy transfer. Despite these challenges, we were able
to demonstrate the synthesis of CSS QDs emitting across the sensitivity range of
SWIR cameras with QYs ranging from 5-31 %. The broad coverage of the SWIR
spectral range with bright SWIR emitters represents an important advancement as
it enables us to systematically investigate the e↵ect of SWIR imaging wavelength on
the resulting image contrast and penetration depth (see Chapter 6).

3.4.4

Continuous Injection Synthesis Using Commercial Arsenic Precursors

Despite our advances regarding the synthesis of high-quality InAs-based SWIR emitters, the pyrophoric and toxic nature of commonly-employed group-V precursors has
been a major limiting factor toward their widespread adoption. Therefore, researchers
have long been looking for safer, cheaper and more scalable group-V precursor alter104

natives. 132;139
Recently, two compounds – tris(dimethylamino)phosphine, (DMAm)3 P, and tris(dimethylamino)arsine, (DMAm)3 As – have crystallized as the most promising candidates to address these requirements. Starting in 2004, early studies demonstrated
that these commercially-available, non-pyrophoric precursors were able to produce
colloidal III-V QD samples. 186;187 However, because the optical properties of III-V
QDs obtained from these precursors were comparatively poor, the studies remained
largely ignored. In 2013, Song et al. then demonstrated that the use of (DMAm)3 P
could yield QD samples with PL linewidths around 60-65 nm, almost matching the
quality of the best samples obtained from (TMSi)3 P (PL linewidths around 40−60
nm). 188 These promising results motivated multiple groups to establish improved synthetic protocols for the use of (DMAm)3 P and related precursors, and to investigate
the mechanisms of its reaction. 189–191 The groups of Hens and Dubertret for example,
were able to show that tris(diethylamino)phosphine and (DMAm)3 P can act both as
the phosphorus precursor and as the in situ reducing agent that reduces the precursor’s oxidation state from +III to the required -III.
In 2016, the Talapin group adapted these insights for the synthesis of InAs QDs
from (DMAm)3 As and InCl3 . Because (DMAm)3 As was found to be unable to act as
an internal reducing agent, the researchers added DIBAL-H to generate mixed arsenic
hydrides, (DMAm)3 x AsHx , in situ. 192 Almost simultaneously, Grigel et al. published
a similar approach that employed (DMAm)3 As as arsenic source and (DMAm)3 P as
in situ reducing agent. 193
However similar to the synthesis of InP QDs from (DMAm)3 P , the synthesis of
InAs QDs from (DMAm)3 As did not fully match the optical properties of samples
grown from pyrophoric precursors. By reproducing the published procedures in our
laboratory, we found that a single hot-injection of the arsenic precursor and the
reducing agent lead to the formation of large amounts of black precipitate which
reduced reaction yield and size control. Further, we found that the resulting InAs
QDs could not easily be incorporated into our protocol for the synthesis of high-quality
CSS QDs.
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Figure 3-15: Continuous Injection Synthesis with Commercial Arsenic Precursors. A Absorption spectra taken during the growth of InAs QDs from InCl3 and
(DMAm)3 As. After 90 minutes of precursor injection, the QD samples were annealed
at 260 °C for another 90 minutes. Subsequently, myristic acid was added and the
solution was kept at 60 °C for another hour. B Respective evolution of the position
of the absorption peak and its FWHM during QD growth. (Adapted from Ref. 180 )

Based on the hypothesis that slower precursor conversion rates could improve
control over QD growth, we here present an extension to the published synthetic
procedures 192 that incorporates a continuous injection approach of both the arsenic
precursor and the reducing agent. In addition to the continued supply of precursor and
reducing agent via syringe pumps, we further incorporated an annealing phase at high
temperatures (260 °C) and a final surface treatment of the InAs QDs with myristic
acid at moderate temperatures (60 °C) to yield a surface structure more in line with
our previously obtained InAs core QDs. Figure 3-15 shows that this approach allowed
us to synthesize a wide size range of InAs QDs with size distributions around 8%,
thus closely matching the results of our previous e↵orts on basis of pyrophoric arsenic
precursors.
We were further able to demonstrate that our previously developed shell growth
procedures can be applied to InAs QDs grown from (DMAm)3 As . Figure 3-16 shows
that the evolution of the optical properties during the synthesis of InAsCdSeZnS CSS
QDs is in good qualitative agreement with our observations for shell growth onto
InAs cores grown from pyrophoric precursors (see Section 3.4.2). For the growth of
the inner CdSe shell onto the InAs core, we observe a strong redshift of the emission
wavelength, while the growth of the outer ZnS shell induces a moderate blue shift
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Figure 3-16: InAs CSS QDs Grown from Commercial Arsenic Precursors.
A InAsCdSeZnS CSS QDs synthesized from InAs core QDs that were grown from
(DMAm)3 As. The graph displays the shift in the position of the PL peak, and the
changes in QY during the growth of the outer ZnS shell. B After purification, the final
sample exhibits a PL peak at 1212 nm with a QY of 13%. (Adapted from Ref. 180 )
that is correlated with an increase in QY.
On basis of this protocol, we were able to yield InAs-based CSS QDs with a QY
of 13 % and a PL peak at 1212 nm. Whereas these values are slightly inferior to
what has been obtained for use of InAs QDs grown from pyrophoric precursors, 11 we
find that the continuous injection approach improves the existing synthesis of InAs
QDs from (DMAm)3 As and allows tighter control of the reaction. In addition, we
anticipate that future refinements of both the InAs core and the subsequent CSS QD
synthesis will further improve the optical properties and thus pave the way for a more
widespread application of InAs-based QDs as SWIR emitters.

3.5

Conclusions

The use of syringe pumps to tightly control the precursor concentration during QD
growth has been proven to be a powerful tool for synthesizing high-quality SWIRemissive InAs QDs and for investigating QD growth mechanism. Our results indicate
that adjusting the time-dependent precursor concentrations throughout QD growth
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allows to compensate for a slower growth of larger nanocrystals, giving access to
large InAs QDs with narrow size distributions. As in our case the time scale of
precursor injection is much slower than the time scale for precursor conversion in
solution, the precursor injection rate becomes the rate-limiting step toward precursor
conversion, e↵ectively eliminating the influence of precursor reactivity on precursor
conversion rates. The resulting advantages are manifold: The continuous injection
approach allows the synthesis of III-V QDs at high temperatures and slow growth
rates, thus favoring the formation of crystalline semiconductor materials (see Chapter
1). Because precursor identity plays a less important role, our methods further allows
the use of less reactive and more scalable arsenic precursors which paves the way for
the broader application of InAs QDs. Our preliminary experiments on the use of
(DMAm)3 As as a safer and commercially available arsenic source further underline
the versatility of the approach. Due to the success of continuous injection syntheses
for other related QD systems such as InP 151 and Cd3 As2 , 39 we anticipate that future
iterations of this approach will further improve the synthesis of InAs QDs. However,
it is likely that this method alone will not overcome the existing “red wall” in InAs
QD synthesis and that additional synthetic help – for example an activation of the
QD surface 194 – is required to produce even larger particles.
On basis of our large, high-quality InAs cores, we demonstrated the synthesis of
InAs-based CSS QDs with bright emission across the entire sensitivity range of modern InGaAs cameras, thus e↵ectively pushing the existing “red wall” for InAs QDs
to longer wavelengths (see Figure 3-17). Next to increased brightness, our particles
exhibit significantly improved stability with respect to photoexcitation and long-term
storage. In Chapter 6, we will discuss the use of this material in biomedical imaging and present a variety of surface functionalizations that enable functional SWIR
imaging applications in small animals.
Using a broadband SWIR emitter consisting of a mixture of bright CSS QDs, we
will further determine the optimal SWIR imaging wavelength for specific biomedical
imaging applications in Chapter 6. There, we will show that the contrast of SWIR
images correlates closely with the absorption of water molecules, and that optimal
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Figure 3-17: Comparison of CSS QDs to InAs-based QDs reported in literature. 41;155;195 (Adapted from Ref. 11 )
image contrast is obtained in the spectral window of the water absorption peak around
1450 nm. However, the studies presented in this chapter have also shown that an
increased spectral overlap of the QD fluorescence and the water absorption spectrum
leads to increased non-radiative quenching of QD emission. As this non-radiative
quenching is strong enough to reduce QD fluorescence intensity by more than 50
%, it is clear that a highly absorbing imaging environment not only increases image
contrast but also intrinsically limits SWIR emitter brightness. These findings stress
the need to rethink the synthesis of InAs-based QDs and other materials with peak
emissions in the water absorption band with a particular focus on suppressing nonradiative energy transfer.
However, before discussing the application of InAs QDs in imaging applications,
we want to extend the mechanistic investigation and use the next chapter to take
a closer look at the role of small cluster intermediates that are formed during the
synthesis of III-V QDs and their influence on particle growth.
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Chapter 4
The Importance of Clusters
Intermediates for III-V QD
Growth
4.1

Contributions

Most of the work presented in this chapter was enabled by novel QD synthesis and
characterization techniques developed in Klavs Jensen’s group. Lisi Xie and Yi Shen
performed the synthesis of InP QDs in flow reactors, as well as their characterization using mass spectrometry. Yi also purified the QD samples using gel permeation
chromatography. I contributed through the synthesis of III-V QDs in bulk reactions
and the synthesis of InAs magic-size clusters. Parts of the here presented results were
published in the Journal of the American Chemical Society 178 and in my M.Sc. thesis. 167

4.2

Introduction and Background

The role of small clusters during the formation and growth of QD samples has been
investigated in many studies across many di↵erent nanoparticle systems. 105;124;196–202
Particularly, the formation and the isolation of magic-size nanoclusters (MSCs) has
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received a lot of attention. The term “magic-size” stems from studies on the formation of metallic clusters in the gas phase and refers to clusters with a well-defined
atomic structure and exceptional thermodynamic stability. 196 The occurence of MSCs
during the synthesis of semiconductor QDs is commonly identified by absorption spectroscopy. If MSCs are present, the absorption spectrum is dominated by sharp peaks
at wavelengths much shorter than typical excitonic features of larger QDs. 124 To favor
the formation of thermodynamically stable MSCs, usually low reaction temperatures,
long reaction times and unreactive precursors are employed. 124 Previous studies have
further shown, that MSCs can occur as intermediate products toward the synthesis
of larger QDs. 200 For these cases it is commonly found that the formation of larger
MSCs and QDs proceeds via a quantitized growth where well-defined cluster intermediates are slowly transformed into each other and ultimately incorporated into larger
particles.
The earliest notion of the formation of clusters during the growth of III-V QDs was
published by Xie et al. in 2008. 41 The authors found that mixing indium(III) stereate
and (TMSi)3 As at temperatures around 150 °C produced an absorption spectrum
with two distinct absorption features at 420 nm and 460 nm. Compared to previous syntheses of InAs QD these absorption features appeared at uncharacteristically
short wavelengths and thus indicated the formation of very small particles or clusters.
Importantly, the authors reported that these features continued to persist throughout the formation and growth of larger InAs QDs, as indicated by the appearance of
broader absorption features at wavelengths greater than 600 nm. This lead the researchers to hypothesize that the growth solution primarily consisted of MSCs, albeit
noting that these clusters were not truly magic-sized but exhibited a small size distribution. Xie et al. further showed that upon heating the solution, InAs units were
e↵ectively transferred from these small clusters into large particles, thus reducing
the overall particle concentration throughout the reaction. Using these insights, the
authors developed a synthetic scheme that consisted of mixing molecular precursors
at lower temperatures to form clusters and a second step in which the solution was
rapidly heated to destabilize these clusters and form larger InAs QDs. The authors
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demonstrated a successful focusing of the QD size distribution over the course of the
reaction which they attributed to an interparticle di↵usion process during which an
unspecified monomer migrates from smaller clusters to larger crystals.
Shortly after, the same group published a study on the influence of InP clusters on QD growth, suggesting that MSCs are best regarded as local thermodynamic
minima. 145 Because the addition of molecular precursors to these clusters appeared
thermodynamically unfavorable, the authors suggested that QD formation would proceed via quantitized growth. The study collected further evidence suggesting that the
thermodynamic stability of MSCs introduces a rate-limiting step that, despite fast
precursor conversion kinetics, slows down the formation of larger nanoparticles. This
finding directly contrasts the predictions of classical nucleation theory in which the
initial formation of critical-sized nuclei imposes a rate-limiting step toward crystal
formation, and not the subsequent addition of monomer units to these nuclei. While
both mechanism lead to the same outcome – a slow rate of QD formation – the findings of Xie et al. highlight that the formation of thermodynamically stable MSCs
yields QD growth kinetics that are distinct from those predicted by classical nucleation theory.
These early findings were expanded on in 2015, when the Cossairt group published
a protocol for the controlled formation and isolation of InP MSCs. 140;203 By employing InP cluster intermediates synthesized from (TMSi)3 P, carboxylic acid, indium
octadecylphosphonate, and octadecylphosphonic acid (ODPA), the authors were able
to synthesize and isolate air-stable InP MSCs exhibiting multiple distinct, extremely
narrow absorption features and a well-defined molecular composition. 204 Using these
InP ODPA MSCs as single source precursors, the authors synthesized crystalline InP
QDs via quantitized growth from kinetically persistent InP MSCs. Similar to the
considerations of Xie et al., the authors therefore hypothesized a two-step nucleation
model in which molecular precursors are transformed into MSCs which then in turn
are converted into larger QDs either via dissolution of the MSCs or through controlled
aggregation. By measuring the influence of the concentration of InP ODPA MSC single source precursors on final particle size, the authors collected evidence suggesting
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that the former is the more likely pathway. The study concluded that the persistence
of InP clusters during QD growth might be responsible for the unexpectedly minor
role of precursor reactivity during the growth of III-V QDs (see Chapter 2) and therefore recommended that future syntheses should aim to minimize the average lifetime
of MSCs in the growth solution.
Next to advances in the mechanistic understanding of MSCs during InP QD syntheses, two reports on InAs clusters were published recently. Ning et al. found that
adding (TMSi)3 As to a mixture of InAc3 and oleylamine under slow heating produced
species with two distinct absorption features – an absorption shoulder at 420 nm and
an absorption maximum at 480 nm. 205
Tamang et al. reported the synthesis of amorphous InAs clusters with a size of ⇠1.8

nm and a slight absorption shoulder around 400 nm. 206 Amorphous InAs clusters were
obtained by adding (TMSi)3 As to a solution of InOl3 in ODE at room temperature.
Using these clusters as single source precursors, the authors were able to further
grow InAs QD seeds that were previously synthesized from (TMSi)3 As. Notably,
this seeded growth protocol resulted in a focusing of the QD size distribution and
allowed the synthesis of InAs QDs with absorption features close to 1100 nm and
size distributions of <10 %. The authors compared the use of their amorphous InAs
clusters as precursors for the continuous injection in their seeded growth protocol,
with the use of (TMSi)3 As. Interestingly, they found that at identical injection speeds
the use of amorphous InAs clusters as single source precursors allowed the growth of
QD samples with absorption features up to 1.3 eV, whereas the use of (TMSi)3 As
resulted in a significant size broadening for QD samples with absorption features
beyond 1.5 eV. While the broadening of the QD size distribution upon the usage of
(TMSi)3 As can be attributed to high precursor injection rates (see Chapter 3), it is
quite surprising that at equal injection speeds, existing InAs QDs seem to grow more
efficiently from amorphous InAs clusters than from molecular precursors.
These results once more highlight the need to not only understand precursor conversion and QD growth kinetics, but also the kinetics of all important intermediate
species. To gain more insights into these processes, we require advanced characteri114

zation techniques. Due to the small sizes of intermediates and MSCs, however, many
e↵orts remain challenging. Analysis of size and size distribution via TEM, dynamic
light scattering (DLS), and small angle X-ray scattering are impeded by little contrast, little scattering intensity, and broadening of XRD peaks, respectively. Therefore, commonly sizing curves are generated by correlating sample absorption spectra
with TEM/XRD analyses. Extrapolating these sizing curves to smaller particle radii,
allows an approximation of MSC size on the basis of their absorption maximum. 196
However, because QDs possess much larger absorption cross-sections than clusters at
short wavelenghts, the characerization of clusters in the presence of larger QDs via
absorption spectroscopy is often rendered impossible. 176;207;208
Matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometry (MS) o↵ers a complementary characterization technique that has demonstrated great value in the studies of Au nanoclusters, 209;210 metal oxide nanoparticles, 211;212 and ZnS, 213 CdTe, 214 and CdSe nanomaterials. 215;216 It has also been
used to characterize non-classical growth mechanisms of inorganic nanoparticles. 118;124
However, MALDI MS requires samples to be co-crystallized with a matrix in a solid
form. Since QD batch syntheses commonly utilize ligands or solvents with high boiling points, these non-volatile impurities need to be completely removed in order to
meet the MALDI vacuum requirements. In a typical QD purification process, polar
solvents are added into the non-polar growth solution to precipitate the nanoparticles. However during this process, the chemical identity of the QD surface atoms
and/or surface ligands may be altered, or smaller clusters may be removed. 217–220
The purification process of samples containing both QDs and smaller clusters thus
poses challenges in directly applying MALDI MS for the characterization of III-V QD
growth intermediates.
In this chapter, we will discuss a method that allowed us to synthesize InP QDs
both via batch and continuous flow reactions, to purify the resulting samples without precipitation, and to simultaneously track the formation of larger QDs and the
consumption of smaller clusters via MALDI MS. While we have not yet used this
technology to investigate the growth of InAs clusters and QDs, we believe that our
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general results for InP QD growth will be applicable to other III-V systems. Additionally, this chapter will provide insights into InAs MSCs, suggesting that the nature
of these MSCs is dominated by the choice of the indium precursor and independent
of the respective arsenic precursor.

4.3
4.3.1

Methods
Continuous Flow Synthesis

Continuous Flow Reactors. The high temperature/high pressure (HT/HP) tube
reactor 175 was made out of super-smooth stainless steel tubes (McMaster-Carr, type
304 stainless steel, OD=1/16”, ID=0.02”). The reactor volume is approximately 355
mL. The tubes were wrapped around an aluminum rod (OD=2”) with a heating cartridge inserted into the center of the rod. All connections, tubes, and devices were
made out of type-316 stainless steel, and heating cartridges were made of multipurpose aluminum. Two syringe pumps (Harvard Apparatus, PhD Ultra) were used for
solution injections.
Synthesis of InP QDs. Similar to previous studies, 175 the synthesis of InP QDs
was performed at 900 psi with temperatures ranging from 105 – 300 °C under inert conditions. Anhydrous toluene was chosen as the solvent. An indium precursor
stock solution was prepared by adding 1.5938 g InMy3 and 2 mL TOP into 48 mL
toluene (40 mM In, 4 vol% TOP). A phosphorus precursor solution was prepared by
adding 3.75 mL 10 wt% (TMSi)3 P in hexane into 46.25 mL toluene (20 mM P). Two
syringe pumps were used to pump indium and phosphorus precursors with identical
flow rates. Therefore, the In/P ratio was set as 2:1 for all conditions.

4.3.2

Purification and MALDI Characterization

Purification of InP QDs by GPC. The preparative gel permeation chromatography (GPC) column was packed inside a glove box following a previous reported
procedure. 221 4 g of bio-beads were first swollen in anhydrous toluene overnight. All
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of the swollen beads were then transferred to a glass column with a filter and glass
fret disk. After the gel settled down and formed a column with approximately 28
mL volume, a small layer of sand was carefully placed at the top of the column and
anhydrous toluene was used to rinse the column. The as-synthesized InP QDs in
toluene from the HT/HP reactor system were first concentrated in a Schlenk line and
then transferred into the glove box. A portion of the InP QD sample (less than 1 mL)
was injected onto the column and anhydrous toluene was used as the eluent. After
each purification, the column was carefully rinsed before the next injection.
MALDI Characterization. MALDI-TOF mass data were collected on a Bruker Microflex MALDI-TOF mass spectrometer. Trans-2-[3-(4-tert-Butyl-phenyl)-2-methyl2-propenylidene]malononitrile (DCTB) was used as matrix and a stock solution with
a concentration of 78 mM in toluene was generated. Purified InP growth mixtures
were diluted so that their absorbance at 310 nm was about 0.05-0.25. The matrix
solution and InP solution were mixed in a 1:1 volume ratio. The sample-matrix mixture was then spotted onto a MALDI plate in a glove box. The plate was sealed
in a home-made box under nitrogen and then loaded into the mass spectrometer for
characterization. Desorption and ionization of InP growth mixtures were achieved
by absorbing a pulsed nitrogen laser. For low mass characterization, tripsinogen was
used as the external standard (11999 and 23981 Da) to calibrate the spectrometer and
the laser intensity was set between 20-30% for sample characterization. The detector
gain (linear detector, positive mode) was set as 7.2 x. For high mass characterization,
albumin (bovine serum, BSA) was used as the external standard (33216 and 66431
Da) for the calibration and the laser intensity was set between 30-40% for sample
characterization. The detector gain (linear detector, positive mode) was set as 20.0
x. No background subtraction was performed on the spectra. The mass spectra were
smoothed using a simple average of 10 data points.

4.3.3

Batch Synthesis

Batch Synthesis of InP QDs. The batch synthesis was adapted from previous
literature. 141 358.5 mg InMy3 (0.45 mmoles) were added to 9 mL ODE in a 3-neck
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flask. The reaction mixture was heated to 110 °C under vacuum for 45 minutes. The
atmosphere was switched to nitrogen and the temperature was raised to 150 °C. 94
mg (TMSi)3 P (0.375 mmoles) dissolved in 2.25 mL TOP were swiftly injected into
the flask and the temperature was raised to 230 °C. 1 mL aliquots were taken at 1
minutes (150 °C) and 14 minutes (230 °C). These samples were transferred into a
glove box and purified using GPC before MALDI characterization. As this batch
synthesis utilized ODE as the solvent, which permanently damages the GPC column,
a freshly packed GPC column was used for both samples.
Synthesis of InAs MSCs. To probe the formation of InAs MSCs from various
arsenic precursors, we adopted the synthesis presented in Chapter 2. Briefly, 1 mL
of a 0.15 M arsenic precursor solution in TOP was injected into 20 mL of a 75 mM
InMy3 solution in ODE at 130 °C. After 4 minutes the reaction temperature was
increased to 220 °C. Aliquots were taken at various time points and characterized via
absorption spectroscopy.

4.4
4.4.1

Results
The Persistence of InP Clusters during QD Growth

The development of an integrated approach to characterize size and size distribution of III-V clusters and QDs in the Jensen Lab allowed us to study the kinetics
of QD intermediates in batch and microfluidic reactors. The general scheme for the
characterization of InP QDs grown in high-temperature and high-pressure (HT/HP)
microchemical systems is depicted in Figure 4-1. For a straightforward characterization, we employed a one-solvent approach, utilizing toluene as solvent for synthesis,
purification, and MS matrix preparation. 175;222
To purify QD growth solutions without perturbing the growth system, we employed gel permeation chromatography (GPC) under inert condition. This technology has previously been demonstrated to e↵ectively remove unreacted precursors,
ligands, and side products from QD growth solutions without perturbing the ligand118
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Figure 4-1: Characterizing InP Clusters and QDs using Mass Spectrometry.
Integrated air-free approach to characterize InP QD growth mixtures using MALDITOF MS. (Adapted from Ref. 178 )
binding environment. 221;223;224 Because both clusters and QDs are much bigger than
these molecular compounds, we found that both elute from the GPC column at approximately equal times. By measuring absorption spectra of InP clusters and QDs
we were able to demonstrate that the semiconductor components remain mostly unchanged upon GPC purification (see Figure 4-2). Further we confirmed the removal
of impurities and excess ligands upon GPC purification using 1 H- and 31 P-NMR spectroscopy. 178;225
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Figure 4-2: GPC Purification of InP QD Samples. Exemplary UV-Vis absorption spectra of InP clusters and QDs before and after GPC purification. While the
absorption spectra remain mostly unchanged, 1 H-NMR reveals that after the GPC
purification, the proton-to-particle ratio – which serves as a proxy for the amount of
free ligand in solution – decreased by 94%. (Adapted from Ref. 178 )
The one-solvent, air-free synthesis and purification procedures allowed us to obtain
oxygen-free QDs for further mass characterization. We prepared purified samples for
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MS analysis by adding DCTB, a common MALDI matrix for metal clusters and
nanoparticles. 210 The resulting InP-DCTB-toluene mixture was spotted and dried on
a MALDI plate in a glovebox. By comparing the mass distribution obtained from
MALDI for exemplary InP samples with the corresponding absorbance spectra, we
found a reasonable agreement in both size and size distribution of QDs with high
resolution (see Figure 4-3).
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Figure 4-3: QD Mass Spectrometry. Comparison of UV-Vis spectra with the mass
distributions obtained from MALDI characterization for four di↵erent QD samples.
(Adapted from Ref. 178 )
On basis of our integrated approach, we tracked the time- and temperature-dependent formation of InP cluster intermediates and larger QDs using an one-stage
tube reactor system (see Figure 4-4). From the comparison of samples with di↵erent
growth times and temperatures, it is evident that we can independently track the
formation of small intermediates in the low-mass MALDI spectra and the growth of
larger QDs in the high-mass MALDI spectra. Notably, we find that for a growth temperature of 240°C clusters are immediately formed at the beginning of the reaction
and continue to persist throughout. Whereas MALDI does not allow a quantitative
analysis of the concentration of certain species over time, we observe that these small
InP clusters maintain a mass around 10 kDa throughout the entire reaction, while
larger InP QDs grow from around 60 to 90 kDa in size. A complete cluster consump120

tion is only achieved for long growth times at high reaction temperatures. As evident
from Figure 4-4, absorption spectroscopy fails to detect these small clusters in the
presence of larger QDs due to the greater absorption cross-section of QDs at shorter
wavelengths. 140;145;203;204 Using MALDI MS in combination with QD growth mixture
purification by GPC, however, allows us to study the formation and consumption of
clusters in the presence of larger particles.
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Figure 4-4: InP Clusters Persist in Microfluidic Tube Reactors. A UV−Vis
absorbance spectra and the corresponding B low-mass and C high-mass MALDI
spectra of GPC-purified InP growth mixtures synthesized in a tube reactor. The
growth time and temperature are provided in the middle panel for each condition.
(Adapted from Ref. 178 )
We further confirmed that these results are not exclusive to InP QD syntheses in
microfluidic reactors by performing a conventional batch synthesis of InP QDs. 141 In
accordance with the experiments in flow reactors, we observed the formation of similar
cluster mixtures at low temperatures (150 °C) and their persistence throughout QD
growth at higher temperature (250 °C) (see Figure 4-5). The formation of clusters
irrespective of the employed synthetic method substantiates the hypothesis that III-V
QD growth is dominated by a two-step reaction mechanism in which clusters serve as
reservoir for QD growth. In support of this hypothesis and in agreement with earlier
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findings by Gary et al. who used InP MSCs to form InP QDs 203 and work by Tamang
et al. who used amorphous InAs clusters to synthesize InAs QDs, 206 we showed that
InP clusters obtained from our protocol can be used as single source precursors to
grow colloidal InP QDs. 178

300

400

500

600

700

Wavelength (nm)

B

C
Intensity (a.u.)

Absorbance (a.u)

150 °C, 1 min
230 °C, 14 min

Intensity (a.u.)

A

8000

12000

16000

20000

m/z

30000

50000

70000

90000

m/z

Figure 4-5: InP Clusters Persist in QD Batch Reactions. UV-Vis and MALDI
characterization of InP QDs and growth intermediates prepared during batch synthesis. Consistent with the synthesis in tube reactors, we observe clusters with similar
size and size distribution during batch synthesis. (Adapted from Ref. 178 )
However, because the formation of clusters as intermediate reaction products can
prevent the growth of samples with narrow size distributions, their persistence is not
necessarily desirable. 203 In preliminary experiments, we therefore investigated various
means to synthesize cluster-free QD samples. Whereas high reaction temperatures
and long reaction times were found to yield cluster-free samples, the range of available QD sizes remained limited. To tune the size of cluster-free QDs, we examined
the potential of the surfactants TOP and trioctylphosphine oxide (TOPO) to disrupt
cluster stability. Using varying amount of these compounds, we were able to yield QD
samples with first absorption peaks ranging from 520-560 nm. MALDI low-mass spectra of these solutions showed no detectable clusters, while high-mass characterization
showed QD masses ranging from ⇠45-100 kDa. 178

4.4.2

Isolation and Characterization of InAs Clusters

Encouraged by the early reports on the existence of InAs MSCs 41 and our growing
understanding of the importance of small clusters for the growth of III-V QDs, we
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decided to examine the molecular composition of InAs MSCs more closely. From
the work of Xie et al. we had learnt that upon mixing of (TMSi)3 As and indium
stearate in a solution of ODE and TOP, samples with sharp absorption features at
420 nm and 460 nm start to form. 41 The authors further noted that growth from
these clusters occurred in a quantitized way and that MSCs were not purely “magicsized” but exhibited a certain size distribution. Based on the observation that the
usage of (TMGe)3 As under similar conditions had also lead to samples with sharp
absorption features at similar wavelengths, 141 we set out to systematically investigate
the formation of InAs MSCs as a function of the employed arsenic precursor, using
our precursor library from Chapter 2.
Under identical reaction conditions we injected each of our the four arsenic precursors dissolved in TOP into a solution of excess InMy3 in ODE. After 4 minutes
the initial temperature of 130 °C was raised to 220 °C. Figure 4-6 shows the absorption spectra of aliquots that were taken to monitor the reactions. Notably, all four
reactions show the formation of distinct and identical absorption features at 427 nm
and 460 nm starting with the aliquot taken at 7 minutes. Even after 20 minutes
these features are still visible in the absorption spectrum, indicating that the formed
InAs clusters persist throughout QD growth. Only for the use of (iPrDMSi)3 As as
arsenic precursor, the sharp features disappeared in the final absorption spectrum.
Curiously, the use of (iPrDMSi)3 As also resulted in the QD sample with the least
defined absorption peak, although it is currently unclear whether this observation is
based on a causality or purely coincidental.
It further is remarkable that all four precursors seem to form clusters with identical
absorption peaks. This finding suggests that the coordinating ligand of the group-V
element (TMSi, TMGe, TEGe, and iPrDMSi) is not contained in the cluster structure.
If true, this result would agree with the studies of Gary et al. who presented an InP
MSC which is coordinated solely by acid molecules and does not contain any of the
original group-V coordinating ligands. 204 If the group-III coordinating ligand also
acts as the primary ligand for InAs MSCs, it is possible that the absorption features
of InAs MSCs observed in our study di↵er from the observations of Xie et al. 41 and
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Figure 4-6: Precursor-Independent Formation of InAs Magic-Size Clusters.
Upon mixing of InMy3 and precursors from our arsenic precursor library discussed
in Chapter 2, all resulting samples show absorption spectra with distinct features at
1 = 427 nm and 2 = 460 nm (dashed lines). While the injection is performed at
130 °C, the temperature is raised to 220 °C after 4 minutes. Notably, the features
continue to persist throughout QD growth, indicating the formation of similar InAs
MSCs for all four precursors. (Adapted from Ref. 167 )
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Ning et al. 205 due to the use of di↵erent indium carboxylates as indium precursors
(see Table 4.1).

Table 4.1: Comparison of InAs Magic-Size Clusters. The results from Figure
4-6 suggest that the molecular structure of InAs MSCs does not contain any of the
coordinating ligands from the group-V precursor. Therefore, it seems plausible that
the position of the sharp absorption features is determined by the choice of the groupIII precursor. Here, we display the position of the resulting MSC features as a function
of the respective precursors.
As Precursor

In Precursor

This work

Various

InMy3

427

460

Xie et al. 41

(TMSi)3 As

InSt3

420

460

Ning et al. 205

(TMSi)3 As

InAc3

420

480

1

2

For further mechanistic studies and for a potential use of these clusters as single
source precursor for the growth of InAs QDs, we investigated routes to improve isolation and purification of InAs MSCs. The most promising results were obtained for
mixing acid-free InMy3 and (TMGe)3 As at 130 °C and raising the temperature to 170
°C after 20 minutes. Figure 4-7A shows the evolution of the absorption spectrum of
the resulting solution over time, ultimately yielding two peaks at
2=

1=

426 nm and

459 nm. After 30 minutes the reaction was stopped and the products purified

using multiple precipitation and redispersion cycles. The absorption spectrum of the
final product is pictured in Figure 4-7B. A second spectrum that was acquired after
storing the sample in air for three days, showed that the sharp peaks had broadened,
indicating an oxidization or ripening process. Further e↵orts need to show whether
these InAs MSCs can be isolated more e↵ectively under air-free conditions and employed as precursor reservoirs to improve QD growth as recently shown by Tamang
et al. 206
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Figure 4-7: Synthesis and Isolation of InAs Cluster Intermediates. A Synthesis of InAs cluster intermediates. Upon mixing of InMy3 and (TMGe)3 As at 130
°C, the solution developes distinct absorption features at

1

= 427 nm and

2=

459

nm. Upon raising the temperature to 170 °C these features become more distinct. B
After 30 minutes, the sample is purified through multiple precipitation and redispersion cycles. The absorption spectrum of the purified sample is shown here. (Adapted
from Ref. 167 )

4.5

Conclusions

We have developed an integrated air-free protocol to characterize InP QD growth intermediates using MALDI MS. Our method allows for the simultaneous observation
of the formation of small clusters and larger QDs. Whereas theoretical growth models
have predicted the persistence of small particles during QD growth, 121;122 we have obtained conclusive experimental proof that InP clusters continue to persist throughout
most of QD growth, suggesting their role as a reservoir for the formation of larger
InP particles. The results discussed in this chapter and research from the Cossairt
group 140;178;203 suggest that the persistence of InP clusters during QD growth is the
leading cause for the unexpected small influence of precursor reactivity on III-V QD
growth (see Chapter 2). Our research additionally suggests that the coordinating ligands of the group-V precursor are not incorporated into InAs clusters, which is rather
stabilized by the group-III ligands. In agreement with the Cossairt group’s recom126

mendation to minimize the persistence of small clusters during III-V QD growth, it
is probable that the success of the continuous precursor injection synthesis for InAs
QDs (as discussed in Chapter 3) roots in the fast and efficient conversion of InAs
clusters in the growth solution. Future studies will need to proof whether the mechanism of QD growth during the continuous injection of molecular precursors is based
on the attachment of these molecular precursors onto the QD surface, or whether
despite slow injection rates InAs clusters continue to be formed. Either way, our results underline the importance of small cluster intermediates and stress the need for
a better mechanistic understanding of their reaction pathways and for novel synthetic
approachs to facilate cluster-based III-V QD growth.
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Chapter 5
Simulating Quantum Dot Growth
5.1

Contributions

I adopted the theoretical growth model presented in this chapter from the model developed earlier by Flurin Hänseler and Jane Rempel. 120–122 Jon Paul Janet transcribed
the code into C++ and Heather Kulik provided us with access to her computational
resources. Lastly, Daniel Harris contributed through many discussions on this topic.

5.2

Introduction and Background

In this chapter we will take a closer look at the underlying mechanisms of QD growth
from a theoretical standpoint (see Section 1.2.3) with the goal to better understand
the observations made in the previous chapters. Specifically, we were curious whether
we could develop a kinetic growth model that would allow us to understand why
InAs QD growth appears to slow down for larger particles and how slower precursor
addition rates can counterbalance this trend (see Chapter 3). Further, we asked
ourselves whether the same kinetic growth model would predict the formation of
small InAs clusters and their persistence throughout the growth of larger QDs (see
Chapter 4).
To answer these questions, we here adopt a QD growth model developed earlier
by Rempel and Hänseler 120–122 and expand the underlying kinetic rate equations
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to more accurately reflect recent insights into III-V QD growth kinetics. One key
di↵erence between the updated model its original version will be the elimination
of the precursor conversion mechanism. Instead, we treat each precursor molecule
as a basic crystal unit that can react with any particle already existing in solution
without the need for a prior conversion. In addition, we will add a formalism for
the continued supply of precursor molecules throughout the reaction to study the
influence of precursor injection rate on particle size distribution. Lastly, we will
parameterize particle curvature to model size-dependent changes in particle growth
rates. In contrast to the original model which employed a hybrid approach of discrete
rate equations for smaller particles and a continuous partial di↵erential equation for
larger particles, we will here treat all particles via discrete rate equations.
Using the simplistic model developed in this chapter, we will present preliminary
theoretical insights into QD growth and discuss remaining challenges for more accurate predictions.

5.3
5.3.1

Methods
Generalizable Growth Model

Based the self-imposed requirements discussed above, our model considers four processes to model the time-dependent concentrations of all spherical particles Ni , for
which i denotes particle size (see Figure 5-1). The first basic process considers the addition of precursor material to the solution following zeroth order kinetics determined
through the precursor injection rate P .
P

! N1

(5.1)

In the second and third process we consider the reversible attachment and detachment of a single crystal unit, described via the rate constants Gi and Di . Whereas this
process follows second order kinetics for the attachment – as it requires the presences
of a particle Ni and a single crystal unit – the detachment of a crystal unit from a
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particle follows first order kinetics.
Gi [Ni ][N1 ]

Ni + N1

Ni

! Ni+1

(5.2)

+ N1

(5.3)

Di [Ni ]

! Ni

1

Lastly, we considered the aggregation of two particles Ni and Nj with i,j >1 which
was assumed to follow second order kinetics described via the rate constant Ai,j .

Ni + Nj

Ai,j [Ni ][Nj ]

! Ni+j , i, j > 1

(5.4)

P

Monomer
Addition

Reversible
Growth

Gi · [Ni]· [N1]

+

Di+1 · [Ni+1]

i
Irreversible
Aggregation

Ai,j · [Ni]· [Nj]

+
i

i+1

j

i+j

Figure 5-1: Scheme for a General QD Growth Model.
The rate constants Gi , Di , and Ai,j are further composed of size-dependent and
size-independent factors. The size-independent factors kG , kD , and kA will here be
referred to as time constants and are thought to represent materials specific parameters. Further, we assumed that for a reaction-limited growth regime, the attachment
and detachment of a single crystal unit onto and from an existing particle scales with
the number of surface sites. Assuming a spherical particle of size i, the number of exposed surface sites scales with i2/3 . 120 For a di↵usion-limited growth regime, particle
growth through crystal unit attachment was assumed to be proportional to particle
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diameter and therefore scales with i1/3 . 120
Additionally, we assumed that all three rate constants depend on the inverse of
the particle radius Ri to the power of ↵, with ↵ = 0, 2. For ↵ = 0, particle radius
would have no e↵ect on the kinetic rate equations. For ↵= 2, however, all rate
equations would be proportional to Ri

2

– the Gauss curvature of a particle – leading

to slower growth rates for larger particles. This quadratic relationship was motivated
by classical nucleation theory where surface energy is assumed to scale with R2 .

✓

◆ ↵
Ri
Gi = kG · i ·
, x = 1, 2
nm
✓
◆ ↵
Ri
2/3
Di = kD · i ·
nm
x/3

(5.5)
(5.6)

For the aggregation rate constant, we chose to adopt a formulation developed
by Rempel and Hänseler in which particle aggregation was derived from the kinetic
theory of gases and expanded by an adhesion probability that favors the aggregation
of two smaller particles, and of a larger and a smaller particle (see Figure 5-2). 122;226;227

Ai,j = kA · e

1 i

+e

1 j

·

s

i+j
· i1/3 + j 1/3
i·j

2

·

✓

Ri
nm

◆

↵

·

✓

Rj
nm

◆

↵

(5.7)

On basis of the rate constants described above, we obtained the two central coupled rate equations that describe that change of the concentration of any particle Ni
over time:

d[N1 ]
= P + 2D2 [N2 ]
dt

2

2G1 [N1 ] +

N
X
i=3
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Di [Ni ]

N
X
i=3

Gi

1

[Ni 1 ] [N1 ]

(5.8)
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Figure 5-2: Visualization of the Rate Constant for Aggregation. ai,j is plotted
as a function of the sizes of two aggregating particles (see Equation 5.14). Whereas
aggregation is slow if both particles are large, aggregation is fast for the coalescence
of small and small, as well as small and large particles.

d[Ni ]
= Gi
dt

1

[Ni 1 ] [N1 ]

Gi [Ni ] [N1 ] + Di+1 [Ni+1 ] Di [Ni ]
X
1 X
Ai,j [Ni ] [Nj ] +
Ai
2 j<i 1
i+j<N

j,j

[Ni j ] [Nj ] (5.9)

In analogy to the model developed by Rempel and Hänseler, we introduce nondimensional parameters for the two independent variables time and particle concentration. 120 However, whereas Rempel and Hänseler scaled time with the precursor
conversion rate, our model does not include a formalism for this process. Therefore,
we scaled time by kD , the time constant for dissociation, as it was assumed to be the
smallest out of the three time constants.

t = T · kD

(5.10)

In addition, all four rate constants (P , Gi , Di , Ai,j ) were scaled with kD , the time
constant for dissociation.
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p=

P
kD

(5.11)

gi =

Gi
kD

(5.12)

di =

Di
kD

(5.13)

ai,j =

Ai,j
kD

(5.14)

Lastly, we scaled particle concentration [Ni ] by P ·Ttotal (or p · ttotal ), the amount of
total precursor injected over the course of the simulation, to obtain the dimensionless
particle concentration [ni ].

[ni ] =

5.3.2

[Ni ]
[Ni ]
=
P · Ttotal
p · ttotal

(5.15)

Implementation

The Matlab code that initializes the QD growth model and calls the ordinary di↵erential equation solver is listed in Appendix A. The function Di↵eq that contains all
kinetic rate equations for our QD growth model is provided as well. The notation of
variables and parameters was kept in accordance with the equations listed above. At
the end of the program, the integrity of the model is validated by checking whether
mass conservation is obeyed for each simulation. Note that in contrast to Rempel
and Hänseler who employed discrete rate equations for small particles and a continuous partial di↵erential equation for larger particles, 122 our growth model treats
all particles with individual discrete rate equations. While this significantly increases
computational e↵ort, we were able to reduce computation times through small system
sizes (Nmax = 5000), by running the here presented code in C++, and through access
to computational resources provided by the Heather Kulik.
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5.3.3

Estimation of Parameters and Variables

To model InAs QD syntheses based on the continuous injection of precursors as
described in Chapter 3, we initialized the system with a Gaussian size-distribution
centered at small particle sizes. Subsequently, we simulated the supply of additional
crystal units with well-defined injection rates. To improve this simulation of a seeded
growth, we adopted the experimental parameters to our best ability:

Based on our synthetic protocol for InAs QDs and particle-sizing curves, we approximated that InAs QDs exhibit a particle size of roughly 2.8 ± 0.3 nm right after
the nucleation step. 43 Using a density of 5.67 g/cm3 and a molecular weight of 189.79

g/mol for bulk InAs crystals, we estimated a density of roughly 18 units InAs (or 36
atoms) per nm3 crystal. Therefore, the starting size distribution for our simulation
was chosen to be a Gaussian function centered at 420 crystal units with a FWHM of
125 crystal units. Further, we knew that the growth of InAs QDs significantly slowed
down once particles reached a size of about 4-5 nm, and barely yielded particles with
sizes larger than 6 nm (⇠ 4100 crystal units). To reduce computation times, the
maximal system size N was therefore chosen as 5000 crystal units.

To model the influence of injection speed on particle size and size distribution (see
Figure 3-4), we tested three di↵erent precursor injection rates (p = 107 , 108 , 109 ). To
keep the total amount of injected precursor constant, the product of dimensionless
time and precursor injection rate, p · ttotal , was set to 1010 for all three simulations.
The concentration of the seed particles was then matched to the total amount of
precursor to be added by setting the amplitude of the seeded Gaussian distribution
to 104 . For all of our preliminary calculations we set ↵ = 0 , kG = 106 , kD = 1, and
kA = 105 in accordance to the values employed by Rempel and Hänseler. 122 Lastly,
all simulations discussed here were conducted assuming a di↵usion-limited growth
regime (x = 1).
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5.4

Preliminary Results

While the theoretical investigation of QD growth is still in progress, we here want to
discuss some of our preliminary results. Figure 5-3A shows the evolution of particle
size and size distribution for a simulated seeded growth synthesis. With time, particles
grow in size while the FWHM of the size distribution broadens. Only for long reaction
times, the initially Gaussian size distribution is rendered asymmetric with a tail
toward smaller particles. We further tested the ability of our model to simulate a
ripening process. The simulation depicted in Figure 5-3B shows the progression of
small particles without the injection of additional precursors. Over time, the mean
particle size decreases, while the particle size distribution broadens with an increasing
tail for larger particles.
As these early simulations yielded results that qualitatively agreed with our experimental observations, we set out to test the influence of the precursor injection
rate p on particle size and size distribution during a continuous precursor injection
synthesis. In our earlier experimental studies (see Figure 3-4) we observed that the
size distribution focused at early reaction times irrespective of precursor injection
speeds. While for slow injection speeds the size distribution was found to remain
narrow, faster injection speeds lead to a significant broadening of the size distribution. Figure 5-3C shows that our simulations qualitatively reproduce these trends.
While the slowest injections speed (p = 107 ) yielded the narrowest size distribution,
the fastest injection speeds (p = 109 ) did not yield any size focusing at all and thus
produced samples with much greater size disparity.
Lastly, we were curious to see how our model would respond to the simultaneous
presence of two distinct size distribution of particles. This simulation was inspired
by our experimental studies discussed in Chapter 4 which showed that small clusters
persist throughout the growth of larger III-V nanoparticles and might potentially act
as growth reservoir. Figure 5-3D shows the simulation of such a scenario by initializing the system with two Gaussian particle size distributions centered around 500
and 1300 crystal units. Surprisingly, the additional injection of precursor material
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leads to a simultaneous growth of both particle populations that then converge into
one mostly symmetric size distribution. While these findings are in contrast to our
experimental studies – there the size of the smaller cluster population remained approximately constant – it is currently unclear whether this contradiction is based on
an inaccurate parametrization of our system or based on a systematic flaw in our
kinetic rate equations.
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Figure 5-3: Preliminary Results for a General QD Growth Model. A Evolution of particle size and size distribution during a simulated continuous injection
synthesis. B Simulation of a ripening process by setting the precursor injection rate
p = 0. C Modeling of the e↵ect of precursor injection rate p on the FWHM of
the particle size distribution. In accordance with the experimental results shown in
Figure 3-4, slower injection speeds lead to an initial size focusing followed by a size
broadening over the course of the reaction. In contrast, the fastest injection speed did
not yield any focusing in particle size distribution. D Evolution of particle size and
size distribution for a bimodal particle size distribution. Noteably, both distinct populations grow simultaneously and ultimately converge to form one mostly symmetric
size distribution.
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To improve the QD growth model, it will be crucial, to conduct more experimental
studies that allow the extraction of more accurate system parameters. As the current
system was initialized using parameters determined for the simulation of CdSe QD
growth, it is clear that at least some parameters for the simulation of III-V QD growth
will significantly di↵er. Allen and Walker for example have shown that precursor
conversion kinetics are roughly six orders of magnitude faster for InP QDs than for
CdSe QDs. 149;228 While these results were extracted for the reaction of molecular
phosphorus precursors with molecular indium precursors, it remains unclear in how
much the rate constants for the attachment of the molecular precursors onto a cationrich surface of the respective QDs di↵ers. Further, it remains to be investigated how
the detachment of group-III or group-V-based compounds from a III-V QD surface
di↵ers from the equivalent process for II-VI QDs. Based on the more covalent nature
of III-V QDs and the higher charge of indium cations and arsenic anions, it would not
be surprising to find that the detachment of III-V ions from a QD surface is much less
favorable than for II-VI QDs. In addition, future simulations will need to investigate
the role of the QD curvature, here implemented through the parameter ↵. Most
importantly and with respect to our recent insights into the stability of small cluster
intermediates (see Chapter 4), additional parameterization is required to simulate a
thermodynamic sink to account for the formation of small and persistent clusters.
Despite the challenging determination of accurate system parameters, we anticipate that this simple QD growth model has the potential to yield additional mechanistic insights into the synthesis of III-V QDs. While the model currently fails
to reproduce the persistence of small clusters during QD growth, it successfully reproduced the trends observed for the influence of precursor injection speed on the
narrowing of particle size distribution during seeded growth syntheses. We therefore
anticipate that a future iteration of this model will help to draw a more conclusive
picture of QD growth.
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Chapter 6
Functional SWIR Imaging using
InAs Quantum Dots
6.1

Contributions

All projects discussed in this chapter were conducted in a highly collaborative manner, some over multiple Ph.D. generations. QD-based SWIR imaging was pioneered
in our group by Oliver Bruns, Thomas Bischof, and Daniel Harris. I joined the
project after many of initial imaging applications had already been established and
contributed with a new-generation of SWIR QDs and characterization of the optical
and physiological properties of our functionalized SWIR emitters. Parts of the here
presented results were previously published in Nature Biomedical Engineering, 62 as
well as in the Ph.D. theses of Daniel 151 and Thomas. 19
Many of the projects in this chapter relied heavily on support from our collaborators in the laboratories of Peter So, Dai Fukumura, Rakesh Jain, Klavs Jensen,
Gökhan Hotamışlıgil, and Klaus van Leyen. Given the variety of these projects, I
decided to focus the discussion on our two most recent e↵orts: measuring the activity of brown adipose fat tissue (previously published in Nature Medicine) 229 and
monitoring the occurrence of hemorrhagic stroke. For both these collaborations, I
primarily contributed by providing functional SWIR-emissive materials.
Yue Chen and José Cordero established the norbornene-tetrazine-based ligand
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system described in this chapter. Both José and Yue provide me with reagents and
guidance that helped me in adopting their ligand system for the use with InAs-based
QDs. The results of this research are published in Angewandte Chemie International
Edition. 230
Lastly, Ou Chen provided guidance that helped me in adopting his QD superparticle protocol for the synthesis of SWIR-emissive QD superparticles.

6.2

Introduction and Background

In this chapter, we will discuss how our InAs-based CSS QDs from Chapter 3 can
be used as buildings blocks for functional SWIR imaging probes. We will highlight
three di↵erent functionalizations that have enabled us to perform a variety of imaging
applications. We will complement this discussion by presenting new, compact SWIR
QDs that enable conjugation and labeling of biological structures. Lastly, we will
present preliminary results toward the synthesis of SWIR-emissive QD superparticles
that we anticipate to improve particle tracking applications.
In the second part of this chapter, we will present an overview of ongoing QD-based
SWIR imaging studies including the mapping of blood flow, detection of hemorrhagic
stroke, and quantification of metabolic activity.

6.3
6.3.1

Methods
QD Functionalizations

QD Phospholipid Micelles. See Chapter 3.
QD Nanosomes. QD-labeled recombinant triglyceride-rich lipoproteins, here referred to as QD nanosomes, were obtained using a previously reported procedure. 231;232
Briefly, physiological lipoprotein were extracted from triglyceride-rich lipoproteins by
the method of Folche. 233 To incorporate QDs into the recombinant lipoproteins, 20
mg of the lipid extract (approximately 80% triglycerides, 10% cholesterol and 10%
phospholipids) were dissolved in chloroform and mixed with 1 mg (dry weight) CSS
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QDs. The solvent was removed and QD nanosomes were formed by adding 2 ml of
phosphate-bu↵ered saline (PBS) or isotonic saline, and sonicating with a dip probe
sonicator for 10 minutes. Before intravenous injection (⇠2 mg lipid per mouse), potential aggregates were removed by filtration using a 0.45 mm syringe filter.
QD Composite Particles. 2 mg (dry weight) CSS QDs were mixed with 5 mg 18:1
PEG2000 PE (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000]) (ammonium salt) (Avanti Polar Lipids), 80 mg soy bean oil, and
1.4 mg phosphatidylcholine in chloroform. After briefly sonicating the sample for 10
s, the solvent was removed under nitrogen flow and 2 ml of isotonic saline were added.
To form an emulsion of composite particles, the aqueous solution was sonicated with
a dip probe sonicator for 10 minutes. This solution was filtered through a 0.45 mm
syringe filter.
Tetrazine-polyethylene glycol-azide. Tetratzine-PEG-N3 was synthesized by dissolving 5 mg (4–(1,2,4,5–tetrazine–3–yl)phenyl) methanamine hydrochloride in 400 mL
dichloromethane (DCM) and adding ⇠40 mL triethylamine drop-wise. While stirring,
an azido–dPEG12–NHS ester solution (20 mg in 100 mL DCM) was added and the
mixture was allowed to react at room temperature overnight. The resulting solution
was purified using a silica column with a 7% methanol in DCM solution as the flushing solvent. The pink product was collected and stored at 4 °C.
Synthesis of QD-PEG-N3 . 5 mg (dry weight) InAsCdSeCdS CSS QDs with a PL
peak at 1129 nm and a QY of 26 % in hexanes were dispersed in 1 mL ODE and 1
mL oleylamine. After degassing at 115 °C for 15 minutes, the solution was heated to
150 °C under nitrogen. 381 mg 5-norbornene-2-nonaoic acid (NB-nonaoic acid, 0.5 eq
compared to oleylamine, synthesized following Ref. 234 ) in 0.5 mL ODE were injected
and the solution was stirred for 1 h. Afterwards, the particles were purified through
precipitation and redispersion cycles. The obtained QD-norbornene were dissolved in
about 1 mL chloroform with an excess of tetrazine-PEG-N3 . After stirring at room
temperature for 105 minutes, the particles were precipitated using hexanes and redissolved in ethanol. After sonication for 30 sec, the ethanol was removed, and the dried
particles were dissolved in 2 mL water. The sample was spun in a dialysis filter (30
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kDa MWCO) to remove excess ligand, and the total volume was reconstituted to 2
mL. After filtration through a 200 nm syringe filter, the sample exhibited a PL peak
of 1075 nm and a QY of 22 %.
SWIR CSS QD Superparticles. InAsCdSeCdS CSS QDs with a PL peak at 1206
nm and a QY of 14 % in organic solution were used as starting material for the formation of larger superparticles in adaptation of our previously established protocol. 235
14 mg (dry weight) CSS QDs were dissolved in chloroform and injected into 1 mL
of a 20 mg/mL dodecyltrimethylammonium bromide (DTAB) solution in nanopure
water. The solution was vortexed for 5 sec, and the chloroform was removed through
a continuous stream of nitrogen. The resulting solution was injected into 5 mL of
a 2 mM poly(vinylpyrrolidone) (PVP, MW 55000) solution in ethylene glycol (EG)
under vigorous stirring. After 25 minutes, the solution was heated to 80 °C and the
stirring speed was reduced. After 24 hours, the solution was cooled to room temperature and an excess of ethanol was added. The superparticles were purified through
repeated centrifugation, and redispersion in ethanol. Approximately 3 mg of the resulting product were then redispersed in 20 mL ethanol. Under vigorous stirring, 3
mL deionized (DI) water were added drop-wise within 6 minutes. Subsequently, 1 mL
of aqueous ammonia solution and 30 mL tetraethyl orthosilicate were added drop-wise.
After 20 minutes, the resulting SWIR CSS QD superparticles were isolated through
centrifugation, purified through repeated washing with DI water, reconstituted to a
concentration of 2 mg/mL, and stored in the refrigerator.

6.3.2

SWIR Imaging

Through-Skull Stroke Imaging. In our custom imaging setup, a 10 W 808 nm
laser (Opto Engine; MLL-N-808) is coupled into a 910 mm-core metal-cladded multimode fiber (Thorlabs; MHP910L02). The output from the fiber is passed through
a ground-glass plate (Thorlabs; DG10-220-MD) directed over the working area. We
used a 1” silver elliptical mirror (PFE10-P01) to direct the emitted light to the InGaAs camera (Princeton Instrument, NIRvana) equipped with doublet lenses (Thorlabs AC254-100-C and AC254-75-C). The laser light was blocked with two colored
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glass 2’ 850 nm longpass (LP) filters. CSS QDs with a PL peak at 1290 nm and a QY
of 26 % were incorporated into QD phospholipid micelles. 48 h before the imaging
experiment, a C57Bl6 mouse was shaved, pretreated with warfarin for 24 h, and subjected to 3 h of transient filament middle cerebral artery occlusion (MCAO). 236;237
Subsequently, CSS QDs were injected intravenously under ketamine/xylazine anesthesia. The mouse was irradiated with laser light at an intensity of ⇠60 mW/cm2
and the fluorescence signal in the brain vasculature was imaged to confirm hypoperfusion. The mouse was then reperfused by removing the occluding filament and imaged
again 3 h later to confirm reperfusion and to detect the formation of hemorrhages.
All pictures were background corrected and analyzed using ImageJ.
Metabolic Imaging. The imaging setup was adopted from the setup described
above. Here, we used a 4” square first-surface silver mirror (Edmund Optics; Part No
84448) to direct the emitted light through two colored glass 1000 nm LP filters (Thorlabs) to the NIRvana SWIR camera equipped with C-mount camera lenses (Navitar).
Cold exposure (4 °C) was performed in single cages for 24 h including a 4 h fasting
period as described previously. 232 Mice were shaven, anesthetized, and placed into the
SWIR imaging setting. QD-labeled nanosomes were injected via a tail vein catheter
using a syringe pump at a rate of 13.3 mL/mL (2 mg lipid per mouse). The SWIR
signal was recorded throughout the entire injection time. Subsequently, the tissue
was harvested and imaged ex vivo in the same setup.
Microscopy and Blood Flow Mapping. We used a Nikon Ti-E inverted microscope equipped with a Stage UP Kit (Nikon) and a backport adaptor. For illumination
we used an 808 nm laser diode coupled to a fiber which was attached to the backport
adaptor. To eliminate laser speckle, we used an Optotune speckle remover (Edmund
Optics, 88-397). We used a dichroic filter (Thorlabs, DMLP900R) to direct the excitation light to the sample and a 1000 nm LP filter (Thorlabs, FELH1000) to select
the emission light. Imaging was performed using a 2× objective (Nikon CFI Plan Apo
Lambda). The InGaAs camera was attached to the sideport of the microscope. The
brain of an anaesthetized mouse was imaged through a cranial window. A video of
the brain was recorded during the injection of QD composite particles with 60 frames
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per second (fps), three days after a similar injection to pre-label the tumor. Using this
video, we applied a form of principal component analysis on basis of the PoissonNMF
ImageJ plugin. This method identifies the extent to which each pixel can be represented as an artery or vein by relating its temporal profile to those of vessels of known
identity. Any signal existing before the injection was assigned as the background or
the pre-labeled tumor. The color image in Figure 6-9 represents the overlay of preinjection, artery and vein images. The particle velocimetry algorithm was written in
Matlab 2015a (MathWorks) and is available at https://github.com/massivehair/PIV.
Further details regarding the algorithm can be found in Ref. 62
Animal Protocols. Animal experiments were conducted in accordance with approved institutional protocols of the MIT Committee on Animal Care.
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Figure 6-1: SWIR QD Functionalizations for Next Generation In Vivo Optical Imaging. A schematic overview of three distinct surface coatings that tailor
the physiological properties of InAs-based CSS QDs for the use in specific SWIR
imaging applications. (Adapted from Ref. 62 )
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6.4

Results

6.4.1

QD Formulations

6.4.1.1

Micelle Formulations for Functional SWIR Imaging

InAs-based CSS QDs naturally lack the correct chemical and physiological properties
to be employed for in vivo SWIR imaging because they are synthesized in non-polar
organic solvents. In addition, their native ligand set prevents any meaningful interactions with biological entities which for example prevents the labelling of specific
cells or organs. To transfer QDs into the aqueous phase and to enable functional
biomedical imaging, we thus developed a set of three surface functionalizations –
QD phospholipid micelles, QD nanosomes, and QD composite particles – that render
InAs-based CSS QDs as building blocks for a versatile class of SWIRemissive probes
(see Figure 6-1). 62
QD phospholipid micelles are characterized by long blood circulation times (see
Figure 6-2) and thus enable angiography and related applications. 238 The synthesis of
these micelles was adapted from Dubertret et al. and has proven quite robust toward
modifications. 182 Adjustments of the length of the PEG chains on the outside of the
micelles for example, allow to tailor the blood half-life time to a desired time scale.
QD nanosomes - CSS QDs incorporated into lipoprotein functionalized micelles
– enable the monitoring of the metabolic activity of the respective lipoproteins in
vivo in real time. While this surface coating was previously developed using magnetic
nanoparticles for magnetic resonance imaging applications, 231 the protocol has proven
robust for the substitution with InAs-based CSS QDs.
Lastly, we synthesized SWIR QD composite particles – large micelles that contain
multiple CSS QDs. Combining many CSS QDs into one superparticle yields probes
with a high localized brightness which facilitates the visualization and tracking of
single particles in vivo.
Figure 6-3 displays the characterization of the optical properties, sizes, and surface
charges of the resulting formulations using PL spectroscopy, DLS or size-exclusion gel
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Figure 6-2: Determining Blood Half Life Time of QD Phospholipid Micelles.
InAsCdSeCdS CSS QDs were incorporated into phospholipid micelles and injected
into a mouse. Periodically, small amounts of blood were extracted from the tail vain
of the animal and the fluorescence intensity was measured using our imaging setup,
yielding blood half life times of around 90 minutes. (Adapted from Ref. 62 )

filtration chromatography (GFC), and zeta potential measurements, respectively. For
all formulations, the shape of the fluorescence spectrum remains largely una↵ected
upon phase transfer. While we detected no decrease in QY for a few selected samples, most samples, especially those with emission wavelengths close to the water
absorption band at 1450 nm, experienced a non-negligible brightness reduction (see
our related discussion in Chapter 3). DLS and GFC measurements showed that QD
phospholipid micelles were much smaller (21 nm) and more monodisperse than QD
nanosomes (⇠300 nm) and QD composite particles (⇠350 nm). Our characterization
further showed that all three surface functionalizations yielded probes with slightly
negative zeta potentials. Lastly, we investigated the toxicological profiles of QD phospholipid micelles and QD nanosomes. Our characterization found that the samples
exhibited excellent in vivo stability and showed no signs of acute toxicity up to at
least six days after their injection.
In Section 6.4.2 we will discuss the use of the here presented functional probes for
various imaging applications.
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Figure 6-3: Characterization of QD Formulations. A-C The emission spectra
of CSS QDs remained largely una↵ected after transfer into the aqueous phase using
A QD phospholipid micelles, B QD nanosomes, and C QD composite particles. DF Size and size distribution of functionalized SWIR QDs. D For smaller particles
which predominantly absorb but do not scatter light, size exclusion gel filtration
chromatography (GFC) was used to determine the hydrodynamic diameter. E-F
For larger particles, such as E QD nanosomes and F QD composite particles which
predominantly scatter light, DLS was used to determine the hydrodynamic diameter.
G-I Measurement of zeta potentials. G QD phospholipid micelles exhibit a zeta
potential of -12 mV, H QD nanosomes a zeta potential of - 43 mV, and I QD composite
particles a zeta potential of -14 mV. Note: These characterizations are exemplary
and were performed with multiple InAs-based SWIR-emissive QDs. (Adapted from
Ref. 62 )
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6.4.1.2

Ligand Systems for Targeted SWIR Imaging

In Chapter 4 we discussed how the optical properties of QD samples are quite sensitive to any modifications to their native ligand shell. 217–219 Yet, most processes that
are commonly used to transfer QDs into aqueous media are based on an exchange of
the native ligand for a water-soluble counterpart. 94;239–246 While these protocols yield
water-soluble QDs with comparatively small sizes, they are also correlated with reduced QYs and lower colloidal stabilities. Alternatively, QDs can be overcoated with
a silica shell to produce water-soluble and functionalizable particles 247;248 , or, as discussed above, be incorporated into micelle-like structures. 182;249;250 Yet, the growth of
silica shells or the encapsulation of QDs often inhibits the labelling of biological structures due to the large hydrodynamic diameters of the resulting probes. 247;248;251;252
Recently, Cordero and Chen have developed a new ligand system that facilitates
the phase transfer of CdSe-based QD materials by eliminating the need for altering the
QD surface post-synthesis. 230 In this method, NB-nonaoic acid is added during the
synthesis of a QD sample to partially substitute the original QD ligand. NB-nonaoic
acid is characterized by two main features: a carboxylic acid that strongly binds to
the QD surface 127;253–255 and a norbornene group that enables further conjugation
via norbornene-tetrazine click chemistry (see Figure 6-4). 256–259 Therefore, the main
rationale for employing NB-nonaoic acid during QD synthesis is based on the idea
to introduce an outward facing functional group without perturbing the QD surface.
In a second step, the functional group can then be used to extend the ligand shell
with tetrazine-PEG-N3 which serves three purposes: The tetrazine group links the
molecule to the norbornene group located on the QD. Because this reaction occurs via
efficient click chemistry, it can be performed at room temperature without the need for
additional activating agents and in chloroform, a natural solvent for as-synthesized
QDs. The azide group on the other end of the tri-block compound provides an
orthogonal functional group for conjugation to biological entities. Lastly, the PEG
chain not only separates both functional groups but more importantly renders the
particles water-soluble.
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The resulting “clickable”, azido-functionalized QDs are characterized by high QYs
(Cordero and Chen showed that about 70% of the original QY was retained), compact
hydrodynamic diameters, and high colloidal stability. In proof-of-concept studies,
azido-functionalized CdSe/CdS QDs were used to label 4T1 cancer cells and DNA
oligos. The use of click chemistry enabled high targeting efficiencies and resulted in
compounds with minimal non-specific binding. Importantly, NB-nonaoic could be
synthesized in large quantities, which o↵ers a more scalable approach compared to
our previous polymer-based phase transfer protocols. 42;260
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Figure 6-4: Click Chemistry Ligand System for QD Functionalization. A
Schematic overview of the new ligand system. During QD synthesis NB-nonaoic acid
is added to bind to the QD surface. Post-synthesis, the outward-facing norbornene
group can be conjugated to tetrazine-PEG-azide via efficient click chemistry. While
the PEG-unit provides water-solubility, the azide group allows for further click chemistry conjugation to biological targeting agents. B Comparison of the PL spectra of
InAs CSS QDs before and after phase transfer using our novel ligand system. While
we observed a small blue shift upon transfer into the aqueous phase, a high QY is
maintained, indicating a minimal change in the surface properties of InAs CSS QDs.
To adapt the phase transfer protocol for InAs-based CSS QDs, we added NBnonaoic acid to a dispersion of InAsCdSeCdS CSS QDs in ODE and oleylamine at
elevated temperatures. While the CSS QDs had been synthesized previously, we
hypothesize that the same procedure could also be conducted in situ during the
late stage growth of CSS QDs. As Cordero and Chen had shown that the binding
of NB-nonaoic acid onto a CdS QD surface follows a Langmuir adsorption model
for temperatures between 100-200 °C, we were able to partially replace NB-nonaoic
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acid for oleic acid, the native ligand that was employed to grow InAsCdSeCdS QDs,
via adjusting the ratio of QDs to NB-nonaoic acid molecules. In a second step, we
transferred the resulting QD-norbornene into the aqueous phase by adding tetrazinePEG-N3 and stirring the solution overnight. While the final azido-functionalized QDs
(QD-N3 ) experienced a blue-shift of the PL peak upon phase transfer, the QY only
decreased slightly from 26 % in hexanes to 22 % in water (see Figure 6-4B).
Upon storing QD-N3 in air and under room light, we noticed no further decline in
QY after four days, indicating remarkable stability of the probes toward oxidation.
In addition, we tested the photostability of QD-N3 upon addition of 20 vol% of a
paraformaldehyde solution that is commonly used to fixate biological tissue. After
exciting the sample with a 532 nm laser at a power density of ⇠150 mW / cm2 for
90 minutes, we detected no more than a 10 % decrease of the initial fluorescence
intensity. These results suggest that InAs-based QD-N3 remain photostable in the
presence of highly reactive organic molecules, and therefore exhibit a high potential
to be used in imaging protocols that require tissue fixation.
In our future studies, we will need to demonstrate that InAs-based azido-functionalized QDs can achieve the high targeting efficiencies and the minimal non-specific
binding that was shown for their CdSe-based analogs. We anticipate that a full
optimization of the synthetic protocols will yield bright SWIR-emissive QDs that
allow the targeting of biological entities in vivo.
6.4.1.3

CSS QD Superparticles

QD composite particles provide a high, localized brightness that enables their detection as single particles during SWIR intravital microscopy. In combination with the
high spatiotemporal resolution of SWIR imaging, this allowed us to track the movement of QD composite particles frame-by-frame, even at fast acquisition speeds, and
to use the resulting images to generate large-scale blood flow maps of a mouse brain
(see Figure 6-5). Yet, our current QD composite particle formulation leaves room
for improvements: As SWIR QDs are enclosed in large emulsion droplets to generate
composite particles, their optical properties are closely correlated with the stability of
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Figure 6-5: Intravital Particle Tracking. A single QD composite particle is imaged
intravitally through a cranial window. The fast acquisition speed of 60 fps allows to
track the pathway of the QD composite particle with high temporal and therefore
high spatial resolution.
the emulsion. Experimentally, we found that the brightness of QD composite particles
degrades over the course of a few days and that probes are therefore best prepared the
day of the imaging experiments which imposes unnecessary scheduling requirements
between di↵erent researchers.
In addition, DLS characterization had shown that the size dispersion of QD composite particles is only moderate. This is problematic, as particle size can have a
direct impact on a particle’s velocity in the blood stream as well as on it’s extravasation profile. 261 Therefore, any uncertainty in the size distribution of tracking particles
will translate into an uncertainty in the resulting blood flow maps. While a high accuracy is not necessarily needed to compare two regions with very distinct blood flow
– for example a tumor margin region and healthy vasculature (see Figure 6-9) – more
accurate measurements are necessary to track subtle changes in blood flow that occur
in one specific region over longer periods of time. 262
Lastly, the accuracy of blood flow maps could further be improved by increasing
the brightness of the employed tracking particles: As brighter probes enable faster
imaging speeds, the movement of brighter particles can be captured in more images
over a given time frame. This reduces the average distance a particle travels between
two frames, which translates into blood flow maps with higher spatial resolution.
To address these challenges, we investigated the synthesis of SWIR-emissive superparticles in adaptation of a protocol recently developed for the synthesis of magneto151

100 nm
Figure 6-6: TEM image of SWIR CSS QD Superparticles. By incorporating
SWIR CSS QDs into larger superparticles with diameters on the order of 50-100 nm,
we aim to generate the next generation of SWIR probes for improved particle tracking
and blood flow mapping.
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fluorescent core-shell superparticles. 235 In this approach, Chen et al. formed coreshell superparticles by co-assembling CdSe/CdSe QDs with magnetic nanoparticles
in aqueous solution using DTAB as surfactant. Subsequently, they injected the dispersion of co-assembled particles into a solution of PVP in EG, during which PVP
enclosed the superparticles to form micelles. In the last step of the protocol, these
micelles were then coated with a thin silica shell to increase colloidal stability and
biocompatibility, and to allow secondary functionalization, for example through conjugation to PEG chains.
Based on these achievements, we hypothesized that an adaptation of this procedure could yield monodisperse superparticles containing only SWIR-emissive CSS
QDs. While the optimization of the synthetic procedures is still ongoing, we here
want to discuss our progress toward this goal.
Figure 6-6 shows a TEM image of silica-coated superparticles containing multiple
CSS QDs. While the resulting superparticles show a relatively narrow size distribution, the amount of enclosed CSS QDs varies between di↵erent particles. In addition,
CSS QD superparticles exhibit a core size of ⇠50-70 nm and a relatively thick silica shell, while the original magneto-fluorescent superparticles exhibited diameters of
more than 100 nm and thinner silica shells. 235 We anticipate that future adjustments
to the relative concentrations of CSS QDs, DTAB, and silica shell precursors will
likely increase the number of CSS QDs per superparticle. However, compared to our
InAs-based QD composite particles, these superparticles exhibit drastically improved
size distributions, and were found to be colloidally stable and to maintain their optical properties for multiple days upon storage in a refrigerator. While currently
the highest QYs for CSS QD superparticles range around 3 %, we hypothesize that
these values can be improved by refining the reaction conditions and by employing
CSS QDs with thick outer shells. Ultimately, a direct in vivo comparison of these
QD superparticles to our established QD composite particles will then need to show,
whether the improved size distribution and potentially higher brightness can enable
a notably higher accuracy for blood flow mapping.
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6.4.2

Functional SWIR Imaging using SWIR CSS QDs

Using our QD-based SWIR-emitters, we have developed a variety of functional SWIR
imaging applications. As the first applications were developed by Oliver Bruns, Daniel
Harris, and Thomas Bischof on the basis of the previous generation of InAs-based
QDs, we will here limit the discussion of those applications to a brief overview. The
curious reader may be referred to the Ph.D. theses of Bischof and Harris, as well as
to our joint publication. 19;62;151 Consequently, this section will focus on two recent
projects that have employed our new generation of InAs-based CSS QDs to quantify
the metabolic activity of brown adipose fat tissue in genetically-engineered mice and
to non-invasively detect and image hemorrhagic stroke.

6.4.2.1

Non-Invasive Vital Sign Monitoring and Stroke Imaging

The first class of applications developed by Bruns, Bischof, and Harris, takes advantages of the high SWIR brightness and long blood circulation times of QD phospholipid micelles. By detecting the fluorescence signal originating from QD phospholipid
micelles in various organs, the researchers were able to extract the heart rate and
breathing rate of an awake and unrestrained mouse. This technology paves the way
for an automated and unobtrusive monitoring of animals in their normal environment and regular physiological state. In the future, this method could for example be
applied to test drug candidates for cardiac disease, for which SWIR imaging would
allow researchers to monitor the e↵ect of novel drugs on vital signs without the need
to implant telemetric devices or to anesthetize the animals.
In addition to the non-invasive monitoring of vital signs, it is also possible to apply
SWIR imaging to detect blood flow-related diseases. Hong et al., for example, recently
employed SWIR-emissive CNTs as blood contrast agents to image experimentallyinduced ischemia – a lack of blood supply – in the brain of a mouse through the
intact skin and skull of the animal. 10
Based on this non-invasive approach, we hypothesized that it would be possible to
use QD phospholipid micelles to non-invasively image both thrombosis – the clotting
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of a blood vessel leading to an obstructing of blood flow – and hemorrhage – the
rupture of a blood vessel leading to di↵usion of blood into the surrounding tissue – in
a mouse brain. The detection and understanding of these phenomena is important,
as both cases can occur during a stroke. 263 However, while strokes of ischemic nature
are more prevalent, hemorrhagic strokes occur only in ⇠15 % of all cases. 264 To
gain mechanistic insights into the occurrence of strokes, their transformation into
hemorrhagic strokes, and the efficacy of novel treatments, it is crucial to accurately,
and preferentially non-invasively measure brain perfusion with high sensitivity and
resolution. Whereas commonly researchers conduct treatment studies in large animal
cohorts and are required to sacrifice animals for each data point, non-invasive SWIR
imaging opens the possibility to monitor the occurrence of a stroke, its transformation,
and its treatment within a single animal. Next to stark reductions in animal numbers,
this method also promises additional insights, for example to determine the exact
location of a thrombus or the pharmacokinetics of treatments.

In Vivo

Ex Vivo

Figure 6-7: Detection of Hemorrhagic Stroke using SWIR Imaging. The
hemorrhagic transformation of a stroke event was detected in real time through the
intact skin and the skull of a mouse. To confirm the finding, the brain was harvested
and imaged ex vivo.
To demonstrate the feasibility of such studies, we employed QD phospholipid micelles to image the formation of hemorrhagic stroke in murine models. To increase
the chances of a hemorrhagic stroke, animals were pre-treated with warfarin, a blood
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thinner commonly used to treat or prevent blood clots which cause stroke. Warfarin,
however, is also suspected to exacerbate the risk of reperfusion injuries, including hemorrhagic transformation. 236;237 After the pre-treatment, a stroke was induced through
a transient filament middle cerebral artery occlusion (MCAO). After three hours, the
mouse brain was then reperfused by removing the occluding filament and imaged in
our SWIR imaging setup. Figure 6-7 shows that our SWIR camera is able to detect
the extravascular accumulation of blood in the murine brain that occurred after the
removal of the occluding filament. To confirm the hemorrhage, we harvested the brain
and imaging the tissue ex vivo using both visible and SWIR light.
These promising preliminary results underline the simplicity of QD-based SWIR
imaging and pave the way for a future expansion of our imaging platform to aide
the mechanistic investigation of the hemorrhagic transformation of strokes and their
treatment.
6.4.2.2

Quantitative Metabolic Imaging

In contrast to QD phospholipid micelles, QD nanosomes are functionalized with biologically active lipoproteins and therefore can be metabolized in the brown adipose
tissue (BAT). Here, the rate of QD nanosome uptake strongly correlates with the activity of adipocytes – fat cells that make up the majority of BAT. Because adipocytes
control the storage of fat and its conversion into energy, they are well known to adapt
to external stimuli such as excess nutrients, fasting, or exposure to extreme temperatures. A detailed understanding of the biological processes that control adipocyte
activity is thus crucial to combat obesity and other metabolic diseases. The high
transmittivity of tissue at SWIR wavelengths and the low levels of autofluorescence
background allow the detection of QD nanosome uptake in the BAT with femtomolar
sensitivity, high dynamic range, and high temporal resolution. SWIR imaging of QD
nanosomes thus o↵ers a novel tool to study metabolic activity in small animals. 62
Recently, we were able to employ this technology to examine the activity of
adipocytes in dependence of the transcription factor nuclear factor erythroid-2, like-1
(Nfe2l1, also known as Nrf1) that is localized in the endoplasmic reticulum. 229 Bartelt
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et al. found that Nfe211 is a critical driver for the proteasomal activity that regulates
the production of heat in the BAT. Upon exposure to cold, mice were found to induce
Nfe211 in the BAT to increase proteasomal activity and to maintain homeostasis of
the endoplasmatic reticulum. Therefore, Nfe2l1

BAT

mice – animal models in which

the transcription factor Nfe211 was deleted – show increased cellular stress and tissue
inflammation when required to produce heat.
Figure 6-8 shows how SWIR imaging can be used to quantitatively and noninvasively measure the discrepancy in BAT activity between wild type and Nfe2l1

BAT

mice. Upon exposure to cold, two di↵erent animals were injected with QD nanosomes
and the rise in SWIR fluorescence signal in the BAT – located close to the neck of the
animal – was detected. The images show a clear di↵erence in the rise of SWIR signal,
indicating a pronounced uptake of lipoproteins in cold-activated BAT in wild-type
mice, while Nfe2l1

BAT

A

mice did not display any detectable uptake in BAT.
B

BAT in vivo (SWIR)

BAT

BAT ex vivo (visible)
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Figure 6-8: Imaging Brown Adipose Tissue Activity. A SWIR in vivo images
of WT and Nfe2l1 BAT mice after injection of QD nanosomes. Ex vivo B visible light
and C SWIR images of BAT (scale bar equals 5 mm). The reduced BAT activity
in Nfe2l1 BAT mice indicates a correlation between the absence of the transcription
factor Nfe211 and BAT activity. To acquire the depicted images, we functionalized
InAsCdSeCdS CSS QDs with a PL peak at 1129 nm and a QY of 37 % as QD
nanosomes. (Adapted from Ref. 229 )
This exemplary study underlines the potential of SWIR imaging for studying
metabolic activity. We anticipate future work in which the individual mechanisms of
lipoprotein binding and uptake can be analyzed in greater detail in individual animals,
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possibly reducing the amount of biological replicates required for quantitative studies.
It will also be possible to assess the real-time e↵ects of an intervention within an
individual animal, for example to study the e↵ect of the administration of a certain
drug on metabolic activity. We hypothesize that this approach will not remain limited
to lipoproteins but soon be expanded to study the binding kinetics of therapeutic
antibodies and other biomolecules.
6.4.2.3

Particle Tracking and Blood Flow Mapping

For microscopic imaging settings, the strong and localized fluorescence signal of our
QD composite particles allows the tracking of single particles in vivo and thus enables
the measurement of blood flow in the vasculature of the brain (see Figure 6-9). With
this method, it is now possible to quantify blood flow in large volumes of vasculature
in only a few minutes of experimental time. Similar to functional magnetic resonance
imaging, but with much higher spatial and temporal resolution, our technique may
allow quantification of the activation of certain areas of the brain by detecting changes
in blood flow in response to external stimuli. We thus anticipate that this technology
will develop into a useful tool for a broad research community, for example aiding the
development of new angiogenesis-based tumor therapies or the study of neurological
activity in animal brains. As discussed in Section 6.4.1, we are currently working
toward improving the spatial resolution and maximal achievable penetration depth
by developing novel SWIR-emissive QD superparticles.

6.5

Conclusions

Central to all SWIR imaging applications discussed in this chapter, is our ability to
engineer SWIR-emissive QDs with functional surface coatings. In the first part of this
chapter, we presented three QD-based formulations in which CSS QDs are enclosed
in micelle-like structures, including QD phospholipid micelles that exhibit long blood
circulation times and allow the non-invasive detection of hemorrhagic stroke, QD
nanosomes that enable the quantification of the metabolic activity in genetically158
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Figure 6-9: SWIR Intravital Imaging and Blood Flow Mapping. A SWIR
intravital image of a mouse brain bearing a glioblastoma multiforme in the left
hemisphere. The image was acquired through a cranial window and principal
component analysis was employed to distinguish arteries (red) from veins (blue).
The tumor (green) was pre-labeled by injection of SWIR QD composite particles
three days before imaging, which lead the particles to accumulate in collapsed and
abnormal tumor blood vessels. Using a second dosage of SWIR QD composite
particles, we imaged B the vascular network of the tumor margin and C the
vasculature in the contralateral hemisphere with 60 fps. By applying a multi-pass
particle image velocimetry algorithm to the obtained videos, we obtain blood flow
maps in which colored arrows indicate the direction and velocity of blood flow. Scale
bars are A 1500 mm and B-E 300 mm. (Adapted from Ref. 62 )
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engineered animals, 229 and QD composite particles that can be used to generate
large-scale blood flow maps. 62 While these formulations were originally developed for
our previous generation of InAs-based QDs, 151 we found that our new generation
of InAs-based CSS QDs 11 could readily be substituted to increase brightness, color
tunability, and stability of the resulting probes.
We further presented ongoing e↵orts to synthesize QD superparticles which are
thought to replace QD composite particles for particle tracking applications. We hypothesize that these superparticles will ultimately enable the acquisition of improved
blood flow maps through increased brightness, particle uniformity, particle stability,
and surface functionalizability. In addition, we highlighted the use of a new QD
surface ligand for the phase transfer of InAs-based QDs. Our preliminary results suggest, that the use of this ligand will enable straightforward conjugation to biological
entities via efficient click chemistry while maintaining high optical properties. 230
In conclusion, SWIR-emissive CSS QDs can be used to generate bright SWIR
contrast agents, while the versatility of our surface coatings can be used to tailor
probe functionality to specific applications. We therefore anticipate that our imaging platform will continue to enable novel imaging tools for the broader biomedical
research community.
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Chapter 7
Finding the Optimal SWIR
Imaging Wavelength
7.1

Contributions

The study presented in this chapter was primarily lead by Jessica Carr, Marianne
Aellen, and Oliver Bruns. The project got inspired by the results of the wavelengthdependent through-skull imaging study that we performed together for the InAs QD
synthesis project and published earlier in Nature Communications. 11 Here, Jessica
and Marianne performed most of the imaging and analyzed the wavelength-dependent
contrast and penetration depth of the resulting images. Christopher Rowlands and
Peter So contributed to the modeling e↵orts. I contributed by providing InAs-based
broadband SWIR emitters and by evaluating parts of the modeling data. Parts of
the here presented results are currently under review for publication. 265

7.2

Introduction and Background

After having discussed the design of SWIR fluorophores for SWIR imaging applications, we want to dedicate this chapter to the investigation of the optimal imaging
wavelength for SWIR imaging. Because the optical properties of biological tissue are
strongly wavelength-dependent within the sensitivity range of modern InGaAs-based
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SWIR cameras (900-1700 nm, see Figure 1-4), even slight changes in the imaging
wavelength can significantly impact the quality of the resulting image. 9;13;17 Here, we
take a closer look at the underlying mechanisms of SWIR imaging and discuss the
e↵ect of imaging wavelength on the contrast of the resulting image and the ability to
penetrate into biological tissue.
As our and other studies have indicated, SWIR imaging can greatly enhance imaging sensitivity, spatial resolution, and tissue penetration depth compared to optical
imaging on basis of visible or NIR light. 11;13;14;17;62;266–268 Early theoretical models
describing the optical properties of biological tissue and respective tissue phantoms
have predicted that image contrast and image acquisition speed could be maximized
by choosing an imaging wavelength in one of two spectral windows centered around
1300 nm and 1600 nm (often also referred to as NIR-IIa and NIR-IIb windows) separated by strong water absorption band around 1450 nm (see Figure 1-1) . 9;267;269
Recently, experimental studies provided observations substantiating and extending
these predictions; Using CNTs as SWIR fluorophores, researchers were able to show
that imaging in the second SWIR window at ⇠1600 nm yielded higher image contrast
compared to imaging in the first SWIR window at ⇠1300 nm or across the full SWIR

window (⇠1000-1600 nm). 13;14 Based on the higher image contrast at longer imaging wavelengths, the researchers hypothesized that the reduced scattering of photon
would be the primary physical e↵ect that enhances the quality of images acquired
with SWIR light. In addition, the same research group was able to show that the
autofluorescence of tissue is greatly reduced in the second SWIR imaging window,
hence yielding additional contrast and sensitivity enhancements. 266
While the correlation between reduced scattering and increased image contrast
seemed logical, other studies show that the scattering coefficients of biological tissue change drastically going from visible wavelengths to NIR wavelengths, but comparatively little between 1000-1600 nm, such that their overall decrease can be described by a power law. 17 Considering the minor changes in scattering properties
across the SWIR spectral range, the experimentally measured di↵erences in image
contrast seemed rather significant. Therefore, we hypothesized that the drastic en162

hancements in image contrast for long SWIR imaging wavelengths might be caused
by something other than solely reduced photon scattering, and that absorption of
light by water and lipid molecules could play an overlooked role. This hypothesis
was based on two main observations: for one, the contribution of absorption to the
total attenuation – the sum of absorption and scattering – of light by tissue is much
greater in the SWIR, as water and lipid molecules absorb roughly one order of magnitude more light compared to the visible or NIR. 17 Second, the absorption spectra
of water and lipid molecules exhibit narrow absorption bands with high absorption
cross-sections across the SWIR spectral region (see Figure 1-4) which might correlate
with the great variations observed in image contrast.
To probe this hypothesis, we set out to examine how the choice of imaging wavelength can benefit or hinder imaging both for macroscopic and microscopic imaging
applications. Our study was facilitated by two factors: The wavelength tunability of
our SWIR-emissive CSS QDs allowed us to generate a broadband SWIR emitter that
is bright enough to be detected at all SWIR imaging wavelengths, including the main
water absorption band at 1450 nm. The combination of this broadband emitter with
high-quality bandpass (BP) filters enabled us the collect SWIR fluorescence signal in
narrow spectral bands and thus to probe the e↵ect of imaging wavelength on image
contrast and tissue penetration depth with unprecedented wavelength resolution.

7.3

Methods

Through-Skull Imaging. For this imaging experiment we adopted the “ThroughSkull Stroke Imaging” setup, described in the methods section of Chapter 6. To select
specific imaging wavelengths, we added various 50 nm wide BP filters (Edmund Optics) in between the doublet lenses. The laser light was blocked with two colored
glass 850 nm LP filters. Three QD samples emitting at 970, 1110 and 1300 nm were
transferred to water using QD phospholipid micelles (see Chapter 3). 800 ml of the
QD970 solution, 500 ml of the QD1110 solution and 580 ml of the QD1300 solution were
mixed to obtain a broadband SWIR emitter that covered the full sensitivity range
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of our InGaAs camera. A C57BL/6J mouse (34 g, male, 22 weeks, Jackson Lab)
was shaved, anesthetized and placed into the SWIR imaging setup. The mouse was
irradiated with laser light at an intensity of 60 mW/cm2 and 300 mg of the QD broadband emitter were injected via the tail vein. The brain vasculature was imaged using
di↵erent bandpass filters as described above. To account for the chromatic aberration of the optical system, the camera was refocused to maximize the resolution of
the central brain feature after each change of filters. All pictures were background
corrected and the emission profile of the fine brain vasculature was analyzed using
ImageJ.
Microscopy of Liver Tissue Samples. QD composite particles were synthesized
using two CSS QD samples with PL peaks at 1150 nm and 1420 nm. 200 ml of the QD
emulsion were injected intravenously via the tail vein into an anaesthetized C57BL/6J
mouse. Approximately 20 minutes after administration, a perfusion fixation was performed using 2% paraformaldehyde (PFA, Electron Microscopy Sciences, EM grade,
20% solution) in 1x PBS, and the liver was dissected. For imaging, we adopted the
microscopy setup described in the Methods section of Chapter 6. The liver sample
was kept in a glass-bottom micro-well dish (MatTek Corporation) containing water
to avoid dehydration. The fluorescence signal was collected and passed through a 900
nm LP dichroic mirror, a hard-coated 850 nm LP filter (Thorlabs; FELH0850), and
a 50 nm BP filter (Edmund Optics) for wavelength-selective imaging.
Animal Protocols. Animal experiments were conducted in accordance with approved institutional protocols of the MIT Committee on Animal Care.

7.4
7.4.1

Results
Wavelength-Dependent Contrast during Macroscopic
Imaging

To probe image contrast as a function of imaging wavelength in a macroscopic imaging
setting, we imaged the brain vasculature of a mouse through its skin and skull as
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recently demonstrated by Hong et al. 10 A broadband SWIR emitter was prepared by
mixing three samples of InAs-based QD phospholipid micelles emitting at 970, 1110
and 1300 nm, thus covering the entire sensitivity range of our InGaAs camera. After
injecting the resulting solution into an anesthetized mouse (C57BL/6J), we imaged
the brain vasculature using di↵use 808 nm excitation and narrow BP filters (50 nm
spectral width) from 950-1600 nm. Figure 7-1 shows exemplary wavelength-selective
images acquired at 1000, 1200, 1450 and 1600 nm.
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Figure 7-1: Wavelength-Selective SWIR Imaging with CSS QDs. Fluorescence imaging of the brain vasculature of a mouse through the intact skin and skull
of the animal. The four images shown here were collected using a broadband SWIR
emitter and four BP filters (50 nm spectral width) centered at 1000, 1200, 1450 and
1600 nm, respectively. For a selected vascular feature, the intensity profiles across a
line of interest (orange line in image inset) was used to calculate the contrast (standard deviation/mean) of a vessel. Images were scaled to fill the maximum number of
displayable intensities. (Adapted from Ref. 11;265 )
To analyze the contrast of the image, we employed the coefficient of variance cv
which is defined as the ratio of the standard deviation in signal intensities ( ) to the
mean signal intensity (µ). For each image, the contrast was calculated for the region
of interest specified in Figure 7-1 and plotted as a function of the center wavelength
of the employed BP filter. The wavelength-dependent contrast was then overlaid with
the absorptance spectrum of water, as shown in Figure 7-2. Surprisingly, we find that
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image contrast correlates seemingly well with the water absorptance spectrum. In
particular, the decrease of image contrast for imaging wavelengths beyond 1450 nm
supports a dominant impact of water absorption on image contrast. If in contrast,
reduced scattering would be the primary cause for increased image contrast, it would
be expected that contrast would strictly increase with increasing imaging wavelength.
The correlation between image contrast and water absorbance was further substantiated by performing the same analysis on three di↵erent vasculature features, and by
calculating the contrast of the entire image. All of these analyses showed a similarly
strong correlation between contrast and water absorptance and therefore suggest an
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Figure 7-2: Correlation between Image Contrast and Imaging Wavelength.
Contrast (standard deviation / mean) of the vascular feature depicted in Figure 7-1
was calculated for all images acquired at wavelengths between 950-1600 nm (each
using a 50 nm wide BP filter). The resulting contrast is here plotted as a function
of imaging wavelength. The overlay with the absorptance spectra of water shows
a strong correlation between image contrast and water absorption across the entire
SWIR region. Most notably, the maximum image contrast is obtained for an imaging
wavelength of 1450 nm, which coincides with the local absorption maximum of water
molecules in the SWIR. (Adapted from Ref. 265 )
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7.4.2

Contrast and Penetration Depth during Microscopic
Imaging

Following these surprising results, we tested whether a similar correlation between
image contrast and absorption of water molecules would be found for microscopic
imaging settings. We therefore labeled liver tissue with a broadband SWIR emitter
in vivo, and recorded fluorescence images of the extracted, labeled tissue at various
tissue depths (see Figure 7-3). The adjustable focus on the microscope thus allowed us
to probe contrast not only as a function of imaging wavelength – again using narrow
BP filters – but also as a function of imaging depth. Figure 7-4A shows exemplary
images for four imaging wavelengths (1000 nm, 1200 nm, 1450 nm, and 1600 nm) and
three imaging depths (40 mm, 80 mm, and 100 mm).
In analogy to the macroscopic brain vasculature imaging described above, contrast cv was calculated over the entire image for each wavelength and the resulting
wavelength-dependent values were overlaid with the water absorptance spectrum.
Figure 7-4B shows that in agreement with the results of the macroscopic imaging
study, contrast for microscopic fluorescence images correlates well with the absorptance spectrum of water (here shown for an exemplary image focal depth of 80 mm).
To determine the maximum tissue penetration depth – here defined as the maximum depth at which an image with a given spatial resolution (signal-to-noise ratio of
2) can be formed – an algorithm was adapted from Rowlands et al. 265;270 To facilitate
the discussion of the data, we here refer to images that meet this criteria as resolved,
whereas the remaining ones are referred to as not resolved. Figure 7-4C displays the
experimentally obtained penetration depth as a function of imaging wavelength, indicating that any images acquired at imaging depth larger than the penetration depth
are rendered unresolved.
Similar to image contrast, the data presented in Figure 7-4C suggest that also
penetration depth correlates with water absorptance. At shallow imaging depths,
e.g. 40 mm, an image of the labeled liver features is formed at all SWIR wavelengths.
However imaging much deeper, e.g. at 100 mm, causes a significant loss of image
167
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Figure 7-3: Wavelength-Dependent Ex Vivo Liver Microscopy. Liver samples
were labeled with a broadband SWIR emitter consisting of three di↵erent InAs-based
CSS QDs. Liver tissue samples were excited with 808 nm excitation and the fluorescence was imaged through an 850 nm LP filter and a 50 nm wide BP filter. The
resulting images (here depicted at 1450 nm) show how CSS QDs accumulate in individual cells in the liver of a mouse. The scale bar represents 100 mm. (Adapted from
Ref. 265 )
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Figure 7-4: Wavelength-Dependent Contrast and Penetration Depth during
SWIR Microscopy. A Ex vivo wavelength-dependent SWIR microscopy of a mouse
liver. A subset of the acquired images are shown here at imaging depths of 40 mm, 70
mm, and 100 mm for 1000 nm, 1200 nm, 1450, and 1600 nm imaging wavelengths (Scale
bar represents 200 mm). B The contrast (cv ) was calculated and plotted as a function
of wavelength, here exemplary for images taken at a depth of 80 mm. The contrast
seems to correlate with the water absorptance spectrum (blue line). C Penetration
depth was calculated and plotted as a function of imaging wavelength. The dashed
lines mark the depths at which the images in A were taken, and the crosses display the
respective imaging wavelengths. Green boxes and crosses indicate images considered
to be resolvable within the contrast threshold. (Adapted from Ref. 265;270 )
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contrast for most SWIR wavelengths except for those immediately around the water
absorption peak at 1450 nm. Whereas the detected fluorescence signal significantly
decreases when imaging at 1450 nm versus 1000 nm due to an almost 20 times greater
optical density of the tissue, contrast and penetration depth more than double. This
finding reveals that this imaging experiment can best be described as a contrastlimited imaging scenario (compare Figure 1-3). While for each imaging wavelength
sufficient signal can be acquired to form an image, the contrast is limited through
high background noise. Here we show that choosing imaging wavelengths in highly
absorbing spectral regions can greatly enhance image contrast. Importantly, our data
demonstrates that imaging at wavelengths around 1450 nm enhances the penetration
depth by almost 50% compared to imaging at 1600 nm which was previously believed
to be the optimum for SWIR imaging. 14;266

7.4.3

Tissue Phantom Study

Given that both the macroscopic and microscopic in vivo imaging studies suggested
that contrast enhancements at long SWIR wavelengths are driven by increased water
absorption, Carr and Aellen decided to design a study in which the e↵ects of scattering and absorption could be investigated independently. To examine the e↵ects of
scattering in the absence of absorbance, Carr and Aellen performed imaging studies
in scattering media in which regular water was replaced with D2 O which absorbs
significantly less SWIR light (see Chapter 3 and Figure 1-4). However, because the
ingestion of excess heavy water is toxic to animals, 271 this study was performed in a
tissue phantom. To mimic both an object of interest and a fluorescent background
that reduces contrast, two capillaries were filled with SWIR-emissive PbS-based QDs,
and submerged in an aqueous solution at a 90° angle. In two di↵erent experiments,
the aqueous solution was chosen to be either a 1% Intralipidr solution in D2 O, or a
1% Intralipipr solution in H2 O. The attenuation of these two solutions is plotted in
Figure 7-5B. Whereas both attenuation curves show identical scattering profiles that
arise from the presence of Intralipidr in solution, the attenuation curve of the H2 O
solution exhibits a strong contribution from the H2 O absorption band at 1450 nm.
170

Thus, the interaction of light with the D2 O Intralipidr solution is primarily limited
to scattering processes, while the H2 O Intralipidr solution both scatters and absorbs
light.
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Figure 7-5: Contrast Enhancement Through Background Signal Suppression. A Images of SWIR-emitting capillaries in both D2 O-based and H2 O-based
scattering phantoms were acquired at various imaging wavelengths (Scale bars represent 1 mm). B Attenuation spectra of the aqueous solutions used in the tissue
phantom show primarily scattering of light for 1% Intralipid® in D2 O and both
scattering and absorption of light for 1% Intralipid® in H2 O. C Contrast of the capillary images in the H2 O-based phantom correlates well with the water absorptance
spectrum and is overall greater than in the D2 O-based phantom. (Adapted from
Ref. 265 )
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Panel A of Figure 7-5 shows exemplary images for both solutions acquired at
various wavelengths, while panel C plots the measured contrast against the imaging
wavelength. For the D2 O Intralipidr solution, a monotone increase in image contrast with increasing wavelength is observed, demonstrating how reduced scattering
can lead to improved image contrast and resolution. 17 For the H2 O Intralipidr solution, however, contrast is much stronger overall and correlates with the absorptance
spectrum of water, as indicated by a slight decrease in image contrast for imaging
wavelength longer than the absorption peak of water. Carr and Aellen further expanded on these findings by performing a second series of experiments in which the
Intralipidr was replaced by silica beads which exhibited a mostly flat attenuation
profile across the SWIR region. In these experiments, it was found that for the use of
a D2 O-based scattering medium almost no changes in image contrast were detected
for various imaging wavelengths, while for the use of a H2 O-based scattering medium,
image contrast correlated with the absorptance spectrum of water.
From the images in Figure 7-5A it is further evident that the improvements in
image contrast partially arise from the suppression of background signal from the
lower capillary. According to the Beer-Lambert law, signal attenuation depends exponentially on the depth of the emitting structure and the absorption strength of the
medium. By varying the absorption strength – which is here achieved by changing
the imaging wavelength – one can tune the depth at which the background signal
falls below the noise level of the system. Thus, the relative intensities of structures
at di↵erent tissue depths can be systematically controlled by the choice of imaging
wavelength.

7.4.4

Modeling Wavelength-Dependent Image Contrast

Having gathered conclusive experimental evidence that enhancements in SWIR imaging contrast can be caused by increased absorption of background signal by water
molecules, we set out to develop a simple model that explains the underlying physics
of this observation. In our model, we assumed that our signal of interest S is located
at a distance D both from the observer and the excitation source, and that the sig172

nal is enclosed by a homogeneous layer of fluorescent material that diminishes the
contrast by adding to the overall background signal (see Figure 7-6A). Hence, the
contrast can be expressed as the simple ratio of signal to background intensities. To
find an expression for the signal, we assumed that both the excitation light and the
light emitted from the signal of interest are attenuated along the distance D, and that
their intensities decay according to Lambert-Beer’s law as described by the respective
attenuation coefficients µex and µem :

S = S0 · e

Dµex

Dµem

·e

= S0 · e

D(µex +µem )

(7.1)

S0 here denotes the signal of interest at zero depth. For the tissue attenuation
coefficients µex and µem we employed literature values 272 and further assumed a fixed
excitation wavelength of 808 nm for all simulations. To account for the background
noise, we integrated over all signal, assuming a homogeneous background that is
characterized by the characteristic background intensity per millimeter phantom at
zero depth, BG0 .

Background = BG0 ·

Z

1

e

z(µex +µem )

0

dz =

BG0
µex + µem

(7.2)

By dividing both terms, we arrive at a simple expression for the overall image
contrast in our 1D-model.

Contrast =

Signal
S0
=
·e
Background
BG0

D(µex +µem )

· (µex + µem )

(7.3)

In Figure 7-6B, we plot contrast as a function of total attenuation, here for a
case in which the signal of interest S is located at 1 mm tissue depth. The graph
shows three characteristic regimes: In the first regime, low attenuation results in
low contrast as background signal from the layer underneath our signal of interest
increases noise and thus reduces contrast (Figure 7-6C). Hence, this regime is a classic
example of a contrast-limited imaging scenario, as longer acqusition times or a higher
excitation power would not improve image contrast. In contrast, if attenuation values
are chosen too high, the resulting image is primarily dominated by the background
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signal originating from the layer in front of our signal of interest (Figure 7-6E), as
the increased attenuation prevents any light from the object of interest to reach the
the observer. Therefore, this scenario can be described as signal-limited, as here an
increased detector sensitivity or an increased excitation power would help to improve
the image.
Based on these extreme cases, it becomes evident that in order to maximize contrast, attenuation needs to be just high enough to attenuate most of the light originating from the layer underneath the object of interest, while still permitting light from
the region of interest to travel to the observer. In this ideal scenario (see 7-6D), the
contrast is primarily reduced by background signal that originates from tissue in between the region of interest and the observer. This foreground-limited scenario hence
represents the optimal situation for fluorescence imaging: As the attenuation length
equals imaging depth, contrast is maximized by eliminating all possible background
signal without severely diminishing signal of interest.
After having established the relationship between attenuation and image contrast,
we used our model to examine penetration depth as a function of imaging wavelength.
Similar to the experimental determination of penetration depth for microscopic imaging, we chose an arbitrary contrast value of 3 as threshold that determines whether
an image exhibits enough contrast to be resolved or not. By keeping S0 constant,
we systematically investigated the relationship between image contrast and three parameters: the depth of the object of interest (D), the background signal (BG0 ), and
the imaging wavelength. Figure 7-7 plots contrast as a function of depth and background signal for six exemplary imaging wavelengths, using a white line to highlight
contrast values of 3. Therefore, all combinations of imaging depth and background
signal to the right of this line represent images that are not resolvable, whereas all
combinations to the left of the line represent conditions under which images can be
resolved. The white line thus denotes the maximum penetration depth as a function
of background for each imaging wavelength.
To facilitate discussion, we plotted penetration depth as a function of background
for all wavelengths separately in Figure 7-8. The results indicate the existence of two
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Figure 7-6: Modeling Wavelength-Dependent Contrast. A Schematic overview
of our one-dimensional contrast model shows a semi-infinite slab of tissue containing
homogeneously fluorescing cells. The signal (S) arises from the focal plane (red rectangle) at a given depth (D), and the background (BG) comprises emission from all
other layers in the tissue. B The contrast was calculated for a fixed depth of 1 mm
by varying the magnitude of the attenuation coefficient which is a sum of the excitation wavelength attenuation coefficient mex and the emission wavelength attenuation
coefficient mem . C-E Schemes 1, 2, and 3 illustrate the relationship between contrast
and attenuation coefficient, indicating that fluorescence imaging is ideal if the signal
is primarily foreground-limited. (Adapted from Ref. 265 )
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Figure 7-7: Dependence of Contrast on Imaging Depth and Background Intensity. Contrast is plotted as a function of imaging depth and inherent background
intensity for a fixed level of signal. Contrast is scaled according to the color bar
shown, with contrast values greater than 5 not displayed. The white line indicates
the threshold contrast value that separates resolvable from non-resolvable imaging
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Figure 7-8: Penetration Depth in Signal-Limited and Contrast-Limited
Imaging Regimes. By selecting a threshold contrast to define minimally resolvable
structures, we extracted the penetration depth for each wavelength, plotted here
against background signal for select wavelengths. We find that for a fixed signal
intensity at small BG0 , wavelengths of minimal absorption have the greatest penetration depth, defining a signal-limited regime, whereas at large BG0 the opposite
trend prevails, defining a contrast-limited regime. (Adapted from Ref. 265 )
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regimes which exhibit opposite correlations between penetration depth and imaging
wavelength. In the first regime, the inherent background BG0 is much smaller than
the signal of interest S0 . Here, the use of wavelengths for which tissue exhibits low
absorptivity leads to high contrast and therefore high penetration depth. This signallimited regime enables large imaging depths, and can for example be found for systems
with inherently strong contrast, such as tissue with a large, isolated emitting structure
of strong signal or tissue with sparse label density and low background signal.
In the second regime the inherent background BG0 is larger and competes with the
signal of interest S0 . Here, the use of imaging wavelengths for which tissue exhibits
high absorptivity enables the greatest contrast and simultaneously enables the greatest imaging penetration depth. This regime is thus contrast-limited. Examples of such
scenario can be found in highly-labeled tissue with significant background emission,
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Figure 7-9: Penetration Depth at Low and High Background Signals. At low
background signals, penetration depth is maximal for wavelengths of low absorption.
In contrast, imaging wavelengths of high absorption can be used in imaging scenarios
with high background signal to increase penetration depth. (Adapted from Ref. 265 )
To further clarify the two regimes, we plotted the penetration depth as a function
of imaging wavelength for a low inherent background BG0 (signal-limited) and a high
inherent background BG0 (contrast- limited) in Figure 7-9. The graphs stress that for
a low background signal, a highly-attenuated imaging wavelength leads to decreased
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penetration depth, while for a high background signal penetration depth increases
with increasing imaging wavelength attenuation.

7.5

Conclusions

In summary, both our experimental and theoretical investigations suggest that water
absorption is the dominating contribution toward overall attenuation of SWIR light.
We further show that for contrast-limited imaging applications, increased attenuation
of light correlates with enhanced image contrast across SWIR wavelengths. Therefore,
a deliberate selection of imaging wavelength can greatly benefit image contrast, resolution and penetration depth for a given imaging application. Given these results, we
hypothesize that the SWIR wavelength regime may be preferable for imaging over the
NIR in contrast-limited applications (e.g. resolution of fine, highly labeled structures,
as in angiography).
However, while our research suggests that most contrast-limited imaging applications would benefit from employing imaging wavelengths for which biological tissue
is highly absorptive, it is clear that any enhancements in image contrast come at the
cost of imaging speed. As SWIR emitter brightness remains limited and as excitation powers cannot be increased indefinitely without causing tissue damage, many
imaging applications – especially those that require a high temporal resolution – will
not be able to shift their imaging wavelength into spectral regimes of extreme light
attenuation.
Our results further stress the need for fluorescent emitters with high brightness
in the water absorption band around 1450 nm. However, our discussion in Chapter
3 suggests that the high absorptivity of water molecules in this wavelength regime
induces a strong quenching of SWIR emitters. Therefore, future syntheses of SWIRemissive materials will require a more focused e↵ort toward mitigating the e↵ects of
fluorescence quenching through non-radiative energy transfer.
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Chapter 8
Organic Dyes for SWIR Imaging
8.1

Contributions

The here presented work was conducted in a highly collaborative e↵ort. Most imaging
experiments were performed by Jessica Carr and Oliver Bruns, while I contributed
through probe preparation and characterization, and minor imaging experiments.
Justin Caram and Cole Perkinson calibrated the fluorescence spectrometers and
performed spectral corrections. Mari Saif contributed through additional imaging.
Vasileios Askoxylakis and Meenal Datta provided animal models. Parts of the here
presented results are published in the Proceedings of the National Academy of Sciences
of the United States of America. 56
Sandra Heckel conducted the majority of the synthesis of dye-sensitized QDs, a
project that I had proposed for her M.Sc. thesis. 273

8.2

Introduction and Background

In Chapters 6 and 7 we extensively discussed the capabilities and limitations of SWIR
fluorescence imaging in small animals. With respect to clinical settings, fluorescence
imaging on the basis of NIR light has recently enabled a variety of novel imaging
technologies – especially in the field of image-guided surgeries – and is therefore
currently being evaluated in numerous clinical trials. 2–6;274;275 Therefore, it seems
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logical that the next step toward improved fluorescence imaging in clinical settings
would be to adapt established imaging applications for the use of SWIR light.
However, NIR light-based imaging in clinical settings is strongly facilitated by the
availability of a variety of NIR fluorophores that exhibit moderate brightness and/or
the ability to target a range of biological entities. NIR dyes such as indocyanine green
(ICG) – a compound that has been approved by the Food and Drug Administration
(FDA) for clinical use since 1959 – or IRDye 800CW are currently subject of over 300
clinical trials for applications such as fluorescence angiography, perfusion assessment
in reconstructive and bypass surgeries, metastatic lymph node mapping, and cancer
localization and surgical margin assessment. 6;274–279 In contrast, the use of our heavy
metal-containing CSS QDs as SWIR contrast agents in clinical settings remains more
than questionable. 91 The same holds true for other nanomaterial-based SWIR contrast agents such as CNTs, Ag2 S or Ag2 Se-based nanoparticles, or rare earth doped
nanoparticles. 22 Hence, the adoption of SWIR fluorescence imaging in clinical settings
has been prevented by the perceived need for FDA-approved or clinically accessible
fluorophores with peak emission in the SWIR spectral region.
In this chapter, we will discuss how clinically accessible organic dyes with peak
emission in the NIR spectral range can address this challenge and function as bright
SWIR emitters. We will begin by taking a closer look at the three factors that
contribute to SWIR brightness: absorption cross-section, QY, and spectral overlap
with the SWIR region. Building upon this characterization, we will show how ICG
outperforms the current standard of commercial small molecule SWIR fluorophores,
despite possessing a fluorescence spectrum that peaks in the NIR.
In the second part of this chapter, we will underline the relevance of this finding by demonstrating both functional and targeted SWIR imaging using traditional
NIR dyes as contrast agents. Our findings suggest that FDA-approved and commercially available NIR dyes could bridge the gap between current shortcomings of our
fluorescent SWIR probes and applications in clinical settings.
We will conclude this chapter by discussing preliminary results for the development
of advanced SWIR probes on basis of dye-sensitized QDs. In these hybrid organic182

inorganic emitters, QD brightness is enhanced by introducing an absorbing layer of
organic dyes which transfer additional excitations into a SWIR-emissive QD via nonradiative energy transfer.

8.3

Methods

Absorption and Emission Characterization. An aqueous solution of ICG (Pfaltz
& Bauer), IRDye 800CW PEG (LI-COR Biosciences), or IR-E1050 (Nirmidas Biotech)
was prepared in quartz cuvettes. Absorption spectra were recorded on a Cary 5000
UV-Vis-NIR infrared spectrometer (Varian). To collect the emission spectra, samples
were excited with a 635 nm diode laser (Thorlabs). The emission was collected using a pair of o↵-axis parabolic mirrors, and directed to a single-grating spectrometer
(Acton, Spectra Pro 300i). A calibrated InGaAs photodiode (Thorlabs, DET10N)
was used to detect the intensity of the emission. As the determination of the spectral
responsivity is critical to accurately measuring fluorescence spectra, we calibrated
the fluorescence setup across the NIR and SWIR wavelength range. Using a 200
W Quartz Tungsten Halogen Lamp (Newport Instruments), we acquired an absolute
spectrum which we compared to the known blackbody spectrum of the lamp to arrive
at a spectral responsivity curve as depicted Figure 8-1A. We further corrected the
fluorescence spectra for solvent reabsorption as described previously. 18 For plots in
energy, we also applied the Jacobian correction. 280 The e↵ects of these corrections on
an exemplary raw fluorescence spectrum are provided in Figure 8-1B.
The emission intensity of ICG in water (0.027 mg/mL) was further measured
in 20 nm spectral bands across the SWIR spectral range using our SWIR imaging
setup (see Chapter 7). A glass vial containing the ICG solution was illuminated
with 50-70 mW/cm2 of light from an 808 nm laser. The emitted light was directed
from the imaging stage to the camera using a four inch square first-surface silver
mirror (Edmund Optics, Part No. 84448), then filtered through two colored glass
850 nm LP filters (Thorlabs FGL850S) and through a liquid crystal tunable filter
(PerkinElmer VariSpec LNIR, 20 nm bandwidth), and focused onto the SWIR cam183
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Figure 8-1: Spectral Corrections for PL Measurements. To accurately display
the measured PL spectra, the raw data were corrected for A the spectral responsivity
of the detector, as well as for solvent reabsorption. For plots depicted on an energy
scale, we also applied the Jacobian correction. 280 B The e↵ects of all three corrections
on the raw spectrum (here exemplified with ICG) are visualized. (Adapted from
Ref. 56 )

era with a C-mount objective (Navitar SWIR-35). The tunable filter was scanned
from 900-1650 nm in 25 nm steps. A final image at 950 nm was acquired to ensure
that the intensity matched the first measurement, verifying that the ICG solution
had not photobleached throughout the measurement.
PL QY. See Chapter 3
General Procedures for In Vivo Imaging with ICG. All animal experiments
were conducted in accordance with approved institutional protocols of the MIT Committee on Animal Care. No blinding or randomization was required for the animal
studies. Prior to each imaging experiment, mice were anesthetized via intraperitoneal
injection of a ketamine/xylazine cocktail (100 mg/kg ketamine and 10 mg/kg xylazine
in saline) and sufficient depth of anesthesia was maintained, re-dosing with one third
the original dose in ketamine only, as necessary.
General In Vivo Imaging Protocol. The in vivo imaging was set up as described
in Chapter 7 using an exchangeable filter holder for incorporating various BP and LP
emission filters. Di↵erent objectives were used depending on the requirements of each
application as detailed below. The NIRvana InGaAs camera was cooled to -80 °C,
the analog to digital (AD) conversion rate set to 2 MHz or 10 MHz, the gain set
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to high, and di↵erent exposure times were used to achieve sufficient signal and/or
frame rates. All images were background- and blemish-corrected within the LightField imaging software. The silicon camera (Princeton Instruments PIXIS 1024BR)
was cooled to -70 °C, the AD conversion rate set to 2 MHz, the gain set to high, and
the exposure time adjusted to achieve sufficient signal and/or frame rates. ImageJ
was used to average 10 frames for NIRvana and PIXIS images. ImageJ was also used
for all image measurements (pixel intensity average, standard deviation, etc.).
Brightness Comparison of ICG, IRDye 800CW, and IR-E1050. To compare the SWIR brightness of probes in aqueous solutions, ICG (Pfaltz & Bauer)
and IR-E1050 (Nirmidas Biotech) were diluted to a concentration of 0.01 mg/mL in
cell culture grade water and in 1x PBS, respectively. To compare SWIR brightness
in blood, the two dyes were diluted in bovine blood (Rockland Immunochemicals,
sodium citrate-conjugated) to a concentration of 0.01 mg/mL. The solutions were
imaged individually, and side-by-side, in the above-described imaging setup with 808
nm excitation, and the emission was filtered through either two colored glass 1000
nm LP filters or through an additional dielectric 1300 nm LP filter. In the resulting
background-corrected images, the average emission intensity was calculated from a
region of interest within the vials and normalized to the integration time.
For the in vivo (n=2) brightness comparison of ICG and IR-E1050, both dyes were
injected at the recommended concentrations (ICG: 0.25 mg/mL ⇡ 322 nmoles/mL in
cell culture grade water, IR-E1050: 1 mg/mL ⇡ 333 nmoles/mL in 1x PBS). 200 mL
of the respective solution (64 nmoles of ICG, 66 nmoles of IR- E1050) were injected
into the tail vain of a NU/NU nude mouse (12 weeks old, male, Taconic Biosciences)
within 5-6 seconds and excited with di↵use 808 nm excitation (50 mW/cm2 ). The
fluorescence was collected with a commercial SWIR lens (Navitar, 35 mm), filtered
through two colored glass 1000 nm LP filters, and collected with an InGaAs camera
using an integration time of 1 ms.
Intravital Brain Imaging. Intravital brain imaging was performed in a NU/NU
nude mouse (female, 15 weeks old, Massachusetts General Hospital colony) with implanted cranial window. The window was implanted as previously described. 281;282
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ICG-phospholipids were prepared by dissolving 4.8 mg ICG in a 2:1 mixture of chloroform and methanol, agitating with 23 mg PEG-2000 phospholipids (Avanti Polar
Lipids, see Chapter 3) in chloroform, drying o↵ the solvent under nitrogen flow, and
re-suspending the dried phospholipids in 2 mL cell culture grade water, resulting in
a final concentration of 13.9 mg/mL ICG-phospholipid solution, or 2.4 mg/mL ICG.
The aqueous ICG-phospholipid mixture was passed through a syringe filter before
injecting approximately 50 mL via the tail vein into the anaesthetized mouse, and the
fluorescence was immediately imaged. The cranial window of the mouse was fixed to
the stage of a Nikon Ti-E inverted microscope as described in Chapter 6. We used a
dichroic LP filter (Thorlabs, DMLP900R for SWIR; Edmund Optics 69-906 for NIR)
to direct the excitation light to the sample. Imaging was performed with a 2x (Nikon;
CFI Plan Apo Lambda) or a 4x (Nikon; CFI Plan Apo Lambda,) objective with additional 1.5x magnification from the microscope.
Non-Invasive ICG Hepatobiliary Clearance Imaging. A NCr nude mouse
(male, 14 weeks old, Taconic Biosciences) was anaesthetized, placed in the imaging
setup, and injected via a tail vein catheter with 200 mL of ICG at a concentration
of 0.25 mg/mL in water. Hepatobiliary clearance of ICG was then imaged through
intact skin over approximately 2 hours using an 850 nm dielectric LP filter, a pair of
achromatic doublet lenses (Thorlabs, 75 mm and 500 mm EFL, 25.4 mm, C-coated),
and a silicon detector, or an additional 1200 nm LP or 1500 nm LP filter with InGaAs
detection.
Non-Invasive Brain Vasculature Imaging. The same imaging protocol as presented in Chapter 7 was employed, here using two C3H/HeJ mice (female, 10 weeks
old, The Jackson Laboratory), an injection of up to 200 mL of a 0.025 mg/mL aqueous
solution of ICG into the tail vein, and a pair of achromatic doublet lenses (Thorlabs,
75 mm and 150 mm EFL, 25.4 mm, C-coated). Gaussian-fitting was performed in
MATLAB using the curve fitting toolbox.
Heart Angiography. Angiography of a mouse heart was performed in three FVB/NJ
mice (male, 18 weeks old, The Jackson Laboratory). Mice were anaesthetized and
surgery was performed to expose the heart as for perfusion. 283 One or two 200 mL
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boluses of 0.25 mg/mL ICG in water were injected via the tail vein while concurrently
imaging the emission. The objective used was composed of a pair of 200 mm focallength biconvex lenses (Thorlabs, 25.4 mm, C-coated) and three translatable 500 mm
focal-length biconvex lenses (Thorlabs, 50.8 mm, C-coated).
Non-Invasive Lymph Node Imaging. Four C57BL/6 mice (male, 12-15 weeks
old, The Jackson Laboratory) were anaesthetized, the hair was removed, and 10-100
mL of a 0.18 mg/mL aqueous solution of ICG were injected subcutaneously in the left
and right hind footpads and the tail of the mouse. The fluorescence from the dorsal
lymph vessels and nodes was immediately imaged through the intact skin using a
commercial Navitar lens with 850 nm, 1000 nm, 1200 nm, 1300 nm, 1400 nm LP
dielectric filters (Thorlabs), and with the biconvex lens system described above.
Targeted Imaging with IRDye 800CW. Two tumor-bearing BT474-Gluc NU/NU
nude mice were prepared using literature procedures. 262 Tumor growth was determined by measuring the Gluc activity in the blood as previously described. 262 At
the time of imaging, the tumors were estimated to have a size of 50-70 mm3 . IRDye
800CW was conjugated to trastuzumab (Genentech 262 ) using a commercial labeling
kit (Li-Cor). Briefly, 1 mg of trastuzumab was dissolved in 900 mL PBS bu↵er and
100 mL 1M potassium phosphate bu↵er (pH 9) to obtain a solution with a pH of 8.5.
25 mL of ultra-pure water were added to the NHS-IRDye 800CW and the solution
was shaken for 2 minutes until the dye completely dissolved. 8 mL of the resulting
solution were added to the trastuzumab solution and the mixture was incubated for 2
h at room temperature protected from light. Subsequently, the trastuzumab-dye conjugate was separated from free residual dye using Pierce Zeba desalting spin columns.
The tumor-bearing BT474-Gluc mice were injected intraperitoneally with 330 mL of
IRDye 800CW-trastuzumab (15 mg/kg dose). Two additional tumor-bearing nude
mice were not injected and served as controls. After three days, the mice were anaesthetized and non-invasively imaged through intact skin and skull using di↵use 808
nm excitation, the previously described pair of achromatic doublet lenses, 850 nm
and 1000 nm LP dichroic filters, and an InGaAs camera. All mice were then injected
via the tail vein with up to 300 mL (3 nmoles) of IRDye 800CW-PEG (Li-Cor) and
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either illuminated with 808 nm excitation and imaged with a 850 nm LP and either a
1000 nm, 1150 nm, 1200 nm, or 1300 nm LP filter on a SWIR camera, or illuminated
with 780 nm excitation (Thorlabs, M780L3) and imaged with an 800 nm LP filter on
a NIR camera.

8.4
8.4.1

Results
NIR Dyes as SWIR Emitters

The discussion of SWIR brightness requires a diligent characterization of an emitter’s absorption spectrum, fluorescence spectrum, and QY. The accurate detection of
the fluorescence spectrum of NIR dyes, however, remains particularly challenging, as
the two most common detector materials, Si and InGaAs, show comparatively poor
quantum efficiencies in the wavelength range 900-1000 nm, which impedes a proper
calibration of detectors. In addition, common organic solvents and water start to absorb non-negligible amounts of light in the NIR and SWIR spectral region (see Figure
1-4). This can cause emitted photons to be reabsorbed and thus alter the detected
intensity at particular wavelengths. 18 To mitigate these e↵ects, we recorded emission
spectra on a calibrated, thinned InGaAs-based detector and corrected for fluorescence reabsorption by the solvent (see Methods). Figure 8-2 shows the results of our
optical characterization of ICG and IRDye 800CW, the two most commonly used
fluorescent contrast agents for NIR fluorescence imaging in clinical settings. 6;274–279
Both ICG and IRDye 800CW seem to follow the Franck-Condon principle as their
emission spectra approximate the mirror image of their absorption spectra. 284 Therefore, the fluorescence spectra of both dyes exhibit a characteristic vibronic shoulder
that extends the emission spectrum well into the SWIR region.
Figure 8-3 further shows that this vibronic shoulder is so pronounced that even
though the emission spectrum of ICG peaks at 820 nm, photons originating from an
aqueous solution can be detected on a modern SWIR camera at wavelengths beyond
188
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Figure 8-2: Molecular Structure and Optical Properties of ICG and IRDye
800CW. A-B Molecular structures of the NIR dyes ICG and IRDye 800CW. C-D
Absorption and PL spectra of ICG and IRDye 800CW. As predicted by the FranckCondon principle, the emission spectra of both dyes approximate the mirror image
or the absorption spectra. Compared to ICG, the absorption and emission maximum
of IRDye 800CW are redshifted and exhibit narrower linewidths as well as a less
pronounced vibronic shoulder. (Adapted from Ref. 56 )
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1500 nm. However, during our literature research we found that apart from a few
exceptions (e.g. Ref. 285 ) many of the approximately 3000 papers published on ICG
seem to under-detect the extent of its SWIR emission, yielding an almost Gaussianlike emission spectrum that seemingly disobeys the Franck-Condon principle. In
Figure 8-3A we show that this disparity can originate from recording the emission
spectra of NIR dyes on commercial, out-of-the-box, Si-based detectors.
A
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Figure 8-3: ICG Emission on Si- and InGaAs-Based Detectors. A The PL
spectrum of ICG is measured on an pre-calibrated, out-of-the-box commercial Sibased detector. Because the sensitivity of the Si-detector strongly decreases with
increasing NIR wavelengths, the acquired PL spectrum is artificially truncated and
exhibits a less pronounced shoulder for redder wavelengths, indicating little fluorescence intensity for wavelengths beyond 1000 nm. B In contrast, the emission intensity
of an aqueous ICG solution as detected in 20 nm spectral bands on an InGaAs camera, normalized by integration time, shows that fluorescence signal is detectable up
to 1575 nm (inset image of vial). The lower intensity between 1400 nm and 1500 nm
is due to the absorption band of water in that region. (Adapted from Ref. 56 )

Based on their corrected emission spectra, we hypothesized that common NIR
dyes would exhibit sufficient SWIR emission to perform in vivo fluorescence imaging
even at longer SWIR wavelengths. To test the potential of ICG as contrast agent
for SWIR imaging, we compared its SWIR brightness to IR-E1050, a commercially
available, state-of-the-art organic fluorophore developed specifically for in vivo SWIR
imaging applications (see Figure 8-4). As discussed in Equation 1.1, the brightness of
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a fluorescent probe in a specific wavelength range is given by the product of the absorption cross-section at the excitation wavelength, the QY, and the spectral overlap
with the wavelength region of interest. As ICG exhibits both a higher QY (0.9 %)
and a higher peak absorption cross-section (15 x 104 M

1

cm 1 ) than IR-E1050 (QY

of 0.2 %, peak absorption cross-section of 0.80 x 104 M

1

cm 1 ), 286–289 we measured

the fluorescence intensity of ICG from 1000-1300 nm to be 8.7 times higher than for
an equimolar solution of IR-E1050. The table in Figure 8-4 further shows that these
experimental results can be confirmed by a back-of-the-envelope calculation. Using
the ratio of the emitted photons from 1000-1300 nm to the total number of emitted photons (5 % for ICG, 47 % for IR-E1050) we predict – in consistency with our
measurements – that ICG should be roughly 9 times brighter than IR-E1050.
The superior SWIR brightness of ICG compared to IR-E1050 is indeed apparent
when comparing the fluorescence signal from vials of the two dyes in our SWIR in
vivo imaging setup (see Figure 8-5A-B). We further compared the emission intensity
of ICG, IRDye 800CW, and IR-E1050 in bovine blood on an InGaAs camera. It is
important that a full characterization of SWIR brightness includes a comparison in
blood, as characterization in water underrepresents the in vivo brightness of ICG due
to the formation of H-dimer species at low concentrations in water that causes fluorescence quenching, and due to the association of ICG with albumin and other proteins in
blood that stabilizes the dye and increases its QY. 274;285 To quantify the molar brightness of the probes on the camera, the intensity of each vial containing equal masses
of the respective dye was measured individually, normalized to integration time, and
multiplied with the molecular mass of the respective dye. In blood, equimolar ICG
and IRDye 800CW were 16 and 1.3 times brighter, respectively, than IR-E1050 in the
wavelength range between 1300-1620 nm when excited with 808 nm light (see Figure
8-5C-D). We further compared SWIR brightness during in vivo SWIR imaging (Figure 8-5E-F), which showed that ICG is at least one order of magnitude brighter than
IR- E1050 when imaging at wavelengths beyond 1000 nm.
Thus, commercially available and clinically-relevant NIR fluorophores have significant SWIR emission, eliminating one of the barriers to the adoption of SWIR
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Figure 8-4: Comparison of the Optical Properties of ICG and IR-E1050. A
Normalized to identical molar concentrations, ICG absorbs much more strongly at
785 nm excitation (dashed line) than IR-E1050, a commercially available SWIR dye
marketed for in vivo SWIR imaging applications. B-C Thus, even though the peak
of the emission spectrum of ICG is significantly blue-shifted compared to IR-E1050,
the absolute measured emission intensity from 1000-1300 nm is 8.7 times higher for
ICG than for IR-E1050. D This finding was confirmed by calculating the SWIR
brightness of ICG and IR-E1050 at wavelengths between 1000-1300 nm: Multiplying
the independently measured QY, the maximum absorption cross-section , and the
ratio of the number of photons emitted from 1000 -1300 nm to the total number of
emitted photons (see Table) predicts that ICG is roughly 9 times brighter than IRE1050. (Adapted from Ref. 56 )
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the fluorescence intensity of 0.01 mg/mL aqueous solutions of IR-E1050 and ICG on
an InGaAs camera with 808 nm excitation. B The results show superior emission
intensity of ICG compared to IR-E1050 between 1300-1620 nm (1300 nm LP). C We
further compared the fluorescence intensity of IR-E1050 (0.01 mg/mL), with IRDye
800CW PEG (0.01 mg/mL, not accounting for PEG shell of 25-60 kDA) and ICG
(0.01 mg/mL) in bovine blood. D Normalized to molar concentrations, solutions of
both NIR dyes in bovine blood outperform IR-E1050 for imaging wavelengths beyond
1300 nm. E-F Similarly, the in vivo fluorescence intensity of the recommended bolus
of E IR-E1050 (67 nmoles) and F ICG (64 nmoles) injected via the tail vein of
a mouse was approximately one order of magnitude greater for ICG for imaging
wavelengths beyond 1000 nm. Shown here is the relative fluorescence intensity of
ICG and IR-E1050 in the vasculature and liver, imaged non-invasively through intact
skin approximately one minute after dye injection. (Adapted from Ref. 56 )
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fluorescence imaging in clinical applications. Our results further emphasize that the
selection of contrast agents for SWIR fluorescence imaging is not limited to probes
with peak emission in the SWIR. Due to the low QYs and absorption cross-sections of
established small-molecule SWIR fluorophores, it is possible for the brightest probe
to be one with only tail emission in the SWIR. Any new SWIR-fluorescent contrast
agent should therefore be benchmarked against the SWIR emission of ICG in blood,
as it is sufficiently bright for in vivo applications, and it is already FDA-approved
and clinically used.
In this context, it is also interesting to compare ICG to our InAs-based CSS QDs
that we discussed in Chapter 3. Whereas ICG exhibits a fixed QY (0.9 %) and peak
emission wavelength (820 nm), the emission wavelength of CSS QDs is tunable across
the entire SWIR spectral region with QYs ranging from 82-16 %. In addition, QDs
exhibit – on a molecular basis – an order of magnitude greater absorption crosssection than organic dyes, suggesting that QDs should exhibit a significantly higher
SWIR brightness than NIR dyes such as ICG. 161 Figure 8-6 shows a comparison of
the molecular absorption coefficients of ICG and of five di↵erent InAs QD samples,
highlighting that for 808 nm excitation one InAs QD absorbs about one order of
magnitude more light than one ICG molecule. However, because one InAs QD can –
depending on its size – weigh three to five orders of magnitude more than one ICG
molecule, it is striking that on a mass basis, ICG absorbs NIR light two to four orders
more efficiently.
This becomes critical, because for most biomedical imaging applications the amount
of contrast agent that can be administered is commonly limited by mass (or volume)
and not by the molar concentration. Therefore, re-evaluating SWIR brightness on a
mass basis significantly changes our perception of the high SWIR brightness of QDs
and allows ICG to challenge SWIR-emissive QDs also as contender for pre-clinical
imaging applications. Given that the QY of CSS QDs is roughly one to two orders
of magnitude higher than the QY of ICG, a SWIR brightness comparison strongly
depends on QD emission wavelength. Indeed, we found that for imaging at SWIR
wavelengths around 1000 nm, a solution of ICG would be brighter than a mass194

matched solution of SWIR CSS QDs. Only for imaging at wavelengths beyond 1300
nm, SWIR CSS QDs were found to exhibit a significantly greater SWIR brightness
than ICG. As a result, ICG o↵ers a cost-e↵ective, small-molecule alternative for SWIR
imaging applications that not necessarily require imaging in the second SWIR window
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at 1600 nm or in the water absorption band at 1450 nm (see Chapter 7).
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Figure 8-6: Comparing Extinction Coefficients of InAs QDs and ICG. The
extinction coefficient of five di↵erent InAs QDs is plotted both for an excitation
wavelength of 405 nm and 808 nm. Extinction coefficients were derived using the
absorption spectra shown in Figure 3-2B and the sizing curve of Yu et al. 43 At short
wavelengths, InAs QDs exhibit extinction coefficients in the range of 105 -106 M 1
cm 1 , while for 808 nm excitation light, the excitation commonly employed in our
SWIR imaging setup, those values remain lower than 5 x 105 M 1 cm 1 . In contrast,
ICG exhibits an absorption cross-section of ⇠4 x 104 M 1 cm 1 at 808 nm and 1.5 x
105 M 1 cm 1 at 785 nm, its absorption maximum.

8.4.2

High Contrast SWIR In Vivo Imaging using ICG

So far, we have discussed that the commercially available, FDA-approved, and clinically used dye ICG exhibits an unexpected degree of SWIR brightness. To emphasize
the importance of this finding, we here present a selection of in vivo imaging applications in mice using the clinically approved dose of ICG, and highlight advantages
of imaging ICG using SWIR detection over conventional NIR detection.
First, we show that imaging ICG fluorescence in the SWIR enables high-contrast
mesoscopic imaging of brain and hind limb vasculature in mice through intact skin (see
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Figure 8-7), as has been previously demonstrated with CNT. 10 For this, we injected
an aqueous solution of ICG into the tail vein of mice at a dose of 0.2 mg/kg which
is within the recommended dose for humans (0.2-0.5 mg/kg recommended, 5 mg/kg
maximum). 274 We illuminated the mice with 50-70 mW/cm2 of 808 nm excitation
light, staying below the maximum permissible exposure limit (330 mW/cm2 for 808
nm continuous wave light). 290 We non-invasively imaged the resulting fluorescence
on a silicon camera at NIR wavelengths, and on an InGaAs camera at SWIR wavelengths between 1300-1620 nm, a spectral window in which contrast and resolution
are expected to be maximized (see Chapter 7).
We quantified the contrast within a region of interest in the NIR image and the
SWIR image by calculating the coefficient of variation, defined as the standard deviation of pixel intensity normalized to the mean pixel intensity (see Chapter 7). Figure
8-8 shows that the contrast of the SWIR image for brain vasculature is nearly 50 %
greater compared to the NIR image. Furthermore, we calculated the apparent width
for a brain vessel by measuring the FWHM of a two-Gaussian fit to the intensity
profile across a brain vessel of interest. We find that the apparent vessel width in this
specific example is over twice as wide in the NIR image as in the SWIR image with
values of 430 mm and 210 mm, respectively. These findings are in good agreement
with previous studies employing other SWIR fluorophores. 10;11 Thus, contrast and
resolution of fine vasculature structures can be greatly improved while using FDAapproved ICG contrast by simply switching the detection wavelength from traditional
NIR imaging using a Si camera to detection wavelengths beyond 1300 nm using an
InGaAs SWIR camera.
We further show that the contrast improvement obtained for using SWIR detection
over NIR detection can be enabling for intravital microscopic imaging (Figure 8-9).
We incorporated ICG into PEG phospholipids micelles (see Section 6.4.1) to increase
its blood half-life which is typically limited to 3-4 minutes. 291;292 We injected an
aqueous solution of these micelles at a dose of 5 mg ICG/kg mouse into the tail
vein of a mouse with an implanted cranial window and used a microscope to image
the fluorescence of the ICG phospholipid micelles in the brain vasculature with both
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Figure 8-7: High Contrast In Vivo SWIR Fluorescence Imaging using ICG.
A We non-invasively imaged the brain vasculature of a mouse using ICG contrast and
find that the vessels are difficult to resolve through skin and skull using 850 nm LP
NIR detection on a Si camera. B Switching to 1300 nm LP SWIR detection on an
InGaAs camera greatly improves vessel contrast. C Similarly, only large hind limb
vessels are imaged with good contrast through the skin using NIR detection. D The
intensity across a line of interest shows insufficient contrast to resolve smaller vessels
from background signal. E Using 1300 nm LP SWIR detection greatly improves
image contrast and F resolution of vessels. All images were scaled to the maximum
displayable intensities. (Adapted from Ref. 56 )
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Figure 8-8: Control Images and Contrast Quantification in a Mouse Brain.
200 mL of aqueous ICG (0.025 mg/mL) were injected into the tail vein of two mice
and the fluorescent vasculature was imaged non-invasively through intact skin. A The
contrast defined as the standard deviation (sv) divided by the mean (m) pixel intensity,
was quantified to compare NIR and SWIR imaging of the brain vasculature. The
contrast was found to be 0.20 for NIR-imaged brain vasculature and 0.29 for SWIRimaged brain vasculature. B-C Apparent vessel width was also calculated by finding
the FWHM of a two-term Gaussian fit to the intensity profile of a brain vessel. The
apparent vessel width was 430 mm and 210 mm for NIR- and SWIR-imaged brain
vasculature, respectively. (Adapted from Ref. 56 )

198

NIR and 1300 nm LP SWIR detection. Images of the entire cranial window at 2x
magnification show the ability to resolve nearly all the same vessels using either NIR
or SWIR imaging. The overall contrast, however, was 1.4 times greater for the SWIR
image. Higher magnification (6x) images reveal that SWIR imaging thus enables the
resolution of vessels which, due to the high label density of surrounding vessels, are
difficult to distinguish from background signal in the NIR image.
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Figure 8-9: High-Contrast SWIR Microscopy of Mouse Brain Vasculature.
An aqueous ICG-phospholipid mixture was injected via the tail vein of a mouse, and
the fluorescence in the brain vasculature was imaged through a cranial window. A
Microscopy of the brain vasculature through the cranial window shows poor contrast
with 850 nm LP NIR detection. B The intensity across a line of interest (red dotted
line) shows insufficient contrast to resolve overlapping vessels from background signal. C Using 1300 nm LP SWIR detection greatly improves image contrast and D
resolution of the vessels. Scale bars represent 1 mm in 2x images and 100 mm in 6x
images. (Adapted from Ref. 56 )
Based on our results from the previous section and earlier chapters, these results
are not truly surprising. As ICG was shown to exhibit a higher SWIR brightness than
IR-E1050 in vitro, it was expected that detecting ICG fluorescence at SWIR instead
of NIR wavelengths during our in vivo studies would yield the same wavelengthdependent improvements in contrast, resolution and penetration depth that have
been observed for the use of IR-E1050, 55 our SWIR QDs (see Chapter 7), and other
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SWIR-emissive probes. 14;293 Yet, our findings are significant in the context that they
could yield a direct improvement for the clinical use of ICG in fluorescence angiography. Clinical imaging of ICG in the NIR has already shown value for angiography
in ophthalmology, intraoperative assessment of blood vessel patency in tissue graft,
bypass surgeries, and intracranial aneurism surgeries. 2;6;294–298 Non-invasive imaging
of lymphatic vasculature using ICG has also been described for surgical mapping
and intraoperative identification of sentinel nodes, evaluation and monitoring of lymphedema, and following surgical excision of nodes. 2;6;298;299 Increasingly, ICG fluorescence imaging is also being used in robot-assisted surgery, in which the surgeon
relies on visual cues instead of tactile feedback. 275;279;299 However, full clinical implementation has been partially limited by insufficient image quality in deep operating
fields. A higher image contrast obtained by imaging SWIR fluorescence of ICG over
NIR fluorescence could benefit these applications and enable the resolution of finer
vessels, especially in systems with high label density or interfering background signal
(see our discussion in Chapter 7). Importantly, the implementation of this contrast
improvement would be straightforward, requiring only a switch from cameras with
NIR detection to those with SWIR detection while continuing the familiar surgical
set-up and use of ICG.

8.4.3

Real Time SWIR In Vivo Imaging using ICG

An essential component of fluorescence-guided surgery is the ability to perform realtime imaging. Thus, we wanted to test whether the SWIR emission of ICG is sufficiently bright for real-time imaging at high frame rates using clinically approved doses
of ICG. In our first exemplary imaging application, we performed heart angiography
in mice. Using di↵use 808 nm excitation and a 1300 nm LP emission filter, we were
able to image the vasculature of a beating heart intravitally at speeds of 9.17 frames
per second while resolving fine vessels on the exterior surface against the underlying
contrast (see Figure 8-10). The acquisition speed was sufficiently fast to capture the
mouse’s heart rate of 207 beats per minute, determined by tracking the intensity fluctuations of the heart. Furthermore, we were able to quantify the pharmacokinetics
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of ICG by tracking the fluorescence intensity of ICG as it reached the heart, lungs,
peripheral veins, and finally the liver of the animal (see Figure 8-11).
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Figure 8-10: SWIR Fluorescence Angiography of a Mouse Heart. Intravital
SWIR fluorescence angiography was performed in a mouse heart at 9.17 frames per
second using ICG for contrast, di↵use 808 nm excitation, and a 1300 nm LP emission
filter on an InGaAs SWIR camera. A Temporal resolution was sufficiently high to
resolve the heartbeat of the mouse. B By tracking a region of interest within the
atrium of the heart (red circle, lungs are also pictured and indicated with white
arrows), and C taking the Fourier transform of D the intensity fluctuations, the
heart rate of the anesthetized mouse was determined to be 207 beats per minute.
(Adapted from Ref. 56 )
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Figure 8-11: Temporal and Spatial Resolution during Intravital Angiography. A Next to the atrium, intravital SWIR angiography of a mouse heart allows to
track the kinetics of the fluorescent contrast agent in various other organs including,
the lungs, peripheral veins, and liver. The fluorescence first appears in the heart,
followed by the lungs, the peripheral veins, and finally the liver. B The fluorescence
intensity of the heart atrium (orange), heart ventricle (red), lung (blue), liver (green),
and peripheral vasculature (purple) are plotted to show a single injection as it arrives
first at the heart and the lungs, and at the peripheral vasculature before beginning
to be cleared through the liver. C-D High spatial resolution was demonstrated by
measuring fine vasculature on the heart on the order of 100 mm in diameter. (Adapted
from Ref. 56 )
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In a second exemplary imaging application, we demonstrated real-time SWIR
imaging of ICG in the liver and small intestine of a mouse (see Figure 8-12). After
ICG injection into the tail vein of a mouse, we non-invasively imaged the hepatobiliary
excretion of ICG into the small intestine. 274 ICG emitted sufficient signal for near
video rate imaging (19.7 frames per second, 1200 nm LP filter), enabling capture of
the peristaltic movements of the small intestine. Although at the cost of speed (2.0
frames per second), it was even feasible to image the ICG clearance using a 1500 nm
LP filter, capturing wavelengths between roughly 1500 and 1620 nm.
Outline (SWIR, 1200 nm LP)

NIR, 850 nm LP

SWIR, 1200 nm LP

SWIR, 1500 nm LP

liver
small
intestine

Figure 8-12: Non-Invasive SWIR Imaging of Hepatobiliary Clearance. A
200 ml of aqueous ICG (0.25 mg/mL) were injected into a mouse via the tail vein,
and the liver and small intestine, outlined in red and yellow respectively, were imaged
non-invasively through the skin, shown here approximately 1.5-2 hours after injection.
The liver and small intestine were imaged in the NIR on a Si camera with an 850
nm LP filter and in the SWIR on an InGaAs camera with a 1200 nm LP filter and
a 1500 nm LP filter. The image acquired with the 1500 nm LP filter shows a clear
enhancement in image resolution. (Adapted from Ref. 56 )

Lastly, we non-invasively imaged lymphatic flow in mice (see Figure 8-13). We
injected an aqueous solution of ICG subcutaneously in the hind foot pads and the
tail, then imaged the flow of lymphatic clearance at 9.17 frames per second through
intact skin. Using various BP filters, we find that lymph vessels and nodes are visible
with ICG contrast up to approximately 1400 nm, at which point only the vessels and
superficial nodes are visible and the signal of deeper lymph nodes becomes attenuated.
Thus, for non-contrast-limited applications, such as those with low background signal
and/or high label specificity, it may be preferable to image ICG in the NIR or the
shorter wavelengths of the SWIR where signal attenuation is minimized.
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Figure 8-13: ICG-based Lymph Node Tagging Imaged in the SWIR. Aqueous
ICG (0.18 mg/mL) was injected subcutaneously into the hind footpads and the tail
of a mouse, excited with 50-70 mW cm2 of 808 nm excitation light, and imaged noninvasively through the skin as it localized in the dorsal lymphatic vasculature and
nodes. The lymphatic system was imaged in the NIR with an 850 nm LP filter on a
Si camera and in the SWIR with 1000 nm, 1200 nm, 1300 nm, and 1400 nm LP filters
on an InGaAs camera. While image contrast improves at longer wavelengths, signal
from deep lymph nodes is attenuated and imaging speeds are decreased. (Adapted
from Ref. 56 )

These examples demonstrate the applicability of ICG SWIR imaging to fluorescence guided surgery. ICG is bright enough to image in the SWIR at speeds sufficiently high for intraoperative imaging of dynamic or moving features, shown here
in the heart, small intestine, and lymphatic system of a mouse. We show that the
required speed for a given application can be balanced with the desired contrast by
selecting the imaging wavelength; using the full SWIR regime enables the highest
frame rates due to maximized signal from ICG, while imaging at the longest SWIR
wavelengths can be used to improve contrast at the cost of speed. Thus, using a
SWIR camera and suitable emission filters for detecting ICG provides a platform for
optimizing both contrast and speed in fluorescence-guided surgery.
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8.4.4

Targeted SWIR In Vivo Imaging using IRDye 800CW

The ease of molecular targeting is one of the major competitive advantages of fluorescence imaging over other imaging modalities. As discussed in Section 6.4.1, conjugating QDs to biological entities requires deep knowledge about the QD’s surface
structure, its ligands, and its functional groups, all of which can be influenced by QD
inhomogeneities. Small organic dyes in contrast exhibit a uniform molecular structure and can readily be conjugated via molecular chemistry. We here show that such
straightforward conjugation chemistry can be used to perform targeted imaging in
the SWIR using IRDye 800CW. We therefore employed a commercial labeling kit
to conjugate IRDye 800CW to the tumor-targeting antibody trastuzumab. 262 We injected the dye-antibody conjugate into mouse models implanted with human BT474
breast cancer cells in the brain and non-invasively imaged the SWIR fluorescence
emitted from the IRDye 800CW-labeled tumor through intact skin and skull. 10;262
Subsequently, we injected IRDye 800CW conjugated to PEG, highlighting brain vasculature surrounding the tumor. A multi-color functional image of the brain was
then generated by temporally resolving the signals from the two labels, i.e. by assigning di↵erent colors before and after the addition of IRDye 800CW PEG (see Figure
8-14). 300

While targeted SWIR imaging has previously been hindered by either the challenging preparation of targeted nanomaterials, size-dependent delivery e↵ects, or the
unavailability of commercial solutions, the use of small NIR dye labelling kits overcomes these barriers. NIR imaging of these readily available, targeted dyes has already
shown promise for aiding cancer localization and intraoperative surgical margin assessment. 301 Our results suggest that SWIR imaging of these NIR dyes could further
benefit these applications by increasing the resolution of both fine and large structures which may be overlapping, as this is a common occurrence in highly vascular
malignant lesions.
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Figure 8-14: Targeted In Vivo SWIR Imaging with IRDye 800CWTrastuzumab. A A nude mouse with a brain tumor (⇠50-70 mm3 ) from implanted
human BT474 breast cancer cells is imaged here under room light illumination (bright
field imaging). B Three days after injecting a IRDye 800CW-trastuzumab conjugate
(15 mg/kg dose), fluorescence from the labeled tumor was imaged non-invasively
through skin and skull on a SWIR camera with 1150 nm LP emission detection. C
Subsequently, an injection of IRDye 800CW conjugated to PEG was used to provide
contrast to the surrounding brain vasculature which was temporally separated from
the labeled tumor in post-processing. D The tumor and vessel images were then
assigned a color (blue and red, respectively) and overlaid to generate a false-color fluorescence image of the tumor and its surrounding vasculature. The vessels overlaying
the tumor are better defined using E SWIR imaging on an InGaAs camera with an
1150 nm LP filter compared with F NIR imaging on a Si camera with an 800 nm LP
filter. (Adapted from Ref. 56 )
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8.4.5

Dye-Sensitized SWIR QDs

The optical characterization of QDs and organic dyes has revealed two opposing
trends: QDs exhibit high fluorescent QYs and tunable PL across the SWIR spectral region, but are – on a mass basis – limited by comparatively small absorption
cross-sections. Organic dyes in contrast, commonly exhibit large, mass-normalized
absorption cross-sections, but are limited by comparatively low QYs and PL peaks
below 1100 nm. Because absorption cross-section, QY, and PL peak position all directly factor into SWIR brightness, it seemed intruiging to design a hybrid emitter
that combines the advantageous properties of both material classes. A straightforward approach to this challenge is to employ organic dyes as highly e↵ective absorbers
– ideally centered at one of the common laser excitation wavelengths – and to transfer
excited states that have been generated in the dye to a close-by QD that can then
act as a highly efficient emitter in the SWIR.
The transfer of energy between QDs and organic dyes on basis of Förster resonance
energy transfer (FRET), 156 has been subject to extensive investigation. 161;302–306 Yet,
while numerous publications describe FRET processes between organic dyes and QDs,
they almost exclusively focus on systems in which QDs act as donors and organic dyes
as acceptors. 307 The common choice to employ QDs as donors allows an excitation
of the donor that is orthogonal to the excitation of organic dyes. Therefore, if the
system is excited at wavelengths at which only the QD absorbs, and if the energy
transfer is efficient, and lastly if the emission is observed in a spectral region where
only the organic dye emits, then any measured fluorescence can be attributed to a
QD-dye pair. As QDs exhibit high two-photon absorption cross-sections and can be
used in systems where one donor QD is linked to multiple acceptors, this configuration
is particularly efficient for use in sensing applications. 161;302;304
In FRET pairs that employ QDs as acceptors, however, it is inevitable that the
excitation light also partially excites the QD, such that emission arises from both
entities. While this e↵ect is not desirable for sensing applications, our proposed
dye-sensitized QDs for SWIR imaging applications would not be negatively a↵ected
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by simultaneous excitation of donor and acceptor. In the few publications that describe FRET pairs in which organic dyes act as donors, remarkable enhancements of
QD fluorescence intensity could be obtained. 308–310 Walker et al. for example demonstrated that a hybrid system using organic dye-based J-aggregates as donors and
CdSe/ZnCdS QDs as acceptors, yielded a fivefold enhancement of overall QD fluorescence intensity. 308
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Figure 8-15: Dye-sensitized SWIR CSS QDs. A Molecular structure and optical
properties of Cy5 carboxylic acid. B-C Enhancement of the emission of InAs-based
CSS QDs upon addition of a solution of Cy5. The maximum enhancement was found
to be around 60 % for a molar ratio of Cy5 to CSS QDs around 46. Additional
amounts of dye, however, led to a continuous decrease in QD emission intensity that
ultimately reduced the intensity below its original value. (Adapted from Ref. 273 )
Inspired by these findings, we set out to probe whether similar brightness enhancements could be achieved using SWIR-emissive QDs and organic dyes with absorption
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features in the red to near-infrared spectral region. For our proof-of-concept study, we
decided to sensitize InAs-based CSS QDs with an emission peak in the SWIR using
Cy5 carboxylic acid (see Figure 8-15). 311 Cy5 carboxylic acid was chosen as it can
readily be excited with a 635 nm laser, (
absorption cross-section ("(

max,abs )

max,abs

= 646 nm), and as it exhibits a high

= 250,000 M

1

cm 1 ) and a high QY (20 %).

Further, we hypothesized that the presence of a carboxylic acid group might enable
a direct binding of the dye to the QD surface, thus minimizing the distance between
both entities and consequently increasing FRET efficiency.
To probe whether Cy5 carboxylic acid conjugated InAs-based CSS QDs would
exhibit enhanced SWIR fluorescence, we designed a study in which we slowly added
the dye to a solution of CSS QDs emitting at 1232 nm in hexanes under constant
635 nm excitation. Figure 8-15B shows that the QD emission initially increases upon
addition of Cy5 carboxylic acid and then declines below the value of the solution
containing only QDs. For a molar ratio of Cy5 carboxylic acid to QDs of 46, the
enhancement in QD emission is maximized and around 60 % higher than a solution containing only QDs. The decrease of the emission intensity below its original
value upon the addition of excess dye could be explained by increased self-quenching
through dye-dye interactions in proximity to the QD surface or through reduced QD
absorption caused by increased shielding through an increasing number of free dye
molecules in solution. Therefore, future experiments will require the removal of free
dye molecules from solution. To analyze the efficiency of the FRET process, future
experiments will require characterization via PL lifetime spectroscopy as well as excitation spectroscopy. In addition, future studies will need to show whether similar
dye-sensitized QDs can either be successfully transferred into or directly synthesized
in the aqueous phase.
Whereas the here presented experiment is significantly more preliminary than
others in this thesis, it is included in this thesis as we believe it to contain important
implications for the future of SWIR emitter synthesis. For one, it provides a proofof-concept that the brightness of SWIR-emissive QDs can be increased through the
addition of organic dyes. While the here reported brightness enhancement is smaller
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than previously reported values for dye-sensitized CdSe-based QDs, an increase of
60 % obtained from a single proof-of-concept study is quite remarkable. Considering
the time and e↵ort that is typically required to achieve similar brightness increases
through QY enhancements (see Chapter 3) shows that increasing QD absorption
o↵ers a much simpler and complementary approach. Further considering that the
room for improvements in QY of CSS QDs is quite limited due to the already high
values across the SWIR spectral region (82-16 %) make it evident that future ordersof-magnitude enhancements in SWIR brightness will likely be based on enhancing
absorption cross-sections, not fluorescent QYs.

8.5

Conclusions

In this chapter, we have shown how established, commercially available NIR dyes,
including the FDA-approved dye ICG, can be used to perform state-of-the art SWIR
imaging including intravital microscopy, non-invasive, real-time imaging in blood and
lymph vessels, imaging of hepatobiliary clearance, and molecularly-targeted in vivo
imaging. The advantages of SWIR imaging over NIR techniques, such as increased
sensitivity, contrast, and resolution of fine anatomical structures are therefore readily
available for adoption in pre-clinical and clinical imaging systems, simply by switching
the detection from conventional Si-based NIR cameras to emerging, high-performance
InGaAs-based SWIR cameras.
Our results further show that for mass-matched concentrations, ICG is surprisingly
capable of competing with SWIR-emissive CSS QDs in terms of SWIR brightness
at emission wavelengths shorter than 1300 nm. We therefore anticipate that the
use of organic dyes will see a rapid adoption in the SWIR imaging community and
enable many applications that are complementary to those using CSS QDs or other
nanomaterials as contrast agents.
Lastly, we proposed the idea to combine the high absorption cross-sections of
organic dyes with the high QYs and tunable fluorescence of InAs-based CSS QDs
by synthesizing dye-sensitized QDs. In these hybrid structures, organic dyes act as
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light absorbing antennas and channel additional photoexcitations into the QD, thus
increasing QD brightness. In a proof-of-concept study, we were able to show that upon
the addition of Cy5 carboxylic acid to InAs-based CSS QDs the SWIR brightness
could be enhanced by 60 %. These preliminary experiments suggest that future
enhancements of SWIR QD brightness will most likely not solely rely on enhancing
fluorescent QYs, but much more so on enhancing QD absorption, either through
specially designed shells, or through absorption antennas.
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Chapter 9
Conclusion and Outlook
In this thesis, we have provided a comprehensive overview of the current state of
functional materials for SWIR imaging applications with a particular focus on the
synthesis and characterization of two main SWIR emitter classes, InAs-based QDs
and organic NIR dyes, as well as their application for in vivo imaging studies.
The first half of this thesis was dedicated to a mechanistic study of the synthesis
of InAs-based QDs. While this emitter class was previously projected to be one of
the most promising materials for SWIR imaging in pre-clinical settings, earlier studies
had revealed challenges in the synthesis of large nanocrystals with high QYs, narrow
emission linewidths in the deep SWIR spectral range, and high photostability. In
four chapters, we presented our recent insights into the mechanistic processes that
govern the formation and growth of InAs nanoparticles. Together, our studies yielded
a conclusive picture of the key hurdles in InAs QD synthesis.
Using advanced mass spectrometry-based characterization techniques, we found
that molecular group-V precursors are immediately converted into small clusters with
a narrow size distribution upon mixing with group-III precursors. Our results suggest
that clusters represent thermodynamic sinks that continue to persist throughout the
growth stage of InAs QD synthesis, indicating that they might function as a reservoir
for particle growth. Therefore, the fast conversion of precursors into small clusters at
the beginning of the reaction o↵ers a logical explanation for our observation that InAs
QD growth appears invariant toward changes in precursor reactivity and therefore
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changes in precursor conversion kinetics (Chapter 2).
We complement these findings in Chapter 3 by showing that the QD growth rate
appears to slow down for larger InAs nanocrystals. To account for size-dependent
particle growth rates, it is important to adjust the concentration of molecular precursors and intermediary clusters in solution. Ideally, their concentration is maintained
at a level that allows for controlled nanoparticle growth while preventing ripening
processes that occur in the absence of precursor materials. Additionally, concentrations of molecular precursors and cluster intermediates must remain below a certain
threshold above which smaller particles are formed and growth is dominated by particle aggregation.
Based on these insights, we designed a continuous precursor injection synthesis for
InAs QDs during which the molecular precursor is added over the course of several
hours at injection rates that ensure that the reaction is taking place in a size focusing
growth regime, even for large particle sizes. While we were able to synthesize highly
crystalline InAs QDs with narrow size distribution up to emission linewidths of 1200
nm, the synthesis of larger particles could not be achieved.
Therefore, we hypothesize that the existing “red wall” in InAs QD synthesis is
caused by a combination of the persistence of small cluster intermediates and slow
growth rates for large InAs QDs. To address this fundamental problem, it is important that future InAs QD syntheses acknowledge the potential formation of thermodynamically stable clusters and include novel wet-chemical procedures to better control
their formation and dissolution. In preliminary studies, we were able to show that
QD surfactants such as TOP or TOPO, can be used to destabilize clusters and synthesize cluster-free samples. Given that the commercial versions of these surfactants
are known to exhibit multiple impurities, it will be required to employ additional
purification and characterization techniques before gathering evidence of molecular
interactions between clusters and surfactants.
Complementary theoretical simulations of QD growth on the basis of kinetic rate
equations provide a possible means to improve our understanding of cluster-based
InAs QD syntheses. While we present preliminary results for our general model of
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QD growth in Chapter 5, we anticipate that the general framework will allow future
generations of researchers to input improved parameterizations, ideally on the basis
of advanced experimental studies.
In addition to mechanistic insights, we developed a novel overcoating procedure
to obtain InAs-based CSS QDs with improved QYs, photostability and long-term
stability. While we were able to synthesize QD samples with QYs of ⇠16 % for
emission wavelengths ⇠1450 nm, we believe that further empirical optimization of
shell growth procedures will not yield significant improvements in probe brightness.
Rather, it seems promising to examine other fundamental ways to achieve orders-ofmagnitude enhancements in SWIR emitter brightness. In a proof-of-concept study, we
were able to demonstrate that SWIR-emissive CSS QDs could be sensitized with Cy5
carboxylic acid, leading to increased absorption of the hybrid probe at the excitation
wavelength of 635 nm, and consequently to an increase in QD brightness of 60 %.
This finding is quite remarkable as it opens up a straightforward pathway toward
increasing QD brightness via increasing probe absorption. However, because this
study was performed in organic solvents, future e↵orts will need to show whether
similar results can be achieved for dye-sensitized QD emitters in aqueous media.
Despite these remaining challenges, we were able to employ InAs-based CSS QDs
in a variety of functional SWIR imaging applications. Building upon a set of three
surface functionalizations and strong support from our collaborators in the biomedical
field, we demonstrated non-invasive real-time imaging of hemorrhagic stroke, quantification of metabolic activity in genetically-engineered animals, and measurement
of hemodynamics in the brain vasculature of mice. We anticipate that tailored development of probes for specific imaging applications (e.g. molecularly targeted QDs
for tumor imaging or bright QD superparticles for improved particle tracking) will
further push the boundaries of the current capabilities of SWIR imaging.
In parallel to the use of QDs for pre-clinical imaging settings, we investigated
the use of clinically accessible organic dyes for SWIR imaging in clinical settings.
Surprisingly, we found that the FDA-approved dye ICG, as well as other NIR dyes
with similar optical properties, are sufficiently bright in the SWIR region to allow
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for direct use in high-contrast and high-speed SWIR imaging applications in small
animals. Our results once more emphasize the importance of careful and thorough
sample characterization, as these findings can be attributed to the broad vibronic
shoulder of the fluorescence spectrum that extends well into the SWIR region and a
high mass-normalized absorption cross-section.
Indeed, we found that the SWIR emission of ICG is so bright that it outperforms
commercially available dyes with peak emission in the SWIR and even competes with
CSS QD samples for the highest probe brightness at the same mass concentrations
and at shorter SWIR wavelengths. While no FDA-approved fluorophores with peak
emission in the SWIR exist yet, our studies show that detecting the o↵-peak fluorescence of clinically accessible NIR dyes on SWIR detectors bears the potential for
rapid translation of SWIR fluorescence imaging to humans in clinical application.
Lastly, we analyzed how image contrast and penetration depth vary as a function
of the SWIR imaging wavelength. While previous studies suggested that reduced
scattering at longer wavelengths would be the primary source of improved image
contrast in the SWIR, we show that the absorptive properties of tissue play a more
dominant role than anticipated. For multiple imaging scenarios, we show how image contrast and penetration depth correlate with the absorption spectrum of water
molecules. Our findings suggest that a smart choice of imaging wavelength can be
used to selectively suppress fluorescence background signals from tissue underneath
an object of interest, increasing the signal-to-noise ratio and image contrast.
As chosing an imaging wavelength for which tissue is highly absorptive comes at
the cost of reduced imaging speed, it is clear that high-contrast SWIR imaging requires
bright SWIR emitters. However, the synthesis of bright materials with emission
wavelengths in regions of high water absorptivity, for example in the local absorption
maximum at 1450 nm, is intrinsically limited. While organic dyes cannot access
these spectral regions, as described by the energy gap law, narrow band gap QDs
also experience increased quenching via exciton-phonon coupling. In addition to
these QD-intrinsic quenching mechanisms, SWIR-emissive QDs in aqueous media
show increased quenching via non-radiative energy transfer to water molecules. For
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samples emitting at 1450 nm, this e↵ect was found to be strong enough to reduce QD
emission intensity by 50 %. As a result, SWIR imaging faces the conundrum that
highly absorptive tissue increases imaging contrast while simulateneously leading to a
strong quenching of the fluorescence intensity of probes. Future syntheses will need to
consider e↵ective means to reduce non-radiative energy transfer, for example through
the encapsulation of samples into thick, water-impermeable, SWIR-transparent shells.
At the same time, novel protocols must ctake into account that the mass of SWIRemissive materials cannot be increased indefinitely, as high molecular masses limit
the molecular amount of material that can be injected during biomedical imaging
experiments.
In conclusion, many challenges in the synthesis of SWIR-emissive materials remain to be solved. We consider this thesis a small contribution to the larger e↵orts
of the biomedical and chemical community to develop advanced SWIR materials
and imaging technologies that will ultimately aid in the development of novel drug
and treatment schemes, and improve our fundamental understanding of biology and
medicine.
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Appendix A
Quantum Dot Growth Model
Listing A.1: General QD Growth Model.
%% P a r a m e t e r s
% Size

Distribution

N = 5000;

% Maximum p a r t i c l e

n c e n t e r =425;

% Center

fwhm=250;

of

% Width o f

a m p l i t u d e =10000;
% Reaction

the

% Amplitude

distribution

gaussian

of

distribution

Gaussian

Conditions

P = 10ˆ8;

% Injection

rate

timebound = 1 0 0 ;

% Reaction

time

d i ffu s i on coeff = 1;

% Diffusion

% System

size

gaussian

Dependent

(1)

or

reaction

limited

(2)

growth

Factors

k g = 10ˆ6;

% Time c o n s t a n t

for

crystal

unit

attachment

k d = 1;

% Time c o n s t a n t

for

crystal

unit

detachment

k a = 10ˆ5;

% Time c o n s t a n t

for

aggregation

alpha = 0 ;

% Curvature

coefficient

%% I n i t i a l i z a t i o n
n = ( 1 : N)

;

% Crystal

c 0 = z ero s (N , 1 ) ;
for

Sizes

% Crystal

Concentration

i =1:N
c 0 ( i )= a m p l i t u d e ∗ exp (

(( i

n c e n t e r ) ˆ 2 ) / ( 2 ∗ ( fwhm / 2 . 3 5 5 ) ˆ 2 ) ) ;

end
r = z ero s (N , 1 ) ;
for

% Particle

Radii

i =1:N
r ( i ) = ( 3 / ( 3 6 ∗ 4 ∗ pi )∗ n ( i ) ) ˆ ( 1 / 3 ) ;

end
% Total

Initial

Mass

total mass 0 = 0;
for

i =1:N
t o t a l m a s s 0 = t o t a l m a s s 0 + c0 ( i )∗ n ( i ) ;

end

% Growth and

Dissociation

Rate C o n s t a n t s

D = z ero s (N , 1 ) ;
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regime

G = z ero s (N , 1 ) ;
for

i =1:N

G( i ) = k g ∗ i ˆ ( d i f f u s i o n c o e f f / 3 ) ∗ ( r ( i ))ˆ(
D( i ) = k d ∗ i ˆ ( 2 / 3 ) ∗ ( r ( i ))ˆ(

alpha ) ;

alpha ) ;

end
% A g g l o m e r a t i o n Rate C o n s t a n t s
agg = z er o s (N , 1 ) ;
for

i =1:N
for

j =1:N
agg ( i , j ) = 0 . 5 ∗ ( exp(1

i )+exp(1

j ))

...

∗ s q r t ( ( i+j ) / ( i ∗ j ) ) ∗ ( i ˆ(1/3)+ j ˆ ( 1 / 3 ) ) ˆ 2 ;
end
end
for

i =1:N
agg ( 1 , i ) = 0 ; agg ( i , 1 ) = 0 ; agg (N 1 , i ) = 0 ; agg ( i , N 1)=0;

end
for

i =1:N
for

j =1:N
if

i+j > N
agg ( i , j ) = 0 ;
agg ( j , i ) = 0 ;

end
end
end
A = z er o s (N , 1 ) ;
for

i =1:N
for

j =1:N
A( i , j ) = k a ∗ agg ( i , j ) ∗ ( r ( i ))ˆ(

a l p h a ) ∗ ( r ( j ))ˆ(

alpha ) ;

end
end

%% C a l l i n g ODE S o l v e r
t s p a n =[0 timebound ] ;
a b s t o l ( 1 : N)=1 e

3;

o p t i o n s=o d e s e t ( ’ MaxStep ’ , 1 e
% xx as

variable

for

time ,

[ xx , yy ]= o d e 1 5 s (@( xx , yy )
%% C o n t r o l

2, ’ RelTol ’ ,1 e
yy

for

3 , ’ AbsTol ’ , a b s t o l , ’ No n Ne g at i v e ’ , n ) ;

concentration

D i f f e q ( xx , yy , N, P , D, G, A) , t s p a n , c0 , o p t i o n s ) ;

f o r Mass C o n s e r v a t i o n

t o t a l s t e p s = s i z e ( xx ) ;
t o t a l m a s s c o n t r o l = t o t a l m a s s 0 + timebound ∗P ;
mass=z ero s ( t o t a l s t e p s ( 1 ) , 1 ) ;
for

i o t a =1: t o t a l s t e p s ( 1 )
for

z e t a =1:N
mass ( i o t a ) = mass ( i o t a ) + n ( z e t a ) ∗ yy ( i o t a , z e t a )

end
end
t o t a l m a s s c a l c u l a t e d = mass ( t o t a l s t e p s ( 1 ) ) ;
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;

Listing A.2: Coupled Di↵erential Equations for General QD Growth Model.
function dn = D i f f e q ( xx , yy , N, I , D, G, A)
dn = z ero s (N , 1 ) ;
yy ( yy <0) = 0 ;
%% Change o f n ( 1 )
dn ( 1 ) = I

...

% Injection n(1)

+ 2 ∗ D( 2 ) ∗ yy ( 2 )

...

% n(2)

2∗ G( 1 ) ∗ yy ( 1 ) ∗ yy ( 1 ) ;
for

dissociates

% n (1)+ n ( 1 )

growth

t o n (1)+ n ( 1 )
to n(2)

i o t a = 3 :N
dn (1)= dn ( 1 )

...

+ D( i o t a ) ∗ yy ( i o t a )

...

1) ∗ yy ( i o t a

G( i o t a

% n( i )

1) ∗ yy ( 1 ) ;

dissociates

to n( i

% n( i

1) g r o w t h s

to n( i )

% n( i

1) g r o w t h s

to n( i )

1)

end
%% Change o f n ( 2 ) and n ( 3 )
for

i o t a =2:3
dn ( i o t a ) = 0 ;
dn ( i o t a ) = dn ( i o t a ) . . .
+G( i o t a

1)∗ yy ( i o t a

1)∗ yy ( 1 )

G( i o t a ) ∗ yy ( i o t a ) ∗ yy ( 1 )
D( i o t a ) ∗ yy ( i o t a )

...

...

...

+ D( i o t a +1)∗ yy ( i o t a + 1 ) ;
for

% n( i )

growths

% n( i )

dissociates

% n ( i +1)

t o n ( i +1)
to n( i

dissociates

1)

to n( i )

z e t a =2:N i o t a
dn ( i o t a ) = dn ( i o t a )

A( z e t a , i o t a )

...

∗ yy ( i o t a ) ∗ yy ( z e t a )

% n( i ) + n( j )

a g g r e g a t e n ( i+j )

end
end

%% Change o f n ( i ) , 3<i <N
for

i o t a =4:N 2
dn ( i o t a ) = 0 ;
dn ( i o t a ) = dn ( i o t a ) . . .
+ G( i o t a

1)∗ yy ( i o t a

1)∗ yy ( 1 )

G( i o t a ) ∗ yy ( i o t a ) ∗ yy ( 1 )
D( i o t a ) ∗ yy ( i o t a )

...

+ D( i o t a +1)∗ yy ( i o t a +1)
for

z e t a =2: i o t a

...

...
;

% n( i

1) g r o w t h s

to n( i )

% n( i )

growths

% n( i )

dissociates

% n ( i +1)

t o n ( i +1)
to n( i

dissociates

1)

to n( i )

2

dn ( i o t a ) = dn ( i o t a ) + . . .
0 . 5 ∗ A( z e t a , i o t a
∗ yy ( i o t a

zeta )

...

z e t a ) ∗ yy ( z e t a )

;

% n( i

j )+n ( j )

aggregate

to n( i )

end
for

z e t a =2:N i o t a
dn ( i o t a ) = dn ( i o t a )
A( z e t a , i o t a ) ∗ yy ( i o t a ) ∗ yy ( z e t a )

% n ( i )+n ( j )

aggregate

t o n ( i+j )

end
end

%% Change o f n (N 1)
dn (N 1) =

G(N 2) ∗ yy (N 2) ∗ yy ( 1 )
G(N 1) ∗ yy (N 1) ∗ yy ( 1 )
D(N 1) ∗ yy (N 1)

...
...

...

t o n (N)

% n (N)

z e t a =2:N 3
dn (N 1) = dn (N 1) + . . .
0 . 5 ∗ A(N 1 z e t a , z e t a )

t o n (N 1)

% n (N 1) g r o w t h s

% n (N 1) d i s s o c i a t e s

+ D(N) ∗ yy (N ) ;
for

% n (N 2) g r o w t h s

...
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dissociates

t o n (N 2)

t o n (N 1)

∗ yy (N 1 z e t a ) ∗ yy ( z e t a ) ;

% n (N 1 i )+n ( i )

aggregate

t o n (N 1)

end
%% Change o f n (N)
dn (N) =

G(N 1) ∗ yy (N 1) ∗ yy ( 1 )

...

% n (N 1) g r o w t h s

D(N) ∗ yy (N ) ;
for

% n (N)

t o n (N)

dissociates

t o n (N 1)

z e t a =2:N 2
dn (N) = dn (N) + . . .
0 . 5 ∗ A(N z e t a , z e t a )

...

∗ yy (N z e t a ) ∗ yy ( z e t a ) ;

% n (N i )+n ( i )

end
end

222

aggregate

t o n (N)
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[285] Philip, R.; Penzkofer, A.; Bäumler, W.; Szeimies, R.; Abels, C. Journal of
Photochemistry and Photobiology A: Chemistry 1996, 96, 137–148.
[286] Würth, C.; Grabolle, M.; Pauli, J.; Spieles, M.; Resch-Genger, U. Nature Protocols 2013, 8, 1535–1550.
[287] Lim, S. J.; Zahid, M. U.; Le, P.; Ma, L.; Entenberg, D.; Harney, A. S.; Condeelis,
J.; Smith, A. M. Nature Communications 2015, 6, 8210.
[288] Landsman, M. L.; Kwant, G.; Mook, G. A.; Zijlstra, W. G. Journal of Applied
Physiology 1976, 40, 575–583.
[289] Leung, K. Molecular Imaging and Contrast Agent Database (MICAD) - IRDye
800CW-Human Serum Albumin, 2004.
[290] American National Standards Institute; Laser Institute of America American
National Standard for Safe Use of Lasers, 2018.
[291] Paumgartner, G.; Probst, P.; Kraines, R.; Leevy, C. Annals of the New York
Academy of Sciences 1970, 170, 134–147.
[292] Meijer, D. K. F.; Weert, B.; Vermeer, G. A. European Journal of Clinical Pharmacology 1988, 35, 295–303.
245

[293] Hong, G.; et al. Nature Communications 2014, 5, 4206.
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