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2 Introduction 

Biomedical imaging integrates principles from physics, chemistry, engineering, biology, and 

medicine to improve disease detection and diagnosis, surgical guidance, and treatment monitoring 

(Webb 2022). Accordingly, biomedical imaging techniques are widely used in clinical and pre-

clinical research, supporting scientists and clinicians in investigating disease mechanisms, 

evaluating new treatments and diagnostic approaches, and refining surgical procedures 

(Weissleder and Nahrendorf 2015, Cheng, Xu et al. 2024). Common imaging methods include 

magnetic resonance imaging, x-ray, computed tomography, positron emission tomography, and 

various optical imaging approaches (James and Gambhir 2012, Wallyn, Anton et al. 2019, Webb 

2022).  

The research articles featured in this thesis advance the instrumentation and applications of 

two optical modalities: fluorescence and Raman scattering imaging. By exploring these techniques 

in the shortwave infrared (SWIR) spectral region (1000 to 2000 nm), novel macroscopic 

biomedical imaging applications have been enabled, constituting the central theme connection the 

articles (Figure 1). This chapter introduces key concepts covered in these articles, including SWIR-

emissive fluorophores (Articles 1-5), fluorescent proteins (Article 6), and Raman scattering 

imaging (Article 7), and concludes by outline the primary objectives of the thesis. 

 

2.1 Fluorescence imaging in the shortwave infrared  

Fluorescence imaging is a powerful tool in biomedical research and clinical practice for visualizing 

and tracking specific molecules and structures within biological tissues, providing insights into 

Figure 1. Graphical abstract. The development of next-generation macroscopic shortwave infrared (SWIR) 

imaging systems and novel enables advanced biological applications. 
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molecular and cellular dynamics during disease progression and offering anatomical guidance 

during surgeries (Resch-Genger, Grabolle et al. 2008, Mieog, Achterberg et al. 2022, Refaat, Yap 

et al. 2022). This technique relies on the property of certain molecules, called fluorophores, to emit 

light upon photon absorption at specific wavelengths, allowing for real-time monitoring of 

biological processes (Lakowicz 2006).  

Traditionally, fluorescence imaging has been performed in the near-ultraviolet (200 to 380 

nm), visible (380 to 700 nm) and near-infrared (NIR, 700 to 1000 nm) spectral regions (Refaat, 

Yap et al. 2022). These ranges are compatible with many commercially available fluorophores and 

detection systems, often based on silicon (Si) (Zhu, Kwon et al. 2020). However, there has been a 

significant growth in biomedical imaging using the SWIR spectral window over the past decades, 

thus requiring detectors that are sensitive beyond the detection range of Si, such as those based on 

indium gallium arsenide (InGaAs) (Chen, Wang et al. 2023). This increase in interest in SWIR 

biological imaging is primarily driven by its unique photophysical advantages, when compared to 

imaging at shorter wavelengths (Schmidt, Ou et al. 2024, Wang, Zhong et al. 2024). For instance, 

SWIR benefits from lower tissue scattering, increased water absorption, and lower tissue 

autofluorescence, ultimately providing deeper tissue penetration and enhanced image contrast 

(Wilson, Nadeau et al. 2015, Carr, Aellen et al. 2018) (Figure 2).  

Image contrast in fluorescence is crucial to distinguish labeled structures from the tissue 

background. Tissue autofluorescence, which arises from the natural emission of light by 

endogenous biomolecules when they are excited by light, is a key type of background that 

exogenous fluorophores need to overcome (del Rosal and Benayas 2018). In visible and NIR 

imaging, autofluoresence configures the main source of biological background (del Rosal, Thomas 

et al. 2020). Common endogenous fluorophores include nicotinamide adenine dinucleotide 

(NADH), porphyrins, melanin, and lipofuscin (Croce and Bottiroli 2014). Although the precise 

sources and behavior of autofluorescence in the SWIR range are not well understood, particularly 

above 800 nm excitation, it is accepted that fewer endogenous fluorophores are excited at these 

wavelengths, leading to a decreased autofluorescence emission as the wavelength increases (Del 

Rosal, Villa et al. 2016, del Rosal, Thomas et al. 2020, Sun, Zhong et al. 2023). In this thesis, 

Article 6 highlights the advantage of longer wavelength excitation by showing that fluorescent 

beads injected into the mouse peritoneum are visualized when excited at 892 nm but are completely 

obscured by autofluorescence when excited at 672 nm. Moreover, Article 7 demonstrates that 

SWIR autofluorescence is so low that Raman scattering, a very weak spontaneous effect of light-

tissue interaction, becomes the dominant source of tissue background at longer wavelengths. 

Lower autofluorescence results in the ability to detect lower doses of exogenous fluorophores in 

tissue, therefore reducing potential risks associated with contrast agent administration. 

Overcoming autofluorescence is relatively simple and can be achieved by selecting brighter 

fluorophores or increasing their concentration. However, a more significant challenge is the 

contrast limitation posed by the signal-to-background ratio, which defines the relationship between 

the fluorescence signals from the target structure against those of the surrounding tissue, (Judy, 

Keating et al. 2015). Moreover, a major effect of light-tissue interactions that impairs contrast is 

scattering, which occurs when light changes direction upon interacting with microscopic structures 
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such as cells, fibers, or macromolecules (Wilson, Nadeau et al. 2015). The effects of scattering 

reduce image clarity by causing blurriness, and limits penetration depth, making it difficult to 

resolve fine details or visualize structures deeper within tissues (Frangioni 2003). 

  The inverse relationship between scattering and wavelength makes switching to SWIR 

wavelengths a promising strategy to overcome contrast and penetration depth limitations common 

in visible and NIR fluorescence imaging (Frangioni 2003, Wang, Zhong et al. 2024). In addition, 

SWIR wavelengths benefit from strong water absorption, which can further improve contrast by 

absorbing scattered photons (Carr, Aellen et al. 2018). This combination of reduced scattering and 

strong water absorption makes SWIR imaging particularly valuable for applications requiring high 

resolution of fine structures in deeper tissue layers, such as angiography and nerve imaging (Hong, 

Diao et al. 2014, Carr, Aellen et al. 2018). Although imaging at highly absorbing wavelengths has 

traditionally been avoided due to concerns about low photon detection, these challenges can often 

be addressed by increasing fluorophore concentrations or boosting illumination power. 

Nevertheless, these adjustments do not enhance the signal-to-background ratio, as both the target 

and background signals will increase proportionally. Therefore, improving contrast is critical to 

advancing fluorescence imaging, and the unique photophysical properties of SWIR offer a 

powerful solution to this challenge. 

Figure 2. Photophysical advantages of shortwave infrared (SWIR) imaging compared to visible and near-

infrared (NIR) imaging. a) Section of the electromagnetic spectrum, highlighting the visible, NIR and SWIR 

regions. b) Schematic representation of autofluorescence emission profiles of endogenous tissue chromophores 

across the spectral regions. As wavelength increases, excitation of chromophores decreases, resulting in lower 

autofluorescence in the SWIR. c) Comparison of light-tissue interactions between NIR and SWIR illumination, 

respectively represented in orange and dark red. SWIR light scatters less due to the inverse relationship between 

scattering and wavelength, allowing for the excitation of fluorescently-labeled structures (green) deeper in the tissue. 

d) Schematic illustration of the increased contrast in SWIR fluorescence images. Reduced photon scattering, 

combined with water absorption of scattered photons, improves image clarity and resolution of fine structures. 
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The contrast advantages of SWIR imaging have been thoroughly demonstrated in both 

animals and humans studies, particularly in research comparing the SWIR emission tail of NIR 

contrast agents with their NIR peaks (Carr, Franke et al. 2018, Hu, Fang et al. 2020, Wu, Suo et 

al. 2022). Despite capturing only a small portion of the fluorophore’s emission in the SWIR range, 

this spectral region has consistently revealed more blood vessels with greater resolution than the 

NIR wavelengths commonly used in clinical imaging. This thesis highlights the high-contrast and 

deep penetration capabilities of SWIR fluorescence imaging in vitro (Article 5), along with a wide 

range of enabled biological applications, including multiplexed deep-tissue imaging in both 

anesthetized (Articles 1-2) and awake, freely moving mice (Article 3), as well as high-resolution 

whole-body vascular imaging at emission wavelengths beyond 1450 nm (Article 4). 

2.2 Shortwave infrared-emitting fluorophores and imaging systems 

While most commercial fluorophores are optimized for the ultraviolet and visible regions, 

efforts to expand fluorescent imaging to longer wavelengths have driven the development of red-

shifted fluorophores with NIR excitation at around 800 nm, especially for in vivo applications 

(Grimm and Lavis 2022). Clinically approved NIR fluorophores, such as indocyanine green (ICG) 

and IRDye 800 CW, are well established in surgical applications, with ongoing clinical trials 

exploring new molecules to enhance fluorescence imaging capabilities (Alander, Kaartinen et al. 

2012, Zhang, Schroeder et al. 2017). Notably, many NIR fluorophores, including ICG, exhibit an 

emission tail in the SWIR range (Carr, Franke et al. 2018). To further improve imaging 

performance in this spectral window, recent research has increasingly focused on developing 

fluorophores with excitation wavelengths beyond 800 nm and emission peaks closer to or beyond 

1000 nm (Welsher, Liu et al. 2009, Piwonski, Nozue et al. 2022, Wang, Zhong et al. 2024). 

Multiplexed imaging is a key goal in advancing SWIR fluorophores and imaging systems, 

being highly valuable in both surgical and in vivo research settings (Okamoto, Al-Difaie et al. 

2023, Heuvelings, Scheepers et al. 2024, Zhong, Patel et al. 2024). In surgery, it could enable the 

simultaneous labeling and contrast enhancement of multiple structures, including nerves, tumors, 

as well as blood and lymph vessels. In research, multiplexing could offer the ability to non-

invasively visualize and monitor tissue dynamics, such as macrophage polarization, collagen 

deposition, and vascularization, providing real-time feedback on tissue composition during disease 

progression and/or treatment efficacy. Multiplexing requires the use of spectrally distinct 

fluorophores and different imaging channels, which may involve various combinations of 

illumination source, detectors, or emission filters (Bandi, Luciano et al. 2022).  

Furthermore, fast acquisition times are essential to avoid motion artifacts, particularly in real-

time surgical applications or when imaging tissue dynamics in freely moving animals. Achieving 

high signal-to-noise ratios at short exposure times requires bright fluorophores, especially for 

wavelengths above 1400 nm, where tissue water absorption is strong, but optimal contrast can be 

achieved (Carr, Aellen et al. 2018). However, SWIR fluorophores generally exhibit lower 

brightness than their visible and NIR counterparts due to their reduced energy gap, which reduces 

quantum yields (Ding, Zhan et al. 2018, Zhu, Tian et al. 2019, Wang, Zhong et al. 2024). 
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SWIR fluorophores can be broadly categorized into organic and inorganic dyes. Organic 

fluorophores, such as small molecules like polymethine dyes and donor-acceptor systems, 

generally offer better biocompatibility than inorganic dyes, making them more suitable for in vivo 

applications and clinical translation (Piwonski, Nozue et al. 2022, Ou, Ren et al. 2023, Martin and 

Rivera-Fuentes 2024). However, organic dyes mostly emit below 1200 nm and often exhibit lower 

quantum yields, which poses a limitation for fast SWIR imaging (Ou, Ren et al. 2023). In contrast, 

inorganic dyes, such as quantum dots and rare-earth nanocrystals, can reach emission peaks 

beyond 1400 nm for improved imaging contrast, but increasing their brightness remains essential 

for fast imaging in high-absorbing wavelengths (Liu, Li et al. 2022). Therefore, ongoing research 

focuses on expanding the emission range and improving quantum yields, photostability, and 

specificity of both organic and inorganic SWIR contrast agents to achieve high brightness and 

open up new channels for multiplexed imaging (Liu, Li et al. 2022, Schmidt, Ou et al. 2024). This 

thesis introduces major advancements in the development of both organic and inorganic SWIR 

contrast agents, along with novel biological applications. Customized imaging systems are 

designed for each application, leading to progress in both fluorophore development and SWIR 

imaging instrumentation.  

Among organic fluorophores, polymethine dyes are particularly valuable for in vivo 

multiplexed SWIR imaging, due to their narrow absorption bands, high absorption coefficients, 

and increased photostability (Blua, Boccalon et al. 2024, Martin and Rivera-Fuentes 2024).. 

Recently, flavylium-based polymethine dyes have emerged as a powerful class of organic 

fluorophores with tunable properties for high-contrast, deep tissue imaging in the SWIR range 

(Cosco, Caram et al. 2017, Uranga-Barandiaran, Casanova et al. 2020, Blua, Boccalon et al. 2024). 

In this thesis, Articles 1 and 2 introduce a library of novel penta- and heptamethine dyes with 

flavylium and chromenylium heterocycles featuring excitation ranges from 785 to 1064 nm, 

offering enhanced brightness that enabled unprecedented in vivo imaging speeds of up to 300 

frames per second. These articles also present an innovative excitation multiplexing strategy, 

which optimizes illumination wavelengths tailored for each fluorophores’ absorbance, while 

maintaining with a single detection window. This approach effectively prevents the strong 

chromatic aberrations associated with SWIR wavelengths (Article 1), and removes the need for 

filter changes, which speeds up acquisition. Furthermore, the strategic balance between laser 

power and dye concentrations significantly minimizes emission crosstalk among the fluorophores, 

thereby precluding the need for post-processing steps such as spectral unmixing (Article 2). These 

articles demonstrate that the combination of increased fluorophore brightness and tailored imaging 

enables the simultaneous labeling and real-time visualization of structures such as lymph vessels, 

blood vasculature, intestines, and bones in up to four channels. Notably, this approach further 

enables imaging of multiple structures in freely moving mice, maintaining resolution even in fast-

motion conditions (Article 3), thus opening up possibilities to study physiological processes 

without the confounding effects of anesthesia. Together, Articles 1-3 expand the multiplexing 

capabilities and applications of in vivo SWIR imaging, allowing for real-time visualization of 

multiple structures with minimal crosstalk at unprecedented speeds and number of imaging 

channels. 
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In parallel with the development of organic fluorophore, this thesis presents significant 

progress in inorganic SWIR dyes, specifically erbium- and thulium-doped rare-earth nanocrystals, 

for high-contrast imaging applications beyond 1450 nm. Article 4 highlights improvements in the 

photophysical performance of erbium-based nanocrystals, which emit around 1550 nm when 

excited near 980 nm. This article shows that implementing a heterogeneous shell domain to 

optically-active erbium-based core nanocrystals provides a substantial boost in quantum yield, 

achieving 50% for sub-15 nm nanocrystals under safe illumination levels, a remarkable 

achievement. Using micelle formulations for solubility in water, these nanocrystals are 

administered intravenously and imaged with a sensitive, liquid nitrogen-cooled InGaAs detector. 

Displaying its biocompatibility, brightness and image clarity, this strategy enables in vivo multi-

color angiography at the whole-body scale, providing a comprehensive visualization of vascular 

structures with high resolution.  

Imaging at 1550 nm particularly benefited from high water absorptivity, which improved 

image contrast by absorbing background fluorescence and scattered light. With the goal to develop 

materials with emission in a spectral regions with even lower influence of tissue scattering and 

higher water absorptivity, Article 5 presents pioneering work on thulium-doped nanocrystals for 

fluorescence imaging between 1600 and 2000 nm upon excitation near 785 nm, which require a 

specialized imaging system using an extended InGaAs detector. By optimizing the core-shell 

material combination, a quantum yield of 39% is achieved, an unprecedented feature for emission 

at these wavelengths. SWIR imaging of these materials in tissue phantoms shows that deeper 

penetration up to 1 cm and higher contrast is achieved for the thulium-based nanocrystals, when 

compared to the erbium-based ones. While in vivo imaging has not been performed, this work 

paves the way for novel fluorophores and applications in an underexplored spectral window for 

biological imaging.  

Furthermore, fluorescent proteins are another class of fluorophores extensively used in 

biological research for visualizing cellular and molecular processes, from high-resolution 

microscopy to whole-body imaging (Hoffman 2005, Rodriguez, Campbell et al. 2017). A major 

advantage of fluorescent proteins over traditional exogenous fluorophores is their ability to be 

genetically encoded, which allows for precise labeling and visualization of specific cellular 

structures, due to the possibility to target the protein expression in defined cells and tissues 

(Rodriguez, Campbell et al. 2017). Moreover, endogenous expression circumvents the need for 

external administration, highlighting the non-invasive nature of fluorescent protein imaging in 

living organisms. Since the discovery of fluorescent proteins, intense engineering efforts have been 

applied to create a library of proteins with emission across the whole visible spectrum (Chudakov, 

Matz et al. 2010). More recently, near-infrared fluorescent proteins (iRFPs), emitting in the far red 

and NIR between 670 and 720 nm, were developed to capitalize on the benefits of imaging at 

longer wavelengths (Chudakov, Matz et al. 2010, Filonov, Piatkevich et al. 2011).  

Notably, like ICG, iRFPs exhibit an emission tail in the SWIR region, offering increased 

contrast at these wavelengths (Chen, Feng et al. 2022, Oliinyk, Ma et al. 2023). Despite this 

advancement, a considerable gap remains in fluorescent proteins optimized specifically for SWIR 

emission, limiting their utility in deeper tissue imaging applications compared to SWIR organic 

16



 

 

and inorganic fluorophores. Addressing this gap, Article 6 in this thesis introduces a pioneering 

SWIR-emitting fluorescent protein, MC9BP81, with excitation at 892 nm. This novel protein, 

designed to bind a synthetic merocyanine dye, demonstrates higher contrast and in vivo imaging 

sensitivity compared to iRFP720, which excites at around 700 nm. In a comparative study, alginate 

beads containing cells expressing both MC9BP81 and iRFP720 are injected into the mouse 

peritoneum. Although iRFP exhibits higher brightness, the beads remain undetectable due to the 

dominant autofluorescence from the abdominal region at 672 nm excitation. In contrast, MC9BP81 

fluorescence enable the clear resolution of the beads, benefitting from the reduced 

autofluorescence at 892 nm excitation. Altogether, the introduction of an engineered SWIR 

fluorescent protein sets a foundation for a new class of genetically encoded probes, expanding 

possibilities for non-invasive, deep-tissue imaging and enabling more refined visualization of 

biological processes in pre-clinical research. 

2.3  Macroscopic SWIR Raman imaging 

Raman scattering is a weak spontaneous physical effect that arises from the exchange of energy 

between incoming photons and chemical bonds within molecules (Cialla-May, Schmitt et al. 

2019). This energy exchange results in distinctive spectral shifts for each type of chemical bond, 

expressed as wavenumber in inverse centimeters (cm-1). Detecting such spectral shifts can be 

utilized to extract the chemical composition and structure of materials of interest, including 

biological tissues, allowing for the label-free visualization of individual biomolecules within 

tissues and cells solely based on endogenous tissue chemical contrast (Hu, Shi et al. 2019). 

Particularly using strategies for enhancing the Raman scattering intensity, Raman imaging 

techniques have offered powerful label-free capabilities in both clinical and pre-clinical settings 

(Freudiger, Min et al. 2008, Palonpon, Ando et al. 2013, Kong, Kendall et al. 2015, Orringer, 

Pandian et al. 2017).  

However, as these approaches require high laser fluxes onto small sample areas, their 

application has been confined to the microscopic scale (Krafft, Schie et al. 2016). For example, 

microscopy based on coherent Raman imaging requires high laser fluxes, practically limiting them 

to the laser focal point, which is on the order of millimeters (Krafft, Schie et al. 2016, Hu, Shi et 

al. 2019). Moreover, spectroscopic detection of spontaneous Raman scattering involves 

illumination at a single point or along a line, and it requires minutes in order to scan a field of only 

1 cm² (Bohndiek, Wagadarikar et al. 2013). Expanding Raman imaging to large fields of view 

would allow for the comprehensive analysis of heterogeneous tissues, with significant potential 

applications in whole-body animal studies and medical procedures such as surgical contexts 

(Jermyn, Mok et al. 2015, Wilson, Jermyn et al. 2018). 

Wide-field Raman imaging shows promise for expanding the field of view, but typical silicon-

based detection systems are hindered by tissue autofluorescence (Yang, Li et al. 2014, Papour, 

Kwak et al. 2015). As illumination wavelength increases, autofluorescence decreases (Patil, Pence 

et al. 2014, Sun, Zhong et al. 2023). Researchers have implemented wide-field Raman systems 

with NIR illumination wavelengths, typically 785 nm, to reduce autofluorescence while 

maintaining detectable Raman scattering shifts within Si-based detection limits (Papour, Kwak et 
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al. 2015, Krafft, Schie et al. 2016, Wei, Chen et al. 2016), but achieving satisfactory chemical 

contrast for wide-field imaging remains an unmet need. 

In this thesis, Article 7 introduces the discovery that Raman scattering can surpass 

autofluorescence as the predominant source of tissue background at illumination wavelengths 

starting from 892 nm, with chemical contrast further increasing as the illumination reaches up to 

1064 nm. These longer wavelengths shift the Raman scattering of various biomolecules into the 

SWIR range, thus requiring SWIR-sensitive detectors. Article 7 describes the design and 

implementation of a highly sensitive, wide-field SWIR system capable of acquiring Raman images 

at an unprecedented spatial scale and with remarkable chemical contrast in just a few seconds of 

exposure. This imaging system enables a range of label-free, macroscopic applications across both 

preclinical and clinical settings. Notably, SWIR Raman imaging allows for the longitudinal, in 

vivo tracking of dynamic changes in body composition at the whole-mouse scale, such as adipose 

tissue mobilization during fasting and refeeding, as well as the non-invasive detection of fatty liver 

disease. Additionally, SWIR Raman imaging enables the visualization of calcified and lipid-rich 

regions within fresh, unfixed human atherosclerotic plaques, offering valuable, complementary 

insights to traditional histology by capturing tissue heterogeneity prior to tissue processing. With 

its large field of view and high chemical specificity, SWIR Raman imaging also holds promise in 

surgical applications, as demonstrated by its capacity to identify nerves embedded within fatty 

tissue in a porcine model. In summary, Article 7 addresses a critical limitation of traditional Raman 

imaging by enabling high chemical contrast over larger areas in a straightforward wide-field 

configuration that detects Raman scattering in the SWIR range, establishing SWIR Raman imaging 

as a versatile tool in both pre-clinical and clinical research. 

2.4 Research aims 

The overarching goal of this thesis is to advance SWIR technology development for innovative 

macroscopic applications in the life sciences. This goal is achieved by setting seven specific aims: 

• Aim I: develop and investigate novel SWIR-emitting polymethine dyes for enhanced in 

vivo multiplexed imaging capabilities (Articles 1 and 2) 

• Aim II: implement imaging strategies to achieve fast, real-time, multiplexed imaging in 

awake and freely-moving mice (Article 3) 

• Aim III: improve quantum yield and imaging brightness of erbium-based rare-earth 

nanocrystals for high-contrast, whole-body angiography in mice at wavelengths above 

1450 nm (Article 4) 

• Aimg IV: enhance the photophysical performance of thulium-based rare-earth nanocrystals 

for high-contrast, deep imaging at wavelengths between 1600 and 2000 nm (Article 5). 

• Aim V: develop and evaluate the potential of SWIR-emitting fluorescent proteins for non-

invasive deep-tissue imaging (Article 6) 

• Aim VI: study the autofluorescence profile of biological tissue at excitation wavelengths 

between 785 and 1064 nm (Article 7)  

• Aim VII: design a SWIR-based Raman imaging system for macroscopic label-free 

biomedical imaging applications (Article 7) 
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3 Summary 

Biomedical imaging in the shortwave infrared (SWIR) spectral region offers several advantages 

over visible and near-infrared (NIR) imaging, including reduced tissue scattering, stronger water 

absorptivity, and lower tissue autofluorescence. These photophysical properties of SWIR imaging 

allow for deeper tissue penetration, enhanced image contrast, and improved sensitivity of labeled 

structures. The articles featured in this thesis introduce significant advancements in SWIR imaging 

technology, with major progress in both contrast agent development and imaging system 

implementation, which led to novel biological applications.  

Articles 1 and 2 introduce SWIR penta- and heptamethine dyes containing flavylium and 

chromenylium heterocycles with excitation ranges between 785 and 1064 nm and strong SWIR 

emission. Moreover, these articles explore imaging strategies for fast, multiplexed SWIR imaging, 

such as the excitation multiplexing approach, which relies on matching the fluorophore absorbance 

to different NIR or SWIR laser lines, while using a single detection window in the SWIR. 

Excitation multiplexing allowed for simple and faster imaging systems, while avoiding the drastic 

differences in tissue contrast observed by different SWIR imaging bands, which are especially 

related to water absorptivity. This approach, when combined with strategic fluorophore 

concentration and laser power optimization, enables real-time, multi-color in vivo imaging with 

minimal crosstalk among the dyes. These unprecedented multiplexing capabilities and faster 

imaging speeds are particularly impactful in Article 3, which utilizes the dyes developed in 

Articles 1 and 2 to demonstrate simultaneous imaging of four different biological structures in 

freely moving mice.  

Articles 4 and 5 highlight major progress in the development of organic dyes, namely erbium- 

and thulium-based rare-earth nanocrystals. Article 4 highlights that, by employing a heterogeneous 

shell domain, a quantum yield of 50% for sub-15 nm erbium-based nanocrystals can be reached. 

This increase in brightness enables high-contrast vascular imaging in vivo with fluorescence 

emission above 1450 nm, which benefits from high water absorptivity to enhance image contrast 

by absorbing background fluorescence and scattered light. This study exploits differences in 

vascular kinetics following intravenous injection to achieve multi-color angiography images of the 

mouse’s whole body, providing a comprehensive visualization of vascular structures with striking 

imaging definition. Moreover, Article 5 introduces thulium-doped nanocrystals optimized for 

imaging in the extended SWIR range of 1600 to 2000 nm, achieving an unprecedented 39% 

quantum yield. This article demonstrates the advantages of imaging depth and contrast associated 

with fluorescence in this spectral region, with studies in tissue phantoms indicating penetration up 

to 1 cm. These results and the imaging system designed for extended SWIR imaging establish a 

foundation for exploring deeper biological imaging applications in an underutilized SWIR spectral 

window. 

Article 6 introduces pioneering developments in the field of SWIR-emitting fluorescent proteins, 

an underexplored research field. This study presents a novel protein engineered to bind a synthetic 

merocyanine dye, which can be excited at 892 nm. Moreover, this SWIR protein demonstrates 

higher contrast and in vivo imaging sensitivity compared to the previously established NIR 
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fluorescent protein, iRFP720, which has an excitation peak around 700 nm. These findings 

highlight the substantial benefits of employing longer excitation wavelengths, offering enhanced 

imaging performance and opening new possibilities for deep-tissue non-invasive in vivo imaging 

using genetically encoded fluorescent proteins.  

Article 7 introduces the groundbreaking discovery that, at illumination wavelengths equal to or 

above 892 nm, SWIR autofluorescence is so low that spontaneous Raman scattering, a very weak 

scattering process, surpasses it as the major source of tissue background. In this article, a wide-

field SWIR Raman system is designed, enabling label-free applications such as in vivo tracking of 

body composition dynamics and non-invasive detection of fatty liver disease in mice, visualization 

of calcification and lipids in fresh human atherosclerotic plaques, as well as identification of nerves 

embedded in fatty tissue of a porcine surgery model. SWIR Raman imaging enables excellent 

chemical contrast at an unprecedented spatial scale, overcoming a major limitation in other Raman 

imaging methods, and opening up new avenues in biomedical imaging.  

Overall, the research presented in this thesis provides a significant contribution to the SWIR 

biomedical imaging field, not only enhancing imaging performance and multiplexing capabilities 

but also expanding the potential for non-invasive, high-contrast imaging in various biological 

applications. The advancements in contrast agents, fluorescent proteins, and macroscopic Raman 

imaging technologies highlight the diverse possibilities SWIR imaging offers for deep tissue 

visualization and the study of complex biological processes. Altogether, this work paves the way 

for further innovations in SWIR imaging in both clinical and pre-clinical settings.  
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4 Zusammenfassung 

Die biomedizinische Bildgebung im kurzwelligen Infrarot (SWIR) bietet mehrere Vorteile 

gegenüber der Bildgebung im sichtbaren und nahen Infrarot (NIR), darunter eine geringere 

Gewebestreuung, ein stärkeres Wasserabsorptionsvermögen und eine geringere Autofluoreszenz 

des Gewebes. Diese photophysikalischen Eigenschaften der SWIR-Bildgebung ermöglichen eine 

tiefere Gewebedurchdringung, einen besseren Bildkontrast und eine höhere Empfindlichkeit der 

markierten Strukturen. Die Artikel in dieser Arbeit stellen bedeutende Fortschritte in der SWIR-

Bildgebungstechnologie vor, mit großen Fortschritten sowohl bei der Entwicklung von 

Kontrastmitteln als auch bei der Implementierung von Bildgebungssystemen, die zu neuen 

biologischen Anwendungen führten.  

In den Artikeln 1 und 2 werden SWIR-Penta- und Heptamethin-Farbstoffe vorgestellt, die 

Flavylium- und Chromenylium-Heterozyklen mit Anregungsbereichen zwischen 785 und 1064 

nm und starker SWIR-Emission enthalten. Darüber hinaus werden in diesen Artikeln 

Bildgebungsstrategien für eine schnelle, gemultiplexte SWIR-Bildgebung untersucht, wie z. B. 

das Anregungsmultiplexing, bei dem die Absorption des Fluorophors auf verschiedene NIR- oder 

SWIR-Laserlinien abgestimmt wird, während ein einziges Detektionsfenster im SWIR verwendet 

wird. Das Anregungsmultiplexing ermöglicht einfache und schnellere Bildgebungssysteme und 

vermeidet gleichzeitig die drastischen Unterschiede im Gewebekontrast, die bei verschiedenen 

SWIR-Bildgebungsbändern beobachtet werden und insbesondere mit der 

Wasserabsorptionsfähigkeit zusammenhängen. In Kombination mit einer strategischen 

Fluorophor-Konzentration und der Optimierung der Laserleistung ermöglicht dieser Ansatz eine 

mehrfarbige In-vivo-Bildgebung in Echtzeit mit minimalem Übersprechen zwischen den 

Farbstoffen. Diese beispiellosen Multiplexing-Fähigkeiten und schnelleren 

Bildgebungsgeschwindigkeiten kommen besonders in Artikel 3 zum Tragen, in dem die in den 

Artikeln 1 und 2 entwickelten Farbstoffe verwendet werden, um die gleichzeitige Bildgebung von 

vier verschiedenen biologischen Strukturen in frei beweglichen Mäusen zu demonstrieren.  

In den Artikeln 4 und 5 werden wichtige Fortschritte bei der Entwicklung organischer Farbstoffe, 

insbesondere Nanokristalle auf Erbium- und Thuliumbasis, hervorgehoben. In Artikel 4 wird 

aufgezeigt, dass durch den Einsatz einer heterogenen Schalendomäne eine Quantenausbeute von 

50 % für Nanokristalle auf Erbiumbasis mit einer Größe von unter 15 nm erreicht werden kann. 

Diese Helligkeitssteigerung ermöglicht eine kontrastreiche Gefäßdarstellung in vivo mit einer 

Fluoreszenzemission über 1450 nm, die von der hohen Wasserabsorptionsfähigkeit profitiert, um 

den Bildkontrast durch Absorption von Hintergrundfluoreszenz und Streulicht zu verbessern. In 

dieser Studie werden die Unterschiede in der Gefäßkinetik nach intravenöser Injektion genutzt, 

um mehrfarbige Angiographiebilder des gesamten Mauskörpers zu erhalten, die eine umfassende 

Visualisierung der Gefäßstrukturen mit beeindruckender Bildschärfe ermöglichen. Darüber hinaus 

werden in Artikel 5 Thulium-dotierte Nanokristalle vorgestellt, die für die Bildgebung im 

erweiterten SWIR-Bereich von 1600 bis 2000 nm optimiert sind und eine noch nie dagewesene 

Quantenausbeute von 39 % erzielen. Dieser Artikel demonstriert die Vorteile der Bildgebungstiefe 

und des Kontrasts, die mit der Fluoreszenz in diesem Spektralbereich verbunden sind, mit Studien 

in Gewebephantomen, die eine Eindringtiefe von bis zu 1 cm zeigen. Diese Ergebnisse und das 
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für die erweiterte SWIR-Bildgebung konzipierte Bildgebungssystem bilden eine Grundlage für die 

Erforschung tieferer biologischer Bildgebungsanwendungen in einem wenig genutzten SWIR-

Spektralfenster. 

In Artikel 6 werden bahnbrechende Entwicklungen auf dem Gebiet der SWIR-emittierenden 

fluoreszierenden Proteine vorgestellt, einem bisher wenig erforschten Forschungsgebiet. In dieser 

Studie wird ein neuartiges Protein vorgestellt, das so entwickelt wurde, dass es einen synthetischen 

Merocyanin-Farbstoff bindet, der bei 892 nm angeregt werden kann. Darüber hinaus zeigt dieses 

SWIR-Protein einen höheren Kontrast und eine höhere Empfindlichkeit bei der In-vivo-

Bildgebung im Vergleich zu dem bereits etablierten NIR-Fluoreszenzprotein iRFP720, das einen 

Anregungspeak bei 700 nm aufweist. Diese Ergebnisse unterstreichen die erheblichen Vorteile der 

Verwendung längerer Anregungswellenlängen, die eine verbesserte Bildgebungsleistung bieten 

und neue Möglichkeiten für die nicht-invasive In-vivo-Bildgebung in der Tiefe des Gewebes unter 

Verwendung genetisch kodierter fluoreszierender Proteine eröffnen.  

In Artikel 7 wird die bedeutende Entdeckung vorgestellt, dass bei Beleuchtungswellenlängen von 

892 nm oder mehr die SWIR-Autofluoreszenz so gering ist, dass die spontane Raman-Streuung, 

ein sehr schwacher Streuprozess, sie als Hauptquelle des Gewebeuntergrunds übertrifft. In diesem 

Artikel wird ein Weitwinkel-SWIR-Raman-System entwickelt, das markierungsfreie 

Anwendungen ermöglicht, wie z. B. die In-vivo-Verfolgung der Dynamik der 

Körperzusammensetzung, die nicht-invasive Erkennung von Fettlebererkrankungen bei Mäusen, 

die Visualisierung von Verkalkung und Lipiden in frischen menschlichen atherosklerotischen 

Plaques sowie die Identifizierung von in Fettgewebe eingebetteten Nerven in einem chirurgischen 

Schweinemodell. Die SWIR-Raman-Bildgebung ermöglicht einen ausgezeichneten chemischen 

Kontrast in einem noch nie dagewesenen räumlichen Maßstab, wodurch eine wesentliche 

Einschränkung anderer Raman-Bildgebungsmethoden überwunden und neue Wege in der 

biomedizinischen Bildgebung beschritten werden.  

Insgesamt leisten die in dieser Arbeit vorgestellten Forschungsarbeiten einen bedeutenden Beitrag 

zur biomedizinischen SWIR-Bildgebung, indem sie nicht nur die Bildgebungsleistung und die 

Multiplexing-Möglichkeiten verbessern, sondern auch das Potenzial für nicht-invasive, 

kontrastreiche Bildgebung in verschiedenen biologischen Anwendungen erweitern. Die 

Fortschritte bei Kontrastmitteln, fluoreszierenden Proteinen und makroskopischen Raman-

Imaging-Technologien unterstreichen die vielfältigen Möglichkeiten, die die SWIR-Bildgebung 

für die Visualisierung von tiefem Gewebe und die Untersuchung komplexer biologischer Prozesse 

bietet. Insgesamt ebnet diese Arbeit den Weg für weitere Innovationen in der SWIR-Bildgebung 

sowohl im klinischen als auch im präklinischen Bereich. 

 

First draft translated with DeepL (https://www.deepl.com/en/translator) 
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