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1 │ Abstract 
 

The scientific interest around in vivo biomedical imaging has strongly increased in recent years due to its 

benefits compared to other diagnostic tools. Fluorophores that emit in the near-infrared region of the 

electromagnetic spectrum (700 nm < λ < 1700 nm, NIR) present optimal features for bioimaging due to the 

higher tissue penetration, better contrasts and lower phototoxicity. Unfortunately, compared to the more 

established visible fluorophores, the library of NIR emitters is scarce. For these reasons, the interest in 

designing novel NIR-emitting platforms is very high. This doctoral thesis is dedicated to near-infrared 

fluorescent materials and most importantly a fluorescent silicate: Egyptian Blue (CaCuSi4O10, EB). Thanks 

to its layered crystal structure, this phyllosilicate could be easily exfoliated into 2D nanomaterials ( i.e. 

nanosheets, NS) of dimensions well below the micron range. Most importantly, these EB-NS retained the 

bright, long-lived NIR emission of the bulk counterparts down to particles of just few tenths of nm in size. 

Furthermore, this NIR fluorescence proved to be highly photostable, as it did not bleach and was not 

significantly affected by quenching molecules, pH or ionic environments. Next to the study of the 

photophysical properties of these novel 2D nanomaterials, in vivo fluorescence microscopy and remote 

detection were demonstrated for the first time. Furthermore, successful covalent surface functionalization 

by Si-H activation of hydrosilanes was performed. In this way, colloidal stability could be enhanced and 

targeted bioimaging of cancer cells could be demonstrated. Given the versatility of the chosen surface 

chemistry, the biocompatible nature of EB-NS as well as the multiple outstanding properties of this 

material, the work in this doctoral thesis robustly established a novel NIR fluorophore for biophotonics. 

Besides EB-NS, similar materials were investigated in this doctoral thesis, too. Han Blue (BaCuSi4O10, HB) 

and Han Purple (BaCuSi2O6, HP) display similarity to EB in terms of crystal structure and photophysical 

properties. NS of all three silicates were therefore successfully prepared. As previously reported for EB-

NS, also HB-NS and HP-NS retained their NIR fluorescence and displayed superior brightness and 

photostability under continuous illumination compared to state-of-the-art fluorophores. Via fluorescence 

lifetime imaging and spectroscopy tools, proof-of-principle experiments in the direction of NS lifetime 

detection and engineering were carried out as well. Finally, the potential held by another group of NIR 

fluorophores, i.e. the hexameric (H) and octameric (O) forms of extended benzene-fused oligo-BODIPYs, 

was investigated. For the first time, the NIR fluorescence features of these BODIPY-derivatives were 

presented and studied. The bright and tunable fluorescence of H- and O-oligo-BODIPYs displayed high 

promises for both remote detection and microscopy fluorescence imaging. Furthermore, H-coated 

microbeads were successfully employed for colocalized imaging and microrheology of actin networks, 

whose filaments displayed limited degradation despite prolonged excitation of the embedded H-dye. In 

summary, this thesis provides insights into preparation, surface chemistry and photophysics of NIR 

fluorescent materials and shows their potential in (bio)photonics.  
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2 │ Abbreviations 
 

0D   zero-dimensional 

1D   one-dimensional 

2D   two-dimensional 

3D   three-dimensional 

3C-PP   EB-NS-decorated polymeric scaffold 

AC   alternating current 

ACN   acetonitrile 

ACQ   aggregation-caused quenching 

AD   anno Domini 

AIE   aggregation-induced emission 

AIEgens  aggregation-induced emission luminogens 

AFM   atomic force microscopy 

AFS   acoustic force spectroscopy 

Alloc   allyloxycarbonyl 

AM   antimonene 

APTES   (3-aminopropyl)triethoxy silane 

Ar   aryl  

BC   before Christ 

BF   bright-field 

BODIPY  boron-dipyrromethene 

BOIMPY  BOron complexes of IMinoPYrrolide ligands 

BP   black phosphorus 

CaP   polymeric scaffold 

CaPCu   EB-NS-decorated polymeric scaffold 

CAT   catalyst 

CBS   circular backscatter detector 

CCD   charge-coupled device 

CHP   N-cyclohexyl-2-pyrrolidone 

CLSM   confocal laser scanning microscopy 

CMOS   complementary metal-oxide-semiconductor 

COOH-preSil  (3-chloropropyl)dimethylsilane 

COOH-Sil  4-(dimethylsilyl)butyric acid 

CP   cross-polarization 

CT   computed tomography 
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CTAB   cetrimonium bromide 

Ctrl   control 

CUP   cuprorivaite (EB-NS)  

CVD   chemical vapor deposition 

Cy   cyanine  

D-A   donor-acceptor 

DBE   1,2-dibromoethane 

DCC   N,N′-dicyclohexylcarbodiimide 

DCM   dichloromethane 

DIPEA   N,N-diisopropylethylamine 

DLR   dual lifetime referencing 

DLS   dynamic light scattering 

DMF   dimethyl formamide 

DMSO   dimethyl sulfoxide 

DNA   deoxyribonucleic acid 

DOI   digital object identifier 

DLVO   Derjaguin-Landau-Verwey-Overbeek 

e.g.   exempli gratia 

EB   Egyptian Blue 

EB-NS   Egyptian Blue nanosheet(s) 

EBfunc   functionalized EB-NS 

EDC·HCl  N-ethyl-N′-(3-dimethylaminopropyl)-carbodiimide hydrochloride 

EDTA   ethylenediaminetetraacetic acid 

EDX   energy-dispersive X-ray spectroscopy 

EI-MS   electron ionization mass spectrometry 

ESI-MS   electrospray ionization mass spectrometry  

ETD   Everhart-Thornley detector 

FA   folic acid 

FDA   U.S. Food and Drug Administration 

FLIM   fluorescence lifetime imaging 

FLIR   forward-looking infrared 

fMRI   functional magnetic resonance imaging 

fNIRS   functional near-infrared spectroscopy 

fps   frames per second 

FR   folate receptor 

FTIR   Fourier transform infrared spectroscopy 

FWHM   full width at half maximum 
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g-C3N4   graphitic carbon nitride 

GFP   green fluorescent protein 

GO   graphene oxide 

h-BN   hexagonal boron nitride 

H(-oligo-BODIPY) hexamer(-oligo-BODIPY) 

HATU   1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo-[4,5-b]pyridinium hexafluorophosphate 

HB   Han Blue 

HB-NS   Han Blue nanosheet(s) 

HG   hydrogel 

HOBt   1-hydroxybenzotriazole hydrate 

HOMO   highest occupied molecular orbital  

HOPG   highly-oriented pyrolytic graphite 

HP   Han Purple 

HP-NS   Han Purple nanosheet(s) 

HR   high resolution 

i.e.   id est 

ICG   indocyanine green 

ICP-MS   inductively coupled plasma mass spectrometry 

ICP-OES  inductively coupled plasma optical emission spectrometry 

IFPs/iRFPs  infrared fluorescent proteins 

IR   infrared 

IRF   instrument response function  

LDH   layered double hydroxide 

LDPS(A)  laser diffraction particles size analyzer 

LED   light-emitting diode  

LPE   liquid-phase exfoliation 

LUMO   lowest unoccupied molecular orbital 

MAS NMR  magic-angle spinning nuclear magnetic resonance 

MB   methylene blue 

MC   McCrone 

MCP   m-cresol purple 

MDCK   Madin-Darby canine kidney  

MOF   metal-organic framework 

MRI   magnetic resonance imaging 

mRNA   messenger ribonucleic acid 

MS   mass spectrometry 

MSD   mean squared displacement 
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MTS   3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium 

MXene   2D transition metal carbide/carbonitride/nitride 

n.a.   not available 

n-DA   n-dodecylamine 

NA   numerical aperture 

NADH   nicotinamide adenine dinucleotide 

NHS   N-hydroxysuccinimide  

NIR   near-infrared 

NIR-I   first near-infrared window for (bio)imaging 

NIR-II   second near-infrared window for (bio)imaging 

NMP   N-methyl-2-pyrrolidone 

NMR   nuclear magnetic resonance 

noCAT   control sample without catalyst 

NP   nanoparticle 

NS   nanosheet(s) 

NVP    N-vinylpyrrolidone 

O(-oligo-BODIPY) octamer(-oligo-BODIPY) 

OLED   organic light-emitting diode 

OM   optical microscopy 

OS   osteosarcoma 

PA   palmitic acid 

PB   planetary ball  

PBS   phosphate-buffered saline 

PCA   principal component analysis 

PCL   polycaprolactone 

PDMS   polydimethylsiloxane 

PDT   photodynamic therapy 

PET   positron emission tomography 

PIDS   polarization intensity differential scattering 

PL   photoluminescence 

PP   poly(ε-caprolactone)+poly(D,L-lactic acid) 

PS   polystyrene 

pSi   porous silicon 

PT   poly(D,L-lactide-co-trimethylene carbonate) 

PTT   photothermal therapy 

Pyr   pyrene 

Pyr-Sil   1-(dimethylsilyl)pyrene 
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QD   quantum dot    

QY   quantum yield 

R.I.   refractive index 

R-Sil   hydrosilane(s) 

RBF   round-bottom flask 

RCF   relative centrifugal force 

ref.   reference(s) 

RENP   rare earth-doped nanoparticle 

RGD   arginine-glycine-aspartic sequence 

rGO   reduced graphene oxide 

RNA    ribonucleic acid 

ROI   region of interest 

ROS   reactive oxygen species 

rpm   revolutions per minute 

RUB   Ruhr-University of Bochum 

SAED   selected area electron-diffraction 

SANS   small-angle neutron scattering 

SBR   signal-to-background ratio 

SC   strontium copper tetrasilicate 

SC-NS   strontium copper tetrasilicate nanosheet(s) 

sCMOS  scientific complementary metal-oxide-semiconductor 

SEM   scanning electron microscopy 

SMD   small-molecule dye 

SMP   shape-memory polymer 

SPAD   single-photon avalanche diode 

SPECT   single-photon emission computed tomography 

ssDNA   single-stranded DNA 

ssNMR   solid-state nuclear magnetic resonance 

STEM   scanning transmission electron microscopy 

SWCNT  single-walled carbon nanotube 

TCSPC   time-correlated single photon counting 

TEM   transmission electron microscopy 

THF     tetrahydrofuran 

TICT   twisted intramolecular charge transfer 

TMD   transition metal dichalcogenide 

TMO   transition metal oxide 

TMSCl   trimethylsilyl chloride 
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US   ultrasound scanners 

UV   ultraviolet 

Vis   visible 

VPT   video particle tracking 

vs.   versus 

WD   working distance 

XAS   X-ray absorption spectroscopy 

Xene   2D monoelemental material  

XPS   X-ray photoelectron spectroscopy 

XRD   X-ray diffractometry 
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3 │ Introduction 
 

 

3.1 Motivations  
 

Fluorescence biomedical imaging offers multiple advantages for in vivo fundamental and clinical studies 

due to optimal features such as high spatial and temporal resolution, high sensitivity, low invasiveness and 

reduced toxicity1–3. Although multiple visible fluorophores have been established and are extensively used, 

they present clear limitations. Above all, autofluorescence of biological samples as well as absorption and 

scattering events are pronounced at visible wavelengths and, thus, lead to low contrasts and tissue 

penetration1,2. Clear improvements with regards to these issues have been displayed since the developing 

of fluorophores characterized by emission wavelengths in the near-infrared (NIR). These can indeed 

outperform visible fluorophores, given the excellent properties for bioimaging in the so-called “biological 

transparency NIR window”3,4. While this window has been later on extended to longer NIR wavelengths 

leading to enhanced tissue penetration results, unfortunately some challenges that hinder clinical 

translation of NIR fluorophores still remain. These issues typically concern low quantum yields (QYs), low 

photostability and biocompatibility, which are aspects of paramount importance for in vivo fluorescence 

biological imaging. Furthermore, although the field of NIR bioimaging has already demonstrated its high 

potential with several groundbreaking studies, its technology, both in terms of fluorophores and detection 

systems, is younger than the visible counterpart and has thus not evolved to the same extent. Concerning 

the fluorophores, this implies that the library of available NIR emitters is currently scarce. For this reason, 

the interest in designing novel NIR platforms of promising chemical and photophysical properties is very 

high within the scientific community. The motivation behind the works presented in this doctoral thesis was 

therefore to establish new promising candidates for NIR fluorescence bioimaging. Above all, the focus was 

set on the layered silicates Egyptian Blue (EB), Han Blue (HB) and Han Purple (HP). These materials were 

already known to display a bright, long-lived NIR fluorescence, next to multiple other chemical and 

photophysical properties outlined in previous studies5. Given their layered crystal structures, one of the 

main goals of this doctoral thesis was to understand whether the stable NIR fluorescence of the bulk 

materials could be retained after exfoliation into 2D nanomaterials (i.e. nanosheets, NS). Slightly different 

questions guided the investigations that were performed on the hexameric and octameric forms of 

extended benzene-fused oligo-BODIPYs6. The shorter oligomers of this class of BODIPY-derivatives 

reported high tunability of their fluorescence features, suggesting that the larger conjugated structures (i.e. 

the H- and O-oligo-BODIPYs) could display fluorescence in the NIR. Next to the exploration of fundamental 

photophysical properties of these novel materials, the showcasing of their employment in proof-of-principle 

applications was also a major aim of this work. Biocompatible traits and the ability to emit a stable and 

intense NIR fluorescent signal after introduction into biological systems represent clear requirements for a 

NIR labelling agent of high profile. Furthermore, if successful functionalization were to be performed on 
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the surface without compromising the NIR optical properties, such novel imaging platform could specifically 

target biological features of interest and further biomedical questions could, thus, be addressed. 

 

 

3.2 Outline 
 

The structure of this doctoral thesis is cumulative, i.e. it is built around manuscripts published during my 

PhD or currently in preparation. In order to provide the Reader with the necessary tools to evaluate the 

reported studies, an overview of the scientific background is presented in the upcoming chapter 

(Chapter 4). This chapter first describes NIR bioimaging and summarizes the main features of the most 

common NIR fluorophores (Section 4.1). Within Section 4.1.5, BODIPY-derivatives are explained in more 

detail for a better understanding of the studies performed during my PhD on extended benzene-fused 

oligo-BODIPYs. Next, in Section 4.2 the attention is shifted to 2D nanomaterials, with particular focus on 

their applications in biomedicine and their exfoliation routes. Section 4.3 then presents the central players 

of this dissertation: EB, HB and HP. Within this section, a self-written Review Manuscript is embedded 

(Section 4.3.2): here, the most relevant photophysical properties of the three layered silicates are 

described, as well as their established exfoliation routes and applications in a plethora of technological 

fields. Some of my own findings, which are also reported in this publication, are explained in more detail 

in the following chapter of this doctoral thesis (Chapter 5), which guides the Reader through the most 

important results of my PhD. This chapter is divided into four sections centered around four manuscripts. 

Each manuscript is introduced by an introductory section and followed by a synopsis of the publication. 

Section 5.1 presents Manuscript I, which focused on characterization and proof-of-principle applications 

of H- and O-oligo-BODIPYs. Section 5.2 includes Manuscript II, which presented for the first time EB-NS 

as novel NIR fluorophore for biophotonics. Section 5.3 presents Manuscript III, where the high promises 

of EB-NS, HB-NS and HP-NS for (bio)imaging were outlined. Finally Section 5.4 contains Manuscript IV, 

which established covalent functionalization of EB-NS for targeted bioapplications. Chapter 6 then 

provides a more detailed discussion of the findings reported in the previous manuscripts and suggests 

possible future directions of research. Finally, the conclusions of this doctoral thesis are presented in 

Chapter 7.
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4 │ Scientific Background 
 

 

4.1 A (Bio)Window of Possibilities: The Near-Infrared (NIR) and its 

Fluorophores  
 

4.1.1 Fluorescence Biological Imaging: Goals and Challenges 
 

In the last decades, in vivo biomedical imaging has gained an increasing relevance, ranging from 

fundamental scientific research to clinical practice. Clinical imaging of human patients is increasingly 

employed in hospitals, enabling guided-surgical interventions as well as assessment of treatment efficacy 

and prognosis. Since the publication of the first X-ray photograph by Wilhelm Röntgen, several imaging 

modalities have been discovered and have undergone important technological developments, exploiting 

the full wavelength range of the electromagnetic spectrum. These techniques either rely on endogenous 

contrast from biological tissue (e.g. non-contrast X-ray computed tomography (CT), ultrasound scanners 

(US), functional magnetic resonance imaging (fMRI) and functional near-infrared spectroscopy (fNIRS)), 

or on externally introduced contrast agents (e.g. contrast-enhanced CT, positron emission tomography 

(PET) and single-photon emission CT (SPECT))1–3,7. Although most of them are to be considered as 

mature imaging methods which have resulted very successful in clinical applications, they suffer from 

major limitations: among them, intrinsically limited spatial resolutions (MRI and PET), reconstruction-

dependent poor temporal resolution (CT, MRI, PET and SPECT), use of hazardous ionizing radiation (CT, 

PET and SPECT), lack of exogenous and endogenous probes, and expensive instrumentations (MRI, 

PET, SPECT and CT)1,3. Differently from the above-listed imaging modalities, in vivo fluorescence imaging 

does not suffer from these drawbacks. Indeed, it allows down to diffraction-limited high spatial resolution, 

real-time dynamics image acquisition, high sensitivity and multiple signal acquisition. Furthermore, it 

makes use of non-hazardous optical radiation, it benefits from a wide library of functional and molecular 

markers, and is more economically affordable in terms of instrumentations and probes1–3. However, in vivo 

fluorescence imaging using traditional wavelengths in the visible spectrum (400 nm < λ < 700 nm) suffers 

from poor photon penetration depth in tissue (typically < 3 mm)2. This major issue, which leads to a 

significant loss of resolution and contrast, can be fully understood if the general dynamics of light-tissue 

interactions are considered (Figure 4.1a)8. Besides the emission from the fluorescent labels, four main 

processes are indeed playing a major role in this regard: these are interface reflection, in-tissue scattering, 

in-tissue absorption and tissue autofluorescence. Reflections originate from the different refractive indexes 

(n) of the medium (e.g. air, n ≈ 1.0) and superficial tissue of the imaged sample (e.g. dermis, n ≈ 1.4)1: 

besides from the difference in n itself, this process strongly depends on the incidence angle of the photons, 

while being wavelength-independent (Fresnel equations). An inversely proportional dependence from the 
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photon wavelength is instead observable in the case of photon scattering (μs’ ∝ λ-α, with α = 0.2-41). This 

process represents a direct consequence of the heterogeneous nature of tissue: indeed, its diverse 

biological components (e.g. water, lipid membrane and subcellular organelles) are characterized by 

different n values which lead to deviations of photons from their original paths via scattering events 

(Figure 4.1b). Furthermore, numerous endogenous biomolecules can absorb light and lead to heat 

dissipation, thus further hindering the travel of inbound and outbound photons through tissue. Molecules 

such as hemoglobin (Figure 4.1c), melanins, reduced nicotinamide adenine dinucleotide (NADH) and 

flavins indeed absorb in the ultraviolet-visible (UV-Vis) range of light, whereas water molecules present 

vibrational overtone bands and combination transitions in the near-infrared (NIR, Figure 4.1d). When 

excited by the incoming photons, some of the endogenous chromophores (e.g. flavins and NADH) and 

several pigmented cellular structures can additionally emit fluorescence: this so-produced non-specific 

background signal (i.e. autofluorescence) has been shown to decrease at longer photon wavelengths 

(Figure 4.1e)1,2. We can thus conclude that an ideal spectral window for bioimaging should feature low 

scattering, absorption and autofluorescence in order to achieve a high signal-to-background ratio (SBR). 
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Figure 4.1 The benefits of fluorescence imaging in the near-infrared (NIR). a Illustration showing the 
typical interactions that take place between an incoming photon and the imaged tissue. b Reduced 

scattering coefficient (μs’) of exemplary biological tissues and intralipid tissue phantom at visible 

wavelengths (Vis) and over the first and second NIR windows (NIR-I and NIR-II, respectively). c Absorption 

features of oxygenated (red line) and deoxygenated (blue line) hemoglobin through a 1-mm-long path in 
human blood. d Absorption spectrum of water (again through a 1-mm-long path). e Autofluorescence 

detected from ex vivo mouse liver (black line), spleen (red line) and heart tissue (blue line) in the NIR-I 

and NIR-II windows (λexc = 808 nm). The dotted rectangle highlights the region where the magnified 

spectra (top-right corner) were extracted from. Adapted with permission from ref. 2. Copyright 2020 
American Chemical Society. Adapted with permission from ref. 1. Copyright 2017 Springer Nature. 

Adapted with permission from ref. 9. Copyright 2015 Springer Nature. 

 

 

4.1.2 Bioimaging in the NIR 

 

Considered the light-tissue interactions described above, two main options are therefore possible: the 

development of new imaging instrumentation (e.g. confocal microscopy, two- and multi-photon 

microscopy, light-sheet microscopy, adaptive optical microscopy, optical coherence tomography, 

fluorescence-mediated tomography, etc.) or the design of new probes with more favorable spectral 

properties (Figure 4.2)1. The second approach is the one followed in this doctoral dissertation, whose 

focus is set on near-infrared light (NIR, 700 nm < λ < 3000 nm3,4). Compared to the traditional visible 

regime, the NIR range of wavelengths 700 nm < λ < 1700 nm has shown to enable reduced photon 

scattering, tissue autofluorescence and absorption (Figure 4.1b-e)1,2,7,10. In this way, deeper tissue optical 
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imaging with enhanced SBR can be achieved. Within this broad NIR region, two main sub-regions can be 

defined: the first NIR window (NIR-I, typically 700 nm < λ < 1000 nm) and the second NIR window (NIR-II, 

typically 1000 nm < λ < 1700 nm)1,2,4,11–13. The traditional NIR-I window has been the first to be 

investigated by the scientific community and is typically referred to as the “biological transparency NIR 

window”. A technological advantage of the NIR-I window over the NIR-II one is that low-cost and commonly 

employed detectors such as silicon-based charge-coupled device (CCD) cameras can still detect NIR-I 

fluorophores with high enough sensitivity (quantum efficiency ≈ 60-80%4). The same cannot be said for 

fluorescence detection of the more recent NIR-II window, which instead requires the more expensive NIR-

optimized cameras: these are based on semiconductor alloys with narrower bandgaps such as indium 

gallium arsenide (InGaAs) and mercury cadmium telluride (HgCdTe). The main advantage of NIR-II 

fluorophores, however, is that, compared to NIR-I, even better results in terms of deep tissue imaging can 

be obtained. Indeed, although water overtones are present in that region and define the borders of the 

NIR-IIa (1300 nm < λ < 1400 nm14) and NIR-IIb (1500 nm < λ < 1700 nm15) sub-windows, scattering and 

tissue autofluorescence are drastically reduced. Considered that the benefits of lower scattering and 

autofluorescence significantly outweigh the slightly stronger absorption in the NIR-II window, most of the 

scientific endeavors are nowadays dedicated to the design of NIR-II fluorophores and the optimization of 

the corresponding excitation/emission features16. However, as will be described in the next sections, the 

NIR-II field has not matured yet to the level of NIR-I, and the current clinical trials are focused on NIR-I 

dyes (e.g. IRDye800CW1). Furthermore, in-depth toxicological studies on most of these fluorophores are 

either lacking/incomplete or present clear limitations for clinical translation1,2,17. It should therefore not 

appear surprising that, despite the high promises of NIR bioimaging, only few (2) NIR-I fluorophores have 

been approved to the present day for in-human clinical use. 
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Figure 4.2 Evolution of NIR-II fluorescence imaging technology. In recent years, new imaging setups 

and novel fluorescent probes for detection at near-infrared wavelengths have been developed, leading to 
groundbreaking studies in the fields of bioimaging and biosensing. Reproduced with permission from ref. 2. 

Copyright 2020 American Chemical Society. Adapted with permission from ref. 18. Copyright 2011 National 

Academy of Sciences. Adapted with permission from ref. 19. Copyright 2017 Wiley-VCH. Adapted with 
permission from ref. 20. Copyright 2013 American Chemical Society. Adapted with permission from ref. 21. 

Copyright 2017 Wiley-VCH. Adapted with permission from ref. 22. Copyright 2018 Springer Nature. 

Adapted with permission from ref. 23,24. Copyright 2018 Wiley-VCH. Adapted with permission from ref. 25,26. 

Copyright 2019 Springer Nature. 

 

 

4.1.3 State-of-the-art NIR-I Fluorophores 
 

The “holy grail” of a (fluorescent) probe designed for clinical use is supposed to display high stability, high 

sensitivity, high specificity, favorable delivery to the target across biological barriers, as well as favorable 

pharmacokinetics and metabolism, and low toxicity27. With these criteria in mind, researchers have put 

significant efforts during the last years into designing novel platforms for bioimaging in the NIR, given the 

benefits of such wavelengths over traditional visible ones (Section 4.1.1, Section 4.1.2)1,2,7,12,17. In 1958, 

the first NIR fluorophore was approved by the U.S. Food and Drug Administration (FDA): indocyanine 

green (ICG)8,28–30. This tricarbocyanine is negatively charged, amphiphilic but more hydrophobic, and emits 

fluorescence at λ ≈ 800 nm with a maximum quantum yield (QY) in serum of ≈ 9-12%1,31–34. ICG has been 

extensively employed in human patients for intra-operative imaging of anatomical features (e.g. fundus 

angiography and lymphography2) and image-guided surgical removal of diseased tissues. Similar clinical 

applications have been carried out some years later with methylene blue (MB)29,35,36, a positively charged 
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thiazine dye which is currently the second and latest FDA-approved NIR fluorophore. Even in the case of 

MB, fluorescence lies in the NIR-I window (λ ≈ 700 nm, QY ≈ 4-10% in serum1,37,38). Despite the successful 

employment of ICG and MB in clinical studies, these organic dyes display clear limitations: these include 

the fact that they fluoresce well below the better performing NIR-II regime, that the labeling of lumen 

structures is mostly performed by passively dying the fluids, and that their net charges lead to a high 

background fluorescence signal due to non-specific binding to proteins1. For these reasons, the upcoming 

years have witnessed an increasing scientific interest around the search for new NIR fluorophores with 

improved characteristics. In the following part of this section, several important examples of novel NIR 

emitters will be shortly discussed. For instance, reported NIR-I charged dyes with higher QYs include 

IRDye800CW (negative charge, QY ≈ 13% in serum1,11,31,34,39) and non-sulfonated cyanine dyes (e.g. 

Cy5.5 and Cy7, positive charge, QY ≈ 22%1,38,39 and ≈ 28%1,11,39 in phosphate-buffered saline, 

respectively). Zwitterionic cyanine dyes, on the other side, display a neutral net charge, can target tumors 

expressing the integrin αvβ3 even without functionalization and have reported QY ≈ 15-20%1,34,38. Inherent 

targeting ability is also shown by other cyanine-based variants such as phosphonated and quaternary 

ammonium cyanine dyes, which also display enhanced solubility owing to the sulfonate, pamidronate and 

methoxy groups1. Very versatile and promising NIR-I dyes are the ones deriving from 4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene (i.e. boron-dipyrromethene, BODIPY): this broad class of organic molecules can 

feature really high QY (normally ≈ 60-90%, but also up to ≈ 99% even in water1,40–43) and has been used 

e.g. for targeted imaging of amyloid beta plaques in mouse brain for the study of Alzheimer’s disease40. 

As for other classes of organic fluorophores, the emission wavelengths of BODIPY-based dyes can be 

tailored so to red-shift into the NIR-II window (Section 4.1.4, Section 4.1.5). Other NIR-I players with a 

peculiar working principle are aggregation-induced emission (AIE) dots (QY ≈ 0.2-15%1,2,44,45), whose 

luminogens (AIEgens) become fluorescent in the far red to NIR-I region only in their aggregated state. The 

AIE fluorogens build up the dense core of these small-sized organic nanoparticles, which are then typically 

embedded in biocompatible matrices that act as protective shells. Conjugated copolymers, on the other 

side, stand out due to the tunability of both excitation and emission features up to the NIR-II window: their 

spectral range is indeed very broad (typically 500 nm < λexc < 1100 nm, 700 nm < λem < 1400 nm1) as are 

the achievable quantum yields (0.5% < QYs < 50%1,46,47). Among organic NIR-I fluorophores there are not, 

however, only exogenous contrast agents. Infrared fluorescent proteins (labelled as IFPs or iRFPs) are 

characterized by average QYs typically ≈ 6-11%1,11,48,49, but, differently from the fluorophores described 

so far, they are endogenous. This means that they can be expressed in mammalian cells through genetic 

manipulation via e.g. viral vectors or plasmid transfection. 

Besides photophysical features (e.g. QY) and chemical composition, also other parameters describing the 

interaction with the biological system are of great importance. In this regard, although organic molecules 

and dyes have been extensively employed and tend to present the fastest excretion kinetics (sizes are 

typically below the renal cut-off size, which is ≈ 5.5 nm50,51), they are not the only players with remarkable 

renal clearance. For instance, metal (e.g. Au, Ag and Cu) nanoclusters are highly water-soluble and benefit 
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from efficient (“molecular”) pharmacokinetics due to their extremely reduced dimensions (QY ≈ 1%1,52,53 

and ≈ 17%1,54,55 for Au and Ag, respectively). Most inorganic fluorophores are however mostly appreciated 

for their spectral features, including longer emission wavelengths, higher QYs and/or better photostability7. 

Such properties are clearly provided by quantum dots (QDs): these zero-dimensional (0D) nanostructures 

comprise extensively used systems such as cadmium telluride (CdTe), cadmium selenide (CdSe), 

cadmium sulfide (CdS), lead sulfide (PbS), zinc sulfide (ZnS), silver sulfide (Ag2S), silver selenide (Ag2Se), 

silicon (Si), etc. These nanoparticles typically present sizes between 5-10 nm and good hydrophilicity. One 

of the reasons for the great success of QDs is given by the very high QYs  

(2% < QY < 30%1,2,61,7,11,17,56–60); these values can be reached thanks to the often employed core-shell 

geometry, which allows shielding of the particle’s core from water. The choice of the materials and particle 

sizes furthermore allows to flexibly shift both excitation and emission of QDs to longer wavelengths  

(NIR-II). Most importantly, QDs are among the few players who display high resistance to photobleaching, 

meaning that the fluorescence intensity does not significantly decrease over prolonged excitation. Despite 

their high potential, most QDs face serious challenges in terms of clinical translation due to the presence 

of highly toxic heavy metals (e.g. Pb, Cd and Hg) in several of its most successful nanoparticles. Besides, 

inorganic probes in general tend to be retained indefinitely in the organs of the reticuloendothelial system 

(e.g. liver and spleen) due to their larger sizes and can also produce a large number of oxidative free 

radicals (reactive oxygen species, ROS), leading to toxicity during imaging. For these reasons, additional 

care must be taken in the design of such probes in terms of surface coatings (e.g. shells for QDs) and 

functionalization strategies1,2,7,17.    

 

 

4.1.4 State-of-the-art NIR-II Fluorophores 
 

Although the QYs tend to decrease at longer wavelengths, the achievable deep tissue penetration and 

better contrasts result in the NIR-II fluorophores being nowadays the most researched systems for 

biological imaging. Furthermore, higher contrasts and better SBR values can be achieved if both excitation 

and emission photons present NIR-II wavelengths, as displayed by some of the established platforms. 

Most of the previously mentioned NIR-I fluorophores can be employed in the NIR-II window either by 

detection of their off-peak tail emissions or as a result of compositional and/or structural modifications 

(Section 4.1.5)12. Additional representative NIR-II fluorophores include single-walled carbon nanotubes 

(SWCNTs, Figure 4.3a-d), rare earth-doped nanoparticles (RENPs, Figure 4.3e-h) and small-molecule 

dyes (SMDs)1,2,7. Just slightly more than five years ago, CH1055 (QY ≈ 0.3%62) was reported as the first 

SMD for in vivo NIR-II fluorescence imaging. Since then, numerous SMDs have been discovered and/or 

further optimized to enhance QY, water solubility and biocompatibility (Section 4.1.5)2. In terms of 

photostability, however, RENPs, SWCNTs and the above described QDs outperform other players 
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because of their shared high resistance to photobleaching (which is completely lacking in the case of 

SWCNTs). RENPs display broad ranges of wavelengths (typically 1000 nm < λem < 1800 nm1) and 

quantum yields (in most cases 1% < QY < 13%, but QY up to 90% has been reported, too1,17,63–65). The 

luminescence of these particles is the result of up- or down-conversion from resonant energy transfer 

between lanthanide ions (Ln3+) within an inorganic crystalline host matrix (e.g. sodium yttrium fluoride, 

NaYF4). The characteristic narrow and sharp emission peaks of RENPs can be tuned through the NIR-II 

region, allowing multispectral NIR-II imaging. The typically long excited state lifetime (τ) of RENPs (in the 

μs-ms range22) furthermore allows to benefit from the higher resolution typical of fluorescence lifetime 

imaging (FLIM) acquisitions (Figure 4.3e-h). FLIM can indeed cut-off short-lived background signals and, 

in general, enables sensing and labeling strategies that would not be realizable with the traditional 

intensity-based measurements (Section 5.3)66. Compared to RENPs, much shorter lifetimes (in the range 

of 10-100 ps67) and much lower quantum yields (QY ≈ 0.1-1%4,7,17,68–70) are reported for SWCNTs. 

Nevertheless, these 1D nanomaterials play a role of paramount importance in the field of NIR-II 

fluorescence bioimaging and sensing71. SWCNTs can be broadly excited and their emission spectral 

features (900 nm < λem < 1800 nm1) appear in the form of multibands. These depend on the distribution of 

carbon lattice structures (i.e. chiralities) and diameters, and thus require purification steps to yield single 

bands72. Among other established sensing mechanisms, it has been quite recently demonstrated that 

specialized DNA-coating of SWCNTs can endow these nanostructures with promising sensing abilities for 

biomolecules of relevance (e.g. neurotransmitters, nitric oxide and bacteria metabolites)67,71. Thanks to 

their long wavelengths, their sensor properties, their versatile functionalization strategies and their 

excellent mechanical and photophysical stability, SWCNTs have starred in numerous studies of high 

scientific impact: these include imaging of both non-specifically and specifically targeted tumors, through-

skin brain vasculature (Figure 4.3a-d), bacterial infections and much more1,11,17,67,71. Unfortunately, 

despite their enormous success, the biocompatibility of SWCNTs is still an extremely controversial topic 

which has so far represented the main obstacle for their employment in human patients71,73–76. Similar 

challenges are also faced by other inorganic probes (e.g. QDs and RENPs), as briefly mentioned at the 

end of Section 4.1.31,2,7,17.  

Considered the overview on benefits and limitations of the commonly employed fluorophores described in 

Section 4.1.3 and Section 4.1.4, it can be easily understood why the search for the “holy grail” of a NIR 

fluorophore is still ongoing. 
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Figure 4.3 The benefits of NIR-II intensity- and lifetime-based imaging. a Top view picture of a hair-

less mouse head after injection of a conjugate composed by single-walled carbon nanotubes (SWCNTs) 

and a NIR-I dye (IRDye800). b-d Fluorescence images of the mouse from a in the NIR-I (b), NIR-II (c) and 

NIR-IIa (d) windows. The inferior cerebral vein (1), superior sagittal sinus (2) and transverse sinus (3) are 

observable with increasing resolution. Adapted with permission from ref. 14. Copyright 2014 Nature 

Publishing Group. e-f Comparison between fluorescence intensity-based (grayscale) and fluorescence 

lifetime-based (blue) images of capillary tubes containing holmium- (Ho3+) and erbium (Er3+)-doped NIR-II 

nanoparticles with selected lifetime values (τ). To simulate the signal attenuation by biological tissue, 

intralipid medium (e) and bovine bones (f) were employed. Scale bar = 2 mm. g-h Normalized intensities 

(g) and lifetimes (h) for various holmium and erbium-doped nanoparticles with respect to depth of the 

intralipid solution and bone thickness as defined in e-f. Adapted with permission from ref. 22. Copyright 

2018 Springer Nature.  

 

 

4.1.5 Design Strategies for NIR-II Organic Fluorophores and the High Promises of 

the BODIPY Family 
 

As mentioned in the previous sections (Section 4.1.3, Section 4.1.4), the interest towards NIR-II 

fluorophores is very high. In this regard, organic dyes have shown high promises especially thanks to their 

compact molecular structures, rapid metabolism, synthetic reproducibility and facile derivatization1,7,12. 

NIR-II luminescent organic molecules are generally classified, according to their chemical structures, 

within two main classes of fluorophores: donor-acceptor-donor (D-A-D) type and polymethines (D-π-A)12. 

A lot of efforts have been made to improve the performance of such push-pull conjugate systems for 

bioimaging and biosensing applications. These mainly focused on the absorption and emission 
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wavelengths, the NIR-II fluorescence brightness (i.e. product of QY and extinction coefficient ε), and the 

chemo- and photostability. With regards to the bathochromic shift to longer NIR-II wavelengths, several 

strategies have resulted successful: these include elongation of the conjugated chain, donor modification 

by increasing the electron density, acceptor modification by decreasing the electron density, exchange of 

heteroatoms and formation of J-aggregates12. For example, ICG-derivatives could be extended from the 

NIR-I to the NIR-II window (up to λ ≈ 1300 nm) thanks to the lengthening of the polymethyl chain7. Next to 

the red-shifted wavelengths, J-aggregates (i.e. head-to-tail oriented aggregates of fluorophores with 

conjugated plane structure) present optimal characteristics for in vivo bioimaging, including enhanced ε 

and lower τ. Unfortunately, however, both their preparation and stabilization procedures are typically 

cumbersome12,77. In terms of brightness improvement in the NIR-II window, it has been demonstrated that 

the reduction of intermolecular interactions with e.g. water by means of steric hindrance plays a key role. 

Steric hindrance can be introduced either covalently (e.g. via donor modification) or by forming protein-

fluorophore complexes via supramolecular interactions. Additionally, as briefly mentioned in 

Section 4.1.3, structural modifications to generate AIE fluorophores can overcome the aggregation-

caused quenching (ACQ) which is typical of most (NIR-II) systems in aqueous solutions12. It must be kept 

in mind, though, that some strategies that work well for the brightness are detrimental to the bathochromic 

shifting cause and vice versa: for instance, higher quantum yields are obtainable at lower emission 

wavelengths and by suppressing the excited state twisted intramolecular charge transfer (TICT, process 

which can otherwise lead to red-shifts)12,17. Finally, multiple studies have focused on the molecular 

engineering of NIR-II fluorophores to improve their stability by implementing steric hindrance (e.g. 

micelles), more rigid conjugated planes and protein-fluorophore complexes. In this way, protection of the 

organic molecules from reactive species can be significantly enhanced12. 

Based on general molecular engineering concepts as the ones outlined above, numerous NIR-emitting 

fluorophores with molecular skeletons such as cyanines30,78, BODIPYs42,43, rhodamines79,80, porphyrins81–

83 and squaraines84,85 have been prepared in recent years2. Among them, the BODIPY scaffold has 

recently grown very popular and its functional derivatives have shown high potential for numerous 

technological fields besides bioimaging, such as chemosensing, photodynamic therapy, tunable laser 

dyes, organic light-emitting diodes (OLEDs) and organic photovoltaics6,86. The success of BODIPY 

derivatives should not be surprising, considered their multiple appealing properties: these include overall 

excellent thermal stability, chemical robustness, high fluorescence quantum yields, and relatively sharp 

and intense absorption and emission spectra. Quite interestingly, the characteristic negligible formation of 

triplet-states enables a minimized production of singlet molecular oxygen, thus preventing 

photodegradation of the dye43. The remarkable (photo)stability is further proven by the discrete insensitivity 

to environmental polarity and pH, as well as the decent stability to physiological conditions42,43,87. Although 

the fluorescence emission maxima of BODIPY dyes is originally relatively short (λmax < 600 nm88), these 

organic fluorophores present tunable emission wavelengths that can lead to bathochromic shifts into the 

NIR-I and NIR-II regions, as briefly outlined in Section 4.1.3. Indeed, these spectral features can be 
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modified via extension of the delocalized π-conjugation system: possible routes to this end consist in 

production of ring-fused systems (Figure 4.4, Section 5.1), attachment of aromatic groups (preferably 

with electron-donating substituents), rigidification of rotatable moieties and electronic stabilization of the 

meso-position1,42,86,87. The latter strategy can consist, for example, in the replacement of the carbon atom 

with nitrogen, leading to the formation of the aza-dipyrromethene boron difluoride (aza-BODIPY) dyes. 

These emit fluorescence in the NIR-II region (1000 nm < λem < 1200 nm) and have already shown high 

potential for bioapplications7,12. Additionally, other BODIPY-inspired scaffolds exists, such as 

bis(borondifluoride)-8-imidazodipyrromethene (BOIMPY) dyes: these novel platforms have shown great 

promise for the biomedical field, too, as styryl-containing BOIMPYs prepared by Knoevenagel-type 

condensations can display NIR-I emission89. In a more recent work, it was also reported that electronic 

saturation of the highly electron-depleted (aza-)BOIMPY skeleton by β-alkoxy/α-aryl groups can also yield 

wavelength shifts to the NIR-I region86. Unfortunately, despite the high promises, most of the BODIPY 

derivatives synthesized so far are not water-soluble. Additionally, the number of NIR-emitting dyes is still 

not comparable to the Vis counterparts7,42,87. It is therefore of high interest to expand the library of BODIPY-

based fluorophores for efficient NIR fluorescence bioimaging. 

    

 

Figure 4.4 Extended benzene-fused oligo-BODIPYs. Scheme illustrating the series of oligo-BODIPYs 

obtainable according to the protocol established by Patra et al. The reported yields correspond to 

molecules synthesized from their corresponding open-chain species (middle frame) with aryl groups Ar1 

as meso-substituent (top-right panel). Reproduced with permission from ref. 6. Copyright 2020 Wiley-VCH. 
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In the first part of the results section of this dissertation (Section 5.1), the focus is set on promising NIR 

organic fluorophores as the ones outlined in the current section. BODIPY derivatives such as extended 

benzene-fused oligo-BODIPYs are indeed players of optimal characteristics for biophotonics. The 

photophysical properties and bioimaging potential of some of these samples, which were kindly provided 

by the research group of Prof. Werz (Technical University of Braunschweig), have been investigated as 

promising organic emitters, potentially extending the toolbox of NIR fluorophores researchers could 

choose from.  

As described in Section 4.1.3 and Section 4.1.4, NIR-emitting nanoparticles can present very promising 

features in terms of e.g. (photo)stability. Among them, two-dimensional (2D) nanomaterials can display 

additional benefits thanks to their high aspect ratio, biocompatibility, biodegradability and exceptional 

chemical and physical properties. This doctoral thesis indeed mostly focuses on a novel class of such 

materials which is introduced in Section 4.3 and more specifically described in the corresponding review 

article (Review Manuscript, Section 4.3.2). However, for a better understanding of the general picture, 

the Reader is invited to first check the upcoming Section 4.2 for an overview on the most promising 

characteristics and (bio)technological applications of established 2D “nanosheets”.  

 

  

✓ Fluorescence imaging presents numerous advantages over other 

standard techniques for biological imaging. 

✓ At near-infrared (NIR) wavelengths (700 nm < λ < 1700 nm) deep-tissue 

imaging is possible due to reduced absorption, scattering and 

autofluorescence events. 

✓ Although the imaging contrast of NIR fluorophores outperforms the one 

obtainable with the more traditional visible emitters, not as many NIR 

systems have been established so far and only two have been approved 

for in-human clinical use. 

✓ Organic and inorganic NIR fluorophores have shown their potential 

through several high-impact studies, however clinical translation is 

currently hindered by the limitations displayed by most NIR labels (e.g. 

toxicity, low (photo)stability, low quantum yields). 

✓ Given the excellent features of NIR bioimaging, the scientific interest in 

developing novel NIR-emitting nanomaterials and dyes is nowadays very 

high. 

✓ Among the organic fluorophores, the BODIPY scaffold appears very 

promising thanks to properties such as its versatile chemistry, high 

quantum yields and tunable spectral features.     
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4.2 The Importance of Being 2D: The Legacy of Graphene 
 

4.2.1 2D Nanomaterials as Versatile Platforms for Multiple Technologies 

 

Two-dimensional (2D) nanomaterials (i.e. nanosheets, NS) provide a full toolbox of chemical and 

photophysical properties which are the reason for their huge success in numerous state-of-the-art 

technological fields. With “2D nanomaterial” is meant a high aspect ratio nanostructure whose thickness 

is in the nanometer regime, thus much smaller than the size along the other two dimensions (which can 

normally extend to the micrometer range)90. Within this context, the first groundbreaking step was taken 

with the discovery of graphene: most likely the most popular 2D material among scientists and not only, 

graphene consists of a single layer of sp2-hybridized carbon atoms, obtainable from graphite via a facile 

exfoliation technique (so called “Scotch tape method”)91–97. Since 2004, i.e. when Geim and Novoselov 

managed for the first time to isolate graphene, multiple works by research groups all over the world have 

been published on this material. These studies have underlined several aspects of this material’s 

unprecedented properties: among them, optical transmittance of 97.7%, impermeability to any gases, 

carrier mobility reaching 200000 cm2 v-1 s-1 at room temperature (larger than 106 cm2 v-1 s-1 at 2 K) and a 

Young modulus of ≈ 0.5-1 TPa90–94,96–99. Following graphene, a second, wide class of 2D materials has 

been discovered and studied in detail: transition metal dichalcogenides (TMDs). This term comprises bulk 

materials of diverse properties, ranging from insulators (e.g. HfS2), semiconductors (e.g. MoS2 and WS2), 

semimetals (e.g. WTe2 and TiSe2) to true metals (e.g. NbS2 and VSe2)95,97,100. Differently from graphene 

which is intrinsically chemically inert (i.e. lacks a band-gap), single layers of 2D TMDs exhibit versatile 

chemistry97,98. The quantum confinement effect, which implies that the electronic wavefunction is 

constrained to two dimensions in a NS, makes it possible to tailor the band structure of these materials, 

allowing the creation and tuning of novel optical and electronic properties90,101,102. For this reason, graphite 

and graphene display completely different properties92. Furthermore, the band-gap of a typical 

semiconductor TMD like MoS2 is sizable, varying from 1.3 eV (indirect band-gap) to 1.9 eV (direct band-

gap) after exfoliation; bulk properties of TMDs can be preserved, or exfoliation can lead to novel 

characteristics, like photoluminescence in MoS2 monolayers90,95,97,103–105. Also thanks to the very high 

surface area displayed by these nanostructures, employment of TMD NS has been demonstrated in the 

fields of energy storage, sensing, catalysis and electronics90,95,97,98,100,101,106–108. Other examples of explored 

2D materials with novel and interesting features comprise semiconducting IV-VI compounds, transition 

metal halides, metal oxides, hexagonal boron nitride (h-BN), graphitic carbon nitride (g-C3N4), transition 

metal carbides and carbonitrides (MXenes), the 2D counterpart of layered black phosphorus (BP, i.e. 

phosphorene), antimonene, silicene, honeycomb-like binary compounds of group IV elements, 

(alumino)silicates, layered double hydroxides (LDHs) and many more (Figure 4.5a)97,99.  



Chapter 4 – Scientific Background  Gabriele Selvaggio 

23 

  

Figure 4.5 Two-dimensional (2D) nanomaterials. a Schematic illustration with the crystal structures of 
some of the most investigated 2D nanostructures beyond graphene. These include transition metal 

dichalcogenides (TMDs), layered double hydroxides (LDHs), clays, boron (B) and tin telluride (SnTe) 

nanosheets, graphitic carbon nitride (g-C3N4), transition metal oxides (TMOs), hexagonal boron nitride (h-
BN), antimonene (AM) and black phosphorus (BP). Reproduced with permission from ref. 109. Copyright 

2019 Elsevier. b Illustration of various biomedical applications where 2D nanomaterials have been 

successfully employed. Adapted with permission from ref. 110. Copyright 2021 Elsevier. 

 

 

4.2.2 Nanosheets in Biomedicine 

 

As this dissertation mostly focuses on biomedical applications of 2D silicate nanomaterials, it is worth 

mentioning that such nanostructures in general present ideal features for biomedicine 

(Figure 4.5b)109,111,112. For instance, their high specific surface area and their surface functionalization 

chemistries are very suitable for drug/gene delivery systems113–115: indeed, molecules of interest (e.g. drug 

molecules) can in this way adsorb in high numbers and release kinetics can be tailored. Furthermore, the 

outstanding surface area to volume ratios, the high modulus values and/or the (bio)degradability of some 

2D systems can be exploited in biomedical nanocomposites for e.g. tissue engineering and antimicrobial 

coatings116–118. Additionally, the extremely low thickness of most NS has proven to play a role of paramount 

importance for biosensing and gene sequencing applications119,120. The high aspect ratio of 2D 

nanomaterials also enables light, ultrasonic and magnetic responses of these materials to external stimuli, 

making their employment for multimodal imaging and photothermal/photodynamic therapy (PTT/PDT) 
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possible121–125. NS size and shape, however, also strongly influence the interactions of those 

nanostructures with the biological environment. Given the complexity of response reactions of living 

tissues, as well as the heterogeneity of manufacturing processes and potential presence of impurities, 

there is up to now a lack of in-depth studies that address biocompatibility of 2D nanomaterials109,111,112,126. 

General observations suggest, however, that nanomaterial size, surface area and composition have great 

impact in terms of (cyto)toxicity, and must therefore be carefully designed111. In this regard, some 2D 

materials more than others present biocompatible traits and highly promising characteristics for biomedical 

applications. For example, the exceptional chemical, physical, electrical and biological properties of 

graphene, graphene oxide (GO) and reduced graphene oxide (rGO), that were partially mentioned in 

Section 4.2.1, have been widely implemented for tissue engineering, drug delivery, bioimaging and 

biosensing96,127–134. The shape and surface charge of silicate clays, on the other side, has favored 

interaction of such NS structures with biomolecules, thus enabling successful applications for drug/gene 

delivery, stem cell differentiation, controlled cell adhesion and hemostatic wound dressings135–140. LDHs 

present excellent biocompatibility and anion exchange capacity which explain their promising results in 

drug delivery applications and tissue engineering116,141,142. TMDs, as described in Section 4.2.1, display a 

uniquely versatile optoelectronic nature, besides having high absorption at near-infrared (NIR) 

wavelengths and being mechanically robust platforms: for these reasons, they result extremely appealing 

for drug delivery, bioimaging, biosensing and PTT/PDT143–148. Similar potential in such fields has been 

observed for TMOs, which are characterized by favorable cation exchange capabilities, redox activity and 

diverse electrical and optical properties149–153. Phosphorene has been widely employed for drug delivery, 

theranostics, tissue engineering and biosensing, however synthetical challenges and instability in air and 

water limit its applicability121,154–156. Finally, also other 2D materials such as h-BN157,158, g-C3N4
159–161, tin 

telluride (SnTe)162, MXenes163,164, other monoelemental Xenes (e.g. silicene, antimonene, germanene, 

borophene)165–167 and metal-organic frameworks (MOFs)168–170 have recently been classified as promising 

2D biomaterials for the mentioned biological applications, however for most of them more studies are 

needed to optimize their synthesis, fully exploit their outstanding properties and address the missing steps 

towards clinical translation.  

 

 

4.2.3 Exfoliation of 2D Materials  
 

Efforts have been made not only to better understand the chemical and optoelectronic properties of 2D 

materials, but also to optimize and scale-up their preparation. Analogously to other categories of 

nanomaterials, bottom-up and top-down routes can be defined. The former techniques (e.g. chemical 

vapor deposition (CVD), epitaxial growth and wet chemical methods101,102) can lead to large-scale device 

fabrication of large-area, ultrathin and uniform layers; processes result, however, expensive and 



Chapter 4 – Scientific Background  Gabriele Selvaggio 

25 

complicated, due to e.g. the requirements of high temperatures and vacuum98,99. In the top-down category, 

instead, we deal with exfoliation (or delamination). A material prone to exfoliation should display a layered 

crystal structure where out-of-plane bonds are far weaker than in-plane ones (e.g. Van der Waals vs. 

covalent bonds). Several layered materials are known and have been exfoliated so far, including the 

already mentioned graphene, TMDs, h-BN, metal halides, layered metal oxides, layered double hydroxides 

and layered silicates (clays), to mention a few90,100. The two main kinds of exfoliation are micromechanical 

cleavage (e.g. the mentioned adhesive tape method) and liquid-phase exfoliation (LPE, Figure 4.6)98. 

While mechanical cleavage can produce single-crystal flakes of high purity, it is not scalable and control 

of flake thickness and lateral size is cumbersome99. LPE is mostly performed via ion intercalation, ion 

exchange and ultrasonication90,98. The latter typically yields flakes of sizes around few hundred 

nanometers, however the amount of monolayers is normally lower than e.g. ion intercalation98, and (edge) 

defects can be induced after prolonged ultrasonication99,171. Next to ultrasonic exfoliation, it is worth 

mentioning scalable techniques which exploit high shear processing (i.e. wet ball milling and high-pressure 

homogenization) and electrochemistry (i.e. electrochemical exfoliation)99,171. In most of the mentioned 

techniques, solvents such as N-methyl-2-pyrrolidone (NMP), N-cyclohexyl-2-pyrrolidone (CHP), dimethyl 

formamide (DMF) and dimethyl sulfoxide (DMSO) are known to work efficiently for the exfoliation of several 

materials95,99,105. If the solvents are not characterized by appropriate surface energy, the exfoliated NS will 

then tend to reaggregate, leading to sedimentation. In this case, the addition of stabilizers can limit the 

action of these “bad” solvents: in aqueous solutions, surfactants such as sodium cholate, sodium 

deoxycholate, cetyltrimethylammonium bromide (CTAB) are indeed typically employed99. Post-exfoliation 

treatments such as centrifugation172,173 and syringe-filtration are normally recommended to increase the 

monodispersity of the final NS sample. Among the benefits of LPE, it is noteworthy to mention that 

subsequent chemical modification of the exfoliated nanosheets, fundamental e.g. for drug delivery and 

sensing applications, is here possible. This technique also allows an easy and scalable deposition of NS 

on diverse surfaces via solution-based techniques such as inkjet printing and spray coating; these are 

known to be very useful tools for large-area electronics and the preparation of thin or free-standing films, 

heterostructured solids and fillers90,98,99. LPE of layered crystal structures holds therefore high promises 

for industrial applications in fields such as multifunctional composites, electronics, biomedicine, energy 

generation and storage90,98. It is therefore of great scientific interest to investigate new 2D materials. 
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Figure 4.6 Liquid phase exfoliation (LPE) of 2D materials. Schematic of the main routes for liquid 

exfoliation: ion intercalation (a), ion exchange (b) and sonication-assisted exfoliation (c). Ions are 

represented as yellow and red spheres. Reproduced with permission from ref. 90. Copyright 2013 AAAS. 

 

 

 

 

The Reader is invited to check the next section and the corresponding Review Manuscript 

(Section 4.3.2) for more detailed insights on a novel class of 2D nanomaterials: the silicates Egyptian 

Blue, Han Blue and Han Purple, i.e. the main players of this dissertation. 

 

✓ Due to their high aspect ratio and their outstanding chemical and 

physical properties, 2D nanomaterials (i.e. nanosheets, NS) are 

promising platforms for multiple state-of-the-art technologies. 

✓ Different classes of NS have shown high promise in the biomedical field 

for numerous applications. 

✓ Despite the biocompatible nature of some materials, in-depth 

(cyto)toxicity studies lack for most, thus slowing down clinical translation. 

✓ Liquid-phase exfoliation (LPE) presents promising features in terms of 

scalability and processability of the so-prepared NS. 
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4.3 Ancient Pigments for Novel (Bio)Technologies: Nanosheets of 

Egyptian Blue (EB-NS), Han Blue (HB-NS) and Han Purple (HP-NS)  
 

4.3.1 Introduction 
 

The silicates Egyptian Blue (CaCuSi4O10, EB), Han Blue (BaCuSi4O10, HB) and Han Purple (BaCuSi2O6, 

HP) represent at the same time materials of fascinating history and working platforms of apparently 

endless possibilities for multiple technological fields. These blue and purple powders (Figure 4.7a) were 

originally synthesized several centuries ago in Ancient Egypt and China (≈ 2500 BC and ≈ 220 BC-

220 AD, respectively)174–179. Their original purpose was to be employed as pigments for artworks, given 

the scarce availability of blue and purple minerals in nature180. Throughout the years, EB, HB and HP have 

been intensively employed and their presence is still detectable in world-famous pieces of art such as the 

Bust of Queen Nefertiti and the Terracotta Warriors of the tomb of Emperor Qin Shihuangdi in Xi’an 

(Figure 4.7b). Several studies have shown, however, that the “know-how” necessary to synthesize these 

beautiful pigments could cross borders in history: for instance, the high stability of EB has allowed the 

documentation of its presence in several territories of the Roman Empire, ranging from Spain to North 

Africa, western Asia and Europe175.  

Although these pigments clearly hold extraordinary value in the field of history of art, there is much more 

to that. Several studies have focused on the evolution over the centuries of the synthesis of EB, HB, HP, 

leading to the establishment of alternative preparation routes174,180,181. The impact of e.g. different starting 

materials and contaminants on the morphology of the synthesized silicates has indeed been thoroughly 

investigated. However, the spotlight has also been set on the numerous outstanding properties exhibited 

by such materials, some of which are intrinsically linked to their crystal structures. Indeed, the copper ion 

(Cu2+), which acts as color center in all three silicates, presents a square planar (D4h) coordination 

geometry (Figure 4.7c)182. Here we can observe that, due to extreme symmetry distortions (i.e. Jahn-

Teller effect), the 𝑑𝑧2  orbital lies at a lower energy than the 𝑑𝑥𝑦 , 𝑑𝑥𝑧  and 𝑑𝑦𝑧 ones. As a result of an electron 

being promoted from lower energy levels in the d-shell to the 𝑑𝑥2−𝑦2  one, three absorption bands stretching 

through a broad range of visible (Vis) and NIR wavelengths are obtained (Figure 4.7d). Despite the parity-

forbidden nature of the mentioned d-d transitions, vibronic coupling with unsymmetrical vibrational modes 

allows a significant amount of absorption to take place. Most interestingly, however, only the B2g → B1g 

transition determines emission, because non-radiative relaxations are much more effective from higher 

energy levels to B2g
174,182. Furthermore, the so-obtained fluorescence is centered in the NIR range and is 

characterized by high brightness, remarkable photostability and long excited state lifetime. Although these 

photophysical properties already define EB, HB and HP as materials of high impact for diverse fields, their 

potential can be further expanded in the nanoscaled form. As described in Section 4.2, 2D nanomaterials 

display several outstanding qualities that make them ideal candidates for numerous technological 

applications. In the case of EB, HB and HP, exfoliation to nanosheets (NS) is easily achievable due to the 
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weak out-of-plane bonds that hold the silicate layers together. Most importantly, as outlined in 

Section 4.3.2 and in the own contributions embedded in Chapter 5, the broad excitation range and, above 

all, the bright and stable NIR fluorescence of the bulk materials are retained after down-scaling the silicates 

to NS183–185. This recent finding has determined increasing scientific interest around such novel class of 

nanomaterials, especially in the biomedical field. Indeed, EB-NS, HB-NS and HP-NS also display 

additional features which are optimal for biomedicine, above all a biocompatible nature. All considered, 

EB-NS, HB-NS and HP-NS therefore seem to possess all the required traits of promising NIR fluorophores 

for (bio)photonics.  

 

 

Figure 4.7 Egyptian Blue (CaCuSi4O10, EB), Han Blue (BaCuSi4O10, HB) and Han Purple (BaCuSi2O6, 
HP). a Picture of bulk powders of EB, HB and HP. Adapted with permission from ref. 180. Copyright 2007 

Royal Society of Chemistry. b The Egyptian Bust of Queen Nefertiti and the Chinese Terracotta Warriors 

are two of the most significant examples of employments of these pigments in historical pieces of art.  
Adapted with permission from ref. 186. Copyright 2009 Philip Pikart. Adapted with permission from ref. 187. 

Copyright 2011 Kevin A. McGill. c Energy diagram of the electronic transitions of the copper ion (Cu2+) in 

square-planar (D4h) coordination geometry. Reproduced with permission from ref. 174. Copyright 2011 

Wiley-VCH. d Representative diffuse absorption spectrum of bulk EB synthesized via the salt-flux method. 
The band maxima are highlighted by the arrows: λ1(2B1g → 2B2g) = 800 nm, λ2(2B1g → 2Eg) = 630 nm, λ3(2B1g 

→ 2A1g) = 540 nm. Reproduced with permission from ref. 174. Copyright 2011 Wiley-VCH. 

 

 

An extensive overview on EB-NS, HB-NS and HP-NS is to be found in the self-written review article 

embedded in this section (Review Manuscript). Here, detailed descriptions and relevant scientific 

references are provided with regards to the crystal structures, the synthesis routes, the exfoliation 

protocols, the chemical and photophysical properties of interest and, finally, the broad spectrum of  
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technological applications where EB-NS, HB-NS and HP-NS have been successfully employed. My own 

published works are also covered in this review article, however a more detailed discussion about these 

topics is to be found in the corresponding sections of this doctoral thesis (Section 5.2 for Manuscript II, 

Section 5.3 for Manuscript III). Section 5.4 will instead describe the endeavors in the direction of 

functionalization of EB-NS: the results of this project are summarized in a paper draft (Manuscript IV).   
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4.3.2 Preparation, Properties and Applications of Near-Infrared Fluorescent 

Silicate Nanosheets (Review Manuscript) 
 

 

 

Publication Details 

 

Title: “Preparation, properties and applications of near-infrared fluorescent silicate nanosheets” 

 

Authors: Gabriele Selvaggio and Sebastian Kruss 

 

Journal: Nanoscale, Advance Article (2022) 

 

DOI: 10.1039/D2NR02967G 

  

https://doi.org/10.1039/D2NR02967G
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4.3.3 Publication Synopsis 
 

The main goal of this Review Manuscript was to provide the scientific community with all the necessary 

tools to embrace the rising field of EB-NS, HB-NS and HP-NS. To start with, a short overview is given on 

2D nanomaterials (Section 4.2) and NIR fluorophores (Section 4.1), with particular focus on their 

applications in the biomedical field. Next, the synthesis routes for the preparation of bulk EB, HB and HP 

are discussed. While the original protocols were based on the salt-flux method174,180,181,185 and commercial 

powders are still mainly prepared in this way, alternatives have been established: these include flux-less 

solid-state synthesis177,185,188–193, hydrothermal processes194–197, sol-gel methods198, solution combustion 

synthesis199 and pseudomorphosis routes200. These different approaches lead to crystals of different 

morphologies and can directly affect the chemical and photophysical properties of the resulting products. 

Next, the crystal structures of EB, HB and HP are illustrated: while EB and HB display identical crystal 

structures except for the substitution of the Ca2+ ion (EB) with Ba2+ (HB and HP), HP is also less rich in 

silica and presents a Cu-Cu bond174,180,181,191,201–204. The common trait shared by all three players is given 

by the fact that the silicate layers are held together by Ca2+/Ba2+ ions via weak out-of-plane bonds; for this 

reason, these materials are prone to exfoliation into 2D (nano)materials, topic which is described next in 

the Review Manuscript.  Preparation of exfoliated NS has been reported only very recently, with Johnson-

McDaniel et al. 183,185 and Salguero et al.184 being the first research groups to provide a simple protocol to 

yield EB-NS and HB-NS. These were obtained via either prolonged stirring in hot water (EB) or 

ultrasonication methods in organic solvents (HB) and led to high aspect ratio NS which were several μm 

large. Following these studies, other means to achieve nanocrystals of these materials have been reported 

and are listed in the Review Manuscript. These include milling and alternative methods based on 

ultrasounds, which have been employed in Manuscript II, Manuscript III and Manuscript IV.  

It is crucial to understand, however, that it is not only about how small we can get, but also what happens 

to the material properties of EB, HB and HP when down-scaled. The following section in the Review 

Manuscript sums up the most relevant findings about the photophysics of the bulk materials. Among them 

it is worth mentioning here that, as described in Section 4.3.1, the Cu2+ ion in square planar geometry 

acts as color center and its electronic configuration results in a broad Vis-NIR excitation range (λ ≈ 450-

850 nm) and an intense NIR emission (λ ≈ 920-960 nm)174,182,191. This NIR fluorescence is slightly red-

shifted for HB and HP compared to EB due to ligand-field changes determined by the larger size of Ba2+ 

ions, and can thus stretch till the beginning of the NIR-II window (λ ≈ 1000 nm)182,205,206. HP also presents 

extraordinary magnetic properties given by the Cu-Cu dimer195,207–211, whereas very recent studies have 

indicated that up-conversion of EB and HB is possible193,212 and that excitation of EB in the UV can lead 

to an even stronger NIR emission213. To this end, the Review Manuscript further outlines two outstanding 

properties of the NIR fluorescence of EB, HB and HP, which is given by the quantum yield (QY) and the 

lifetime (τ): the former has been reported to be significantly high for EB (QY ≈ 10.5%206) and high for HB 

(QY ≈ 6.9%196), whereas the decay time lies in the μs range for all three silicates (τEB ≈ 100-150 μs, 
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τHB ≈ 60-100 μs, τHP ≈ 6-30 μs182,206,214–216). Although these and several other properties of the bulk silicates 

already appear extremely promising, the real breakthrough, which also represents the cardinal point in the 

Review Manuscript, is that the bright and NIR fluorescence of EB, HB and HP is retained in the NS form. 

This discovery, first shown by Johnson-McDaniel et al.183,185 and Salguero et al.184 for EB and HB, has 

been then further investigated and also applied to HP in following works (including Manuscript II, 

Manuscript III and Manuscript IV). It has been shown that the NIR fluorescence does not bleach and is 

stable at different pH values, different ionic concentrations and in the presence of molecules which are 

known to alter the emission of similar fluorophores. Furthermore, fluorescence lifetime of NS samples still 

lies in the μs range and allows simple detection even in home-made remote setups. Quite surprisingly, 

also resolution-limited particles (diameter < 500 nm) are still fluorescent, and this result again strongly 

indicates the robustness of NS fluorescence.  

After describing some bulk and NS photophysical properties as the ones reported above, the Review 

Manuscript focuses on the employment of these silicates in state-of-the-art technologies. Indeed, in 

recent years the unique features of nanostructured EB, HB and HP have gained increasing interest in the 

scientific community, leading to the most diverse set of applications. Studies in the field of photonics have 

exploited the NIR fluorescence to create smart ink183–185 and efficient latent fingermark dusting powder217–

220, while others have used the stable emission of EB as a reference signal for sensing schemes based on  

ratiometric detection221,222. Most of the efforts, however, have been put into employing such novel 

nanomaterials in biomedicine. The fluorescence of EB-NS could be detected in fruit fly embryos, in plants 

and through tissue phantoms (Manuscript II, Manuscript III), and could furthermore allow ratiometric 

sensing of bacterial strains together with single-walled carbon nanotube sensors223. However, the use of 

EB-NS has not been limited to its NIR fluorescence: numerous studies have indeed demonstrated that, 

thanks to their high aspect ratio, biocompatibility, good photothermal conversion efficiency and controlled 

release of bioactive Cu2+ and SiO4
4- ions, EB-NS can also be employed for selective enrichment of multi-

phosphopeptides224, photothermal therapy225,226 and tissue engineering227,228.  

Finally, the reported Review Manuscript outlines some future directions of research and open questions. 

While most of them concern the photophysics of EB-NS, HB-NS and HP-NS (e.g. QY measurements, size-

fluorescence correlation, material doping, etc.), an important missing piece of the puzzle is represented 

by surface functionalization. This topic has so far not received the attention it deserves219,221,222 and should 

therefore be addressed as soon as possible, given that it could immediately expand the already broad 

portfolio of NS applications in state-of-the-art technologies (Manuscript IV). 
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✓ Egyptian Blue (CaCuSi4O10, EB), Han Blue (BaCuSi4O10, HB) and Han 

Purple (BaCuSi2O6, HP) are layered silicates that can be easily 

exfoliated into 2D nanomaterials (i.e. nanosheets, NS).  

✓ The bright and long-lived NIR fluorescence of the bulk materials, which 

originates from the Cu2+ ions acting as color centers, is retained in the 

NS form.    

✓ Several works have outlined the great promise of these novel 

nanomaterials for diverse technological fields, e.g. security technologies, 

energy storage, sensing, bioimaging, photothermal therapy, tissue 

engineering, etc.  
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5 │ Results 
 

 

5.1 Photophysical Investigations on Extended Benzene-Fused Oligo-

BODIPYs as Promising Platforms for Biophotonics 
 

5.1.1 Introduction 
 

The broad class of organic fluorophores based on the molecular skeleton of dipyrromethene boron 

difluoride (BODIPY) displays promising features for multiple technological fields, including bioimaging and 

biosensing. As outlined with more details in Section 4.1.3 and Section 4.1.5, BODIPY-derived systems 

are typically characterized by high chemical and thermal stability, high QYs and, in general, tunable optical 

properties. To this regard, several strategies for the tailoring of the spectral features have been reported. 

Although excitonically coupled systems85 and aggregates229 represent valid options, the most common 

approach consists in the extension of the π-conjugated scaffold230. Unfortunately, due to the tediousness 

of the synthesis of nitrogen-containing organic frameworks, the preparation of conformation-restricted 

BODIPY dyes was long restricted to dimers only6. With these motivations in mind, Patalag et al.231 recently 

demonstrated a novel oxidative approach that yielded BODIPY oligomers up to octamer species with 

reasonably good yields. These oligomers, which were linked at their α-positions via ethano units, were 

then used as starting point in a follow-up publication by Patra et al.6. In this work, extended benzene-fused 

oligo-BODIPYs could be prepared by adding an oxidative step to the procedure described by 

Patalag et al.231 As a result, a robust protocol consisting in a straightforward, three-step synthesis followed 

by a one-pot oxidation was established. With this approach, a full series of fully conjugated chromophores 

were prepared and their spectral features characterized (Figure 4.4). Among the so-produced oligomers, 

the hexameric (H) and octameric (O) forms stood out for their pronounced red-shifted absorption, which 

lied in the NIR-I window (920 nm < λ < 960 nm). Although these features suggested the presence of NIR 

emission, the corresponding signals could not be detected likely due to technical limitations of the 

employed spectrometer. 

Given the interesting photophysics of these novel systems and the high promises held by NIR-emitting 

fluorophores for biophotonics, it would be worth further characterizing these dyes with the aim of verifying 

or excluding their ability to fluoresce in the NIR. From preliminary measurements at a home-built NIR 

setups, the NIR emission of the H- and O-oligo-BODIPYs could indeed be confirmed. The investigations 

that followed led to the publication of the manuscript embedded in the next section (Section 5.1.2, 

Manuscript I). The open questions which fueled this work were:  

o What are the main spectral features of these dyes? 

o Does the fluorescence depend on different solvents and/or concentrations? 
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o Is the NIR fluorescence of the H- and O-oligo-BODIPYs bright enough to allow robust detection 

both at microscopy-based and remote setups? 

o Is it possible to employ these dyes for bioimaging applications? 
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5.1.2 NIR-Emitting Benzene-Fused Oligo-BODIPYs for Bioimaging (Manuscript I) 
 

 

 

Publication Details 

 

Title: “NIR-emitting benzene-fused oligo-BODIPYs for bioimaging” 

 

Authors: Gabriele Selvaggio†, Robert Nißler†, Peter Nietmann, Atanu Patra, Lukas J. Patalag,  

Andreas Janshoff, Daniel B. Werz and Sebastian Kruss 

 

Journal: Analyst 147, 230–237 (2022) 

 

DOI: 10.1039/D1AN01850G 

 

 

 

 

 

 

 

 

†These authors contributed equally. 

 

Author Contributions: SK and DBW conceived and designed the study. AP and LJP synthesized the dyes. RN 

acquired 1D and 2D spectroscopy data which was analyzed with GS. QY experiments were performed and analyzed 

by GS and RN. RN performed remote fluorescence detection measurements. RN, GS and PN coated the beads. PN 

prepared actin samples. GS and PN acquired rheological data which was analyzed by GS, PN and AJ. GS, RN and 

SK wrote the manuscript with contributions from all authors. 

https://doi.org/10.1039/D1AN01850G
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5.1.3 Publication Synopsis 
 

The first fundamental result in Manuscript I, which set the basis for the following measurements on the 

investigated dyes, is represented by the detection of NIR fluorescence. This finding was confirmed by a 

specialized home-built equipment, which allowed 1D as well as 2D excitation-emission spectroscopy. 

Analysis of these datasets additionally showed that both the hexamer (H) and octamer (O) oligomers 

presented a broad Vis-NIR absorption. The main emission band, on the other side, was in both cases 

characterized by low values of full widths at half maximum (FWHM) and was located in a border region 

between the NIR-I and NIR-II windows (i.e. 900 nm < λ < 1150 nm). Both the main and the side emission 

bands could be shifted according to concentration and solvent nature. More precisely, significant 

bathochromic shifts (≈ 25-28 nm) were obtained when a higher amount of dyes was present in the system. 

Solvent-wise, the H- and O-dyes were dissolved in solvents of slightly increasing polarity: toluene, 

dichloromethane (DCM) and tetrahydrofuran (THF). While the position of the main fluorescence bands in 

DCM and toluene did not differ by more than 5 nm, a clear hypsochromic shift of ≈ 13-18 nm was 

determined in the slightly more polar THF for both H- and O-oligo-BODIPYs. Further spectroscopic 

analysis in Manuscript I focused on the evaluation of QY: for this purpose, an established protocol232 for 

relative estimations was followed and the commercially available IR-1048 NIR dye was used as reference. 

This approach led to QY values of ≈ 2% for H and ≈ 4% for O (in DCM).  

After having characterized the spectral features of the H- and O-oligo-BODIPYs, the focus of the work 

reported in Manuscript I moved to NIR fluorescence imaging. Analogously to the case of the silicate NS 

described in the following sections of this thesis (Section 5.2, Section 5.3, Section 5.4), photostability 

and brightness of the fluorophores were tested at a remote imaging setup. Both H- and O-dyes displayed 

a bright fluorescent signal even at low integration times and excitation powers (LED lamp). Again at this 

stand-off system, the H- and O-oligo-BODIPYs were successfully employed as smart inks in a proof-of-

principle experiment. The fluorescent signals could also endure the presence of different cut-off filters 

installed in front of the InGaAs camera: even when the cut-off threshold was chosen so to exclude the 

maxima of both emission bands (i.e. λem > 1100 nm), the signals from the off-peak tail fluorescence were 

strong enough to be robustly detected. 

In the final part of Manuscript I, coating of polystyrene (PS) and silica (SiO2) microbeads with the H-dye 

was carried out, and these beads were then imaged at a home-built NIR microscopy setup. Despite the 

diverse nature of the coating procedure (swelling for PS and surface adsorption for SiO2), the tested H-

oligo-BODIPY managed to homogeneously coat the substrates in both cases, yielding uniformly NIR-

fluorescent beads. Furthermore, the applied coating protocol was characterized by negligible leakage, as 

confirmed by the absence of background signals during NIR imaging. As a proof-of-principle application 

of H-labelled PS beads in the biomedical field, these systems were introduced into actin networks. 

Successfully colocalized images of the NIR-emitting beads next to Vis-labelled actin filaments could be 

acquired thanks to the high brightness of the oligo-BODIPY and the typical lack of autofluorescence in the 
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NIR. Furthermore, thanks to the high photostability of the H-dye, video particle tracking (VPT) of the 

fluorescent signature of the coated beads enabled passive microrheology. Based on the Fluctuation 

Dissipation Theorem and according to experimentally verified literature scaling laws, the so-calculated 

viscoelastic properties allowed to retroactively estimate the concentrations of the imaged actin samples. 

Finally, to better comprehend the biocompatible aspects of the investigated oligo-BODIPYs, the effect of 

prolonged dye excitation (t = 60 min) on actin filaments was analyzed. For this experiment, PS beads of 

same size but with two different coatings were introduced into actin networks and compared: the two dyes 

which were chosen for the coating were the NIR-emitting hexamer and a commercially available 

fluorescent red control. While in the previously described actin concentration studies a NIR fluorescence-

based VPT had been performed, for the actin degradation experiments a diffraction-based VPT tool 

installed in another device was employed instead. Given the high frame rates required to build up a robust 

dataset (≈ 140 fps), the employed bright-field microscope proved to be more robust for this purpose than 

the home-built NIR setup. During continuous illumination for t = 60 min, mean squared displacement 

(MSD) values were recorded at the beginning (t = 0 min) and at the end (t = 60 min) of the imaging session. 

The so-obtained results displayed a significantly larger increase in MSD over time for the Vis beads. 

Considered that higher MSD values imply a higher degree of actin softening (i.e. degradation), this study 

underlined the better performance of the H-oligo-BODIPY over a commercially available dye.  

 

 

  

✓ The hexameric (H) and octameric (O) forms of extended benzene-fused 

oligo-BODIPYs displayed NIR fluorescence. 

✓ Characterized spectral features included a broad Vis-NIR absorption, 

narrow fluorescence main bands, concentration and solvent-dependent 

shifts, and QYs ≈ 2-4%. 

✓ High photostability and brightness of the NIR fluorescence of H- and O-

dyes could be successfully shown at a remote detection setup. 

✓ PS and SiO2 beads were uniformly coated with the H-oligo-BODIPY and 

imaged via NIR microscopy. 

✓ The intense fluorescence of H-coated beads allowed colocalized 

imaging with Vis-labelled actin filaments. 

✓ Thanks to the high stability of the H-dye emission, fluorescence-based 

passive microrheology could be performed in actin networks. 

✓ Diffraction-based video particle tracking proved that prolonged excitation 

of H-coated PS beads does not lead to significant actin degradation. 
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5.2 Exfoliation of Egyptian Blue and Proof-of-Principle Bioimaging 

Applications with EB-NS 
 

5.2.1 Introduction 
 

As described in Section 4.3, various studies have highlighted the outstanding material properties of 

Egyptian Blue (CaCuSi4O10, EB). Considered that multiple technological fields could benefit from the 

intense and stable near-infrared (NIR) fluorescence of this material, the interest in the scientific community 

has grown exponentially in the last years. The excitement around this layered silicate grew even more 

when Johnson-McDaniel et al.183 reported the first exfoliation procedure of EB into 2D nanosheets (NS): 

besides the strikingly straightforward delamination protocol, the most surprising and groundbreaking 

finding of this work was that the NIR luminescence could be retained in EB-NS of several microns (μm) in 

size. This discovery clearly suggested that EB-NS could be excellent working platforms for research areas 

such as telecommunications, security ink formulations and biomedical imaging. Indeed, as explained in 

Section 4.1 and Section 4.2, NIR-emitting 2D nanomaterials could be optimal candidates for biomedical 

applications such as fluorescence bioimaging. However, although a few papers on EB-NS had been 

published after the pivotal study by Johnson-McDaniel et al.183, this research direction was mostly left 

undiscovered. Furthermore, despite the ancient origins of EB, many fundamental questions concerning its 

photophysical properties were still unanswered, especially concerning the dependence of fluorescence 

from particle size and analytes of (biological) interest. Last but not least, by the time that the work described 

in the upcoming Section 5.2.2 (Manuscript II) was performed, the exfoliation protocols available in 

literature were showing clear space for improvement. Some of them consisted in rather time-consuming 

stirring methods, which were appealing for their simplicity but presented limitations for further processing 

and potential industrial applications. Additionally, most of the reported procedures had yielded NS of sizes 

in the range of several micrometers: as pointed out in Section 4.1.3 and Section 4.1.4, if the sizes at play 

are too large, the chances of nanoparticles being retained in the reticuloendothelial system are high, which 

could lead to toxicity issues and inevitably hinder translation to (pre-)clinical research. Next to that, 

fluorophores of larger sizes could also perturb the biological system they are introduced into, thus affecting 

the outcome of the measurements. 

Within the scenario explained above, the study presented in the following section (Manuscript II) was 

driven by the following questions: 

o Can the exfoliation procedure be improved so to yield EB-NS of diameters well below the μm 

range? 

o Are smaller NS still fluorescent in the NIR? 

o How does the NIR fluorescence of EB-NS correlate with size?  

o Is the NIR fluorescence affected by e.g. prolonged excitation and typical quenching molecules? 



Chapter 5 – Results  Gabriele Selvaggio 
 

78 

o Besides the NIR fluorescence, do EB-NS display all the necessary requirements to be considered 

a novel NIR-emitting fluorophore for biophotonics? 
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5.2.2 Exfoliated Near-Infrared Fluorescent Silicate Nanosheets for (Bio)Photonics 

(Manuscript II) 
 

 

 

Publication Details 

 

Title: “Exfoliated near infrared fluorescent silicate nanosheets for (bio)photonics” 

 

Authors: Gabriele Selvaggio, Alexey Chizhik, Robert Nißler, llyas Kuhlemann, Daniel Meyer,  

Loan Vuong, Helen Preiß, Niklas Herrmann, Florian A. Mann, Zhiyi Lv, Tabea A. Oswald,  

Alexander Spreinat, Luise Erpenbeck, Jörg Großhans, Volker Karius, Andreas Janshoff,  

Juan Pablo Giraldo and Sebastian Kruss 

 

Journal: Nat. Commun. 11, 1495 (2020) 

 

DOI: 10.1038/s41467-020-15299-5 

 

 

 

 

 

 

Author Contributions: SK conceived and designed the study. GS and VK performed and optimized the milling 

procedure. GS performed AFM experiments. GS, HP, and AS exfoliated materials and collected 1D spectra. HP and 

RN collected 2D spectra. AC performed single photon counting and anisotropy experiments. GS and LV performed 

and analyzed correlative SEM-NIR experiments. GS imaged single nanosheets and analyzed particle trajectories 

together with NH, IK, and AJ. GS together with RN, FAM, and ZL performed biological imaging experiments with 

input from LE, JPG, and JG. TAO performed cell viability experiments. DM performed calculations and simulations 

concerning the correction factor for diffusion of (anisotropic) EB-NS in a solvent. GS and SK wrote the manuscript 

with contributions from all authors. 
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5.2.3 Publication Synopsis  
 

Manuscript II presented a novel exfoliation protocol based on wet planetary ball milling and tip sonication. 

With this approach, EB-NS of lateral sizes roughly between 20-300 nm and thicknesses down to the 

monolayer (≈ 1 nm) could be prepared. Furthermore, according once again to atomic force microscopy 

(AFM) measurements, diameter and height of so-exfoliated EB-NS were found to scale linearly. Most 

importantly, several 1D and 2D spectroscopic datasets confirmed that the bulk absorption and emission 

properties retained their main features after downsizing the material. The strong photostability of EB-NS 

was first highlighted by the preservation of NIR fluorescence despite increasing hours of sonication 

(corresponding to decreasing sizes of NS): indeed, the signal was not only still detectable after 6 h of 

exfoliation, but was also not displaying any peak shift in the emission wavelength. Although the 

fluorescence lifetime (τ) was not fully investigated in this work, preliminary acquisitions indicated that τ 

values were still in the μs range, as is known to be the case for the unexfoliated silicate. Quite remarkably, 

the NIR emission of EB-NS was not affected by photobleaching over prolonged excitation (561 nm laser, 

100 mW total output power, > 2 h): under the same conditions, organic dyes are instead prone to 

bleaching, as demonstrated by the standard Rhodamine B used as reference for this dataset. A further 

strong proof for the outstanding photostability of EB-NS was provided by the lack of changes in the 

fluorescence spectra after addition of several analytes (e.g. redox active molecules) which would typically 

alter the spectral features of other dyes and nanomaterials42,71,233,234. Another comparative study was 

performed with dye Atto 488 to observe whether the detected fluorescence could undergo any change at 

different polarization angles: while the reference dye showed the expected dependence, EB-NS did not 

display any fluorescence polarization.  

After the set of spectroscopic characterization methods described above, the focus of Manuscript II 

moved to NIR fluorescence imaging of EB-NS. In the case of fluorescence microscopy, the physical 

boundary which must always be kept in mind is Abbe’s resolution limit: if the emission wavelengths of EB-

NS are considered, the smallest fluorescent spot that can be resolved has a diameter 

dres ≈ λem / 2 ≈ 450 nm. As the emission peak falls in the wavelength range of λem ≈ 930 nm, both silicon-

based and InGaAs cameras could be successfully employed for imaging experiments on EB-NS. As 

demonstrated with both detectors, EB-NS with sizes in the range of dres could indeed retain the bright NIR 

emission of the bulk material. Additionally, by means of single-particle fluorescence saturation 

measurements, an estimation of the number of luminescent centers in a single monolayer of resolution-

limited EB-NS could be made. Assuming that every copper ion (Cu2+) in the crystal serves as color center, 

this analysis provided a size range of ≈ 6-18 nm for the imaged set of particles. More in-depth imaging 

studies of resolution-limited EB-NS were then carried out, yielding statistically robust answers. Despite the 

small particle sizes at play, fluorescence intensity was strong enough to enable signal detection with high 

frame rates. EB-NS could be detected with up to 50 fps by the visible camera and up to 200 fps by the 

NIR-optimized one. Next, two different studies were carried out in parallel to investigate the size-
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fluorescence correlation: one could allow a direct quantification, another one required some more 

sophisticated data analysis. The former method consisted in colocalizing NS at two different devices: the 

NIR microscopy setup and a scanning electron microscope (SEM). The latter approach, instead, was 

based on fluorescent particle tracking of EB-NS in a medium of known viscosity (i.e. glycerol): indeed, a 

hydrodynamic diameter of NS in Brownian motion could be calculated via a modified version of the Stokes-

Einstein equation. More specifically, this modification consisted in the application of a correction factor 

which accounted for the anisotropy of 2D EB-NS and was calculated based on literature values235 and 

AFM measurements. Despite the diverse definition of these two correlative measurements, the collected 

results led to the same crucial conclusions: NS of sizes down to just a few tenths of nm are still fluorescent.  

The goal of the final part of Manuscript II was to test the potential of EB-NS for bioimaging applications. 

The typically low autofluorescence of biological samples in the NIR and the characteristic lack of bleaching 

of EB-NS allowed long-term in vivo imaging of these fluorophores within embryos of fruit flies (Drosophila 

melanogaster). By means of particle tracking measurements with increased temporal resolution (10 fps), 

EB-NS could be employed to probe the extracellular space between the nuclei of the developing insect. 

Furthermore, by analyzing the instantaneous velocities of EB-NS in the form of Van Hove histograms of 

displacements236, the presence of active forces exerted by the embryos during their development could be 

revealed. While this dataset already highlights quite clearly the potential of EB-NS as novel NIR 

fluorophore, additional investigations towards biological applications were carried out, e.g. with regards to 

cytotoxicity issues. The results obtained with viability assays on three different cell lines (A549, 3T3 and 

MDCK-II) demonstrated that EB-NS are biocompatible materials. Finally, Manuscript II outlined that EB-

NS present optimal characteristics not only for fluorescence (in vivo) microscopy, but also for remote 

detection at distances > 10 cm. For this dataset, a home-built stand-off setup consisting in a white LED 

lamp, a simple CMOS camera (complementary metal oxide semiconductor, Si-based) and the necessary 

NIR long-pass filters (λ > 900 nm) was employed. When imaged with this simple and low-cost optical 

setup, EB-NS showed a bright NIR emission compared to two routinely used NIR emitters: single-walled 

carbon nanotubes (SWCNTs) and indocyanine green (ICG). A further comparison between SWCNTs and 

EB-NS was reported after their introduction into plant leaves of Arabidopsis thaliana. While the emission 

of SWCNTs was not bright enough to overcome leaf autofluorescence (determined by 

chlorophyll/chlorophyll degradation products), EB-NS could be robustly imaged. A final confirmation of the 

robustness of NS fluorescence was given by remote detection without the LED excitation source: a signal 

from the silicate samples could indeed be detected also with room or sunlight illumination alone.  

In conclusion, 1D and 2D absorption and emission spectra of NS of Han Blue (BaCuSi4O10, HB) and Han 

Purple (BaCuSi2O6, HP) were included in the Supplementary Information files. As extensively described 

in Section 4.3, these silicates present a layered crystal structure which is similar to the one of EB and, 

thus, allowed exfoliation into NS according to the same protocol. More importantly, though, both HB and 

HP also display promising NIR fluorescence properties which are robustly retained in the NS form. All 
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three materials will be focused on in the following section, where the work that followed Manuscript II will 

be described (Section 5.3, Manuscript III).  

  

✓ Egyptian Blue (CaCuSi4O10, EB) was exfoliated into nanosheets (EB-

NS) via wet ball milling and tip sonication.  

✓ EB-NS retained the bright NIR fluorescence of the bulk material and 

could be easily imaged with both Si-based and InGaAs cameras. 

✓ The NIR emission of EB-NS was extremely stable with regards to 

photobleaching, fluorescence polarization and redox active molecules. 

✓ Size-correlation studies demonstrated that EB-NS down to few tenths of 

nm in size were still fluorescent. 

✓ Cytotoxicity assays confirmed the biocompatible nature of EB-NS. 

✓ Video-rate imaging, in vivo microrheology of embryos of fruit flies and 

remote detection in plants further underlined the high potential of EB-NS 

as novel NIR fluorophore. 

✓ Analogously to EB, Han Blue (BaCuSi4O10, HB) and Han Purple 

(BaCuSi2O6, HP) were exfoliated into NS which preserved the bulk 

spectral features, i.e. broad excitation range and bright NIR 

fluorescence. 
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5.3 Optimized Exfoliation and Fluorescence Lifetime Characterization of 

EB-NS, HB-NS and HP-NS  
 

5.3.1 Introduction 
 

The work reported in the upcoming section can be considered a natural continuation of the research 

presented in Manuscript II (Section 5.2.2). Here, more focus was set on the photophysical properties of 

nanosheets of Egyptian Blue (CaCuSi4O10, EB-NS), Han Blue (BaCuSi4O10, HB-NS) and Han Purple 

(BaCuSi2O6, HP-NS). As explained in Section 4.3, these three silicates share common features, including 

a layered crystal structure prone to exfoliation, a broad excitation range and a bright NIR fluorescence. 

Given their ancient origins and their presence in numerous pieces of art all over the world, past studies 

have already revealed some aspects of the underlying photophysics of EB, HB and HP182. For example, 

the fluorescence has been assigned to a low energy electronic transition of the shared copper ion (Cu2+) 

in square planar coordination geometry. Furthermore, the symmetrically prohibited nature of this electronic 

transition leads to particularly long excited state lifetime values (τ) which lie in the range of several μs for 

all three materials. This long-lived fluorescence has been exploited e.g. to detect traces of these pigments 

in ancient artworks and to distinguish them from binders, varnishes and other materials; in this way, 

researchers in the field of history of art were able to track the evolution of synthesis and employment of 

EB, HB and HP over centuries175,206,237–239. A long fluorescence lifetime as the one owned by these 

materials can, however, find immediate application also in other fields, e.g. the biomedical sector22,66.  

Previous works have shown how EB and HB can be exfoliated into high aspect ratio NS. However, at the 

time when the investigations reported in Manuscript III (upcoming Section 5.3.2) were started, no past 

study had carried out a thorough characterization of these nanoparticles, neither with regards to their 

morphology nor concerning their photophysical properties. Regarding the latter, it was known that both 

EB-NS and HB-NS are still fluorescent, but, besides from the work reported in Manuscript II, works in 

literature had mostly focused on NS in the micrometers range. Additionally, no exfoliation of HP into HP-

NS had been reported so far. As described in Section 4.3, some light had already been shed on how 

factors such as synthesis routes and material processing can affect lifetime in the bulk silicates of EB, HB 

and HP, however no study had so far focused on the lifetime properties in the nanoscale. Also, although 

FLIM had previously been carried out on the bulk silicates for non-invasive investigations of artifacts175–

178,206,237–239, this was not the case for the NS counterparts.  

Considered what outlined above, the aim of the work presented in the upcoming section (Manuscript III) 

was to gather more insights with regards to the following questions: 

o Can a more robust protocol of exfoliation be established in order to yield monodisperse samples 

of small EB-NS, HB-NS and HP-NS? 
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o How do these exfoliated NS look like with regards to morphology, size distribution and 

photophysical properties? 

o Are resolution-limited NS still fluorescent for all three materials (as proven for the case of EB-NS 

in Manuscript II)? 

o How does the lifetime change after exfoliation? 

o Do all three NS silicates display promising photophysical and biocompatible features for state-of-

the-art bioimaging applications (as proven for the case of EB-NS in Manuscript II)?   
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5.3.2 Photophysical Properties and Fluorescence Lifetime Imaging of Exfoliated 

Near-Infrared Fluorescent Silicate Nanosheets (Manuscript III) 
 

 

 

Publication Details 

 

Title: “Photophysical properties and fluorescence lifetime imaging of exfoliated near-infrared fluorescent 

silicate nanosheets” 

 

Authors: Gabriele Selvaggio, Milan Weitzel, Nazar Oleksiievets, Tabea A. Oswald, Robert Nißler,  

Ingo Mey, Volker Karius, Jörg Enderlein, Roman Tsukanov and Sebastian Kruss 

 

Journal: Nanoscale Adv. 3, 4541–4553 (2021) 

 

DOI: 10.1039/d1na00238d 

 

 

 

 

 

 

 

Author Contributions: SK and GS conceived and designed the study. SK coordinated the study. VK and GS worked 

on the different exfoliation methods and studied the size distributions via LDPS. GS and MW collected and analyzed 

the AFM dataset. GS and IM performed SEM characterization. GS measured absorption, as well as 1D and 2D 

excitation and fluorescence spectra. GS acquired the NIR microscopy images. RN and GS carried out macroscopic 

(stand-off) fluorescence imaging experiments. RT, NO and JE performed fluorescence lifetime spectroscopy as well 

as microscopic FLIM. MW built the macroscopic FLIM setup and acquired the respective lifetime dataset. TO 

performed cytotoxicity tests. GS and SK wrote the manuscript with contributions from all authors. 

https://doi.org/10.1039/D1NA00238D


Chapter 5 – Results  Gabriele Selvaggio 
 

120 

 



Chapter 5 – Results  Gabriele Selvaggio 

121 

 



Chapter 5 – Results  Gabriele Selvaggio 
 

122 

 

 



Chapter 5 – Results  Gabriele Selvaggio 

123 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

124 

 

 



Chapter 5 – Results  Gabriele Selvaggio 

125 

 

 



Chapter 5 – Results  Gabriele Selvaggio 
 

126 

 



Chapter 5 – Results  Gabriele Selvaggio 

127 

 

 



Chapter 5 – Results  Gabriele Selvaggio 
 

128 

 

 



Chapter 5 – Results  Gabriele Selvaggio 

129 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

130 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

131 

 

 



Chapter 5 – Results  Gabriele Selvaggio 
 

132 

  



Chapter 5 – Results  Gabriele Selvaggio 

133 

 

 



Chapter 5 – Results  Gabriele Selvaggio 
 

134 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

135 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

136 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

137 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

138 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

139 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

140 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

141 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

142 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

143 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

144 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

145 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

146 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

147 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

148 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

149 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

150 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

151 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

152 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

153 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

154 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

155 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

156 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

157 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

158 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

159 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

160 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

161 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

162 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

163 

 

  



Chapter 5 – Results  Gabriele Selvaggio 
 

164 

 

  



Chapter 5 – Results  Gabriele Selvaggio 

165 

5.3.3 Publication Synopsis 
 

The exfoliation protocol described in Manuscript III consisted in an optimization of the approach reported 

in the previous work on the NS topic (Manuscript II, Section 5.2.2). Wet ball milling and tip sonication 

were both performed in water and accompanied by centrifugation steps; these were designed in such a 

way to remove larger particles with a size cut-off diameter d = 1 μm. This exfoliation protocol could indeed 

yield EB-NS, HB-NS and HP-NS well below the micron range, with lateral sizes and thicknesses reaching 

minimum values down to ≈ 16-27 nm and 1-4 nm, respectively. In terms of colloidal stability, the so-

obtained supernatants showed a clear improvement compared to Manuscript II: ranging from HP-NS to 

HB-NS and EB-NS, colloidal stability increased and resulted in the better performing NS being stable for 

up to several days. Additionally, when evaluating the resistance to acidic conditions and ionic 

environments (e.g. physiological buffers), the fluorescence of all samples did not decrease significantly in 

the measured time window (t = 1 h). Analogously to what observed for EB-NS alone in Manuscript II, 

lateral sizes and thicknesses scaled linearly, and the obtained NS morphologies appeared quite irregular. 

Concerning size distributions, log-normal functions could nicely describe the acquired statistics on 

diameters and heights of EB-NS, HB-NS and HP-NS. 

After a first part dedicated to the morphological characterization of the silicate NS, Manuscript III set the 

focus on the spectroscopy of these materials. The most important and technologically promising finding 

was represented by the preservation of the bulk absorption and emission features even in the 

nanostructured form: more precisely, as illustrated by 2D spectra, excitation and emission were still located 

at wavelength ranges ≈ 550-650 nm and ≈ 850-1000 nm, respectively. Following this initial observation, 

more in-depth investigations on the NIR fluorescence were carried out. Single-particle fluorescence 

microscopy imaging confirmed the monodispersity of these samples, as most of the observed NS were 

resolution-limited (i.e. roughly d < 500 nm). Imaging during prolonged excitation (i.e. 561 nm laser, 2 h, 

≈ 200 mW effective laser power), on the other side, showed that the emission of these fluorophores is not 

affected by photobleaching. Next, the fluorescence lifetime values were collected by means of two different 

methods: time-correlated single-photon counting (TCSPC) in a confocal setup, and frequency-domain 

measurements. The former allowed the estimation of τ through a double-exponential fitting, resulting in the 

following data: τEB-NS ≈ 17 μs, τHB-NS ≈ 8 μs and τHP-NS ≈ 7 μs. These values, which were in agreement with 

the frequency-domain investigations, indicated a clear decrease compared to the bulk counterparts 

(τEB ≈ 130 μs, τHB ≈ 60 μs and τHP ≈ 25 μs). Nevertheless, the fact that both bulk and NS lifetimes lied in 

the μs range represented a further confirmation for the robustness of NS fluorescence. 

Towards the last part of Manuscript III, efforts were made in the direction of fluorescence imaging, above 

all lifetime-based. With a home-built, self-calibrated setup for frequency-domain FLIM in combination with 

wide-field microscopy, inhomogeneous layers of EB-NS, HB-NS and HP-NS were imaged. By selecting 

different regions within the FLIM camera’s phasor plots, the lifetime channel could provide information 

which would have otherwise been inaccessible in the conventional (fluorescence) intensity channel. For 
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example, border regions of EB-NS and HP-NS could be clearly identified based on the diverse τ values of 

the two materials. To this regard, the average NS lifetime values that could be extracted from the lifetime 

images were also in agreement with the datasets described in the spectroscopy section of Manuscript III. 

Another relevant finding which also resulted from the analysis of the FLIM phasor plots was the observed 

size-dependence of fluorescence lifetime: within a layer of drop-casted NS, sub-populations could in this 

way be defined. In a similar manner to what done with EB-NS in Manuscript II, remote fluorescence 

imaging detection was tested on all three materials, too. In this case, either an InGaAs or a FLIM camera 

were employed in a simpler home-built setup depending on the employed imaging mode: respectively 

intensity-based or lifetime-based. The former showed that NS supernatants emit a NIR fluorescence which 

is bright enough to be easily detected from distances > 10 cm; furthermore, no significant decrease in the 

fluorescent signal could be noticed after addition of salts or after lowering the pH. Lifetime-based 

measurements, on the other side, proved that the strong signals could also allow a clear labelling of each 

silicate according to the respective (uncalibrated) τ values.  

Finally, additional studies were carried out on EB-NS, HB-NS and HP-NS to more directly test their 

potential use as bioimaging labels. As previously observed for EB-NS in Manuscript II, the results of 

cytotoxicity experiments on three different cell lines demonstrated the reasonable biocompatibility of all 

three silicate NS. Moreover, tissue phantom experiments (which are typically done to simulate in vivo 

imaging conditions) were performed at the remote detection setup mentioned above: an LED lamp and an 

InGaAs camera were used for excitation and signal detection, respectively. The collected images proved 

that the intense fluorescence of EB-NS, HB-NS and HP-NS can be detected through several layers of 

tissue (at least up to 4 mm), with high potential for further improvement if more optimized optical techniques 

were to be used.  
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✓ Egyptian Blue (EB), Han Blue (HB) and Han Purple (HP) were exfoliated 

into NS via a mixed approach of wet ball milling and tip sonication in 

water. 

✓ A size cut-off with centrifugation steps was performed, leading to NS with 

diameter < 1 μm. 

✓ EB-NS, HB-NS and HP-NS retained the excitation and emission features 

of the bulk materials. 

✓ Their robust NIR fluorescence did not display photobleaching and was 

not significantly affected by pH, ionic environments or buffer. 

✓ Time and frequency-domain fluorescence lifetime spectroscopy 

measurements displayed a decrease in lifetime (τ) after exfoliation, even 

though the NS values still lied in the μs range.  

✓ Microscopic and macroscopic lifetime-encoded imaging (FLIM) allowed 

to clearly distinguish EB-NS, HB-NS and HP-NS from one another. 

✓ Microscopic FLIM measurements indicated the existence of sub-

populations of NS within each silicate sample, which were determined 

by the differences in sizes among single particles. 

✓ Cytotoxicity assays confirmed the biocompatible nature of EB-NS, HB-

NS and HP-NS. 

✓ The NS fluorescence was bright enough to be detected though several 

layers of tissue phantoms. 
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5.4 Surface Functionalization of EB-NS for Targeted Bioimaging 
 

5.4.1 Introduction 
 

The final section of the Results chapter of this dissertation addresses another fundamental aspect in the 

design of novel fluorophores: surface functionalization. The studies reported in the previously described 

works (Manuscript II, Manuscript III) have outlined with clear proof-of-principle applications how 

promising Egyptian Blue nanosheets (EB-NS) are for multiple technological fields, above all bioimaging 

and biosensing. Especially these applications would directly benefit from the tailoring of the surface 

chemistry on these layered silicates, as this could increase colloidal stability and allow targeting of 

(bio)molecules of interest234. In the own works described so far, EB-NS were employed as is, i.e. directly 

after exfoliation. Unfortunately, very few literature works have so far put effort into chemically 

functionalizing the surface of EB-NS and, in all cases, the established protocols were either non-

covalent219 or not optimal for further biomedical uses221,222 (Section 4.3.2, Review Manuscript). In the 

search of suitable protocols for the desired purposes, inspiration can be drawn from other silicon-based 

systems. The family of silicon-based nanoparticles (NPs) and biomaterials is very broad and includes 

versatile platforms such as nonporous colloidal silica NPs, mesoporous silica NPs, organosilica NPs, 

porous silicon (pSi), bioglass and silicene/silicon nanosheets. These materials have found several 

applications in the biomedical fields of e.g. drug delivery, diagnostic bioimaging, biosensing, antibacterial 

substrates and tissue engineering240. Next to their biocompatible traits, these silicon-composed 

(nano)systems also benefit from a well-established chemistry. Among them, the covalent grafting of 

accessible surface silanol groups (Si-OH) with silanes represents a very common strategy241. In order for 

the reaction to take place, the chosen organosilicon compound must display leaving groups of high 

reactivity on the silicon atom. From this point of view, alkoxy- (e.g. trialkoxysilane), halo- (e.g. chlorosilane), 

amino- (e.g. (3-aminopropyl)triethoxy silane, APTES) and other silanes have been employed successfully 

in various studies234,242–247. These coupling agents, however, present disadvantages including high 

reactivity and moisture sensitivity. In this regard, improvements have been reported with the employment 

of more stable allylsilanes and by means of catalytic grafting processes with methallyl- and vinylsilane 

precursors, however the required long reaction times can lead to decomposition of the functional groups 

and, thus, make these approaches less appealing for industrial application245,248. Within this scenario, an 

approach that stands out for its simplicity, robustness and versatility is the one reported by Moitra et al.248 

Their protocol, based on Si-H activation of hydrosilanes, enabled straightforward grafting of tailorable 

moieties onto the surface of silica particles. 

Past studies have shown that, due to synthesis and exfoliation procedures, silanol groups can be present 

in significantly high amounts on the surface of EB-NS174,177,225. Manuscript IV therefore describes the 

application of the protocol of Moitra et al.248 to EB-NS. The points that were addressed in this study were 

the following:  
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o What analytical tools can be used to robustly prove that this functionalization approach was 

successful? 

o Are the promising photophysical properties of EB-NS retained after functionalization and/or are 

some new features unlocked? 

o Is it possible to use this approach to bind functional groups of biological relevance on the surface 

of EB-NS? 

o Can a proof-of-principle experiment of targeted bioimaging with the so-functionalized EB-NS be 

performed? 
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5.4.2 Covalently Functionalized Egyptian Blue Nanosheets for Near-Infrared 

Bioimaging (Manuscript IV) 
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5.4.3 Publication Synopsis 
 

The main finding outlined in Manuscript IV was that the Si-H activation approach established by 

Moitra et al.248 could be successfully applied to a milled batch of EB-NS, therefore yielding covalently 

functionalized silicate nanosheets (EBfunc). To prove this important claim, a pyrene-bearing hydrosilane 

(1-(dimethylsilyl)pyrene, Pyr-Sil) was synthesized according to a previously reported protocol248 and 

employed for a first grafting round. This decision was determined by the well-known visible emission of 

the corresponding R group: pyrene (Pyr)249,250. In this way, the plan was then to rely on these fluorescent 

features for a visual and spectroscopic verification of functionalization. The first strong proof of successful 

functionalization of EB-NS was however represented by the observed hydrogen (H2) evolution: as 

expected according to the reaction mechanism248, its beginning and termination define the start and the 

end of the grafting reaction. Indeed, the short timing (t ≈ 5 min), the dehydrogenative nature and the lack 

of heating requirements (room temperature suffices) are some of the strong advantages of the chosen 

approach. As reported by Moitra et al.248 for silica particles, an intense H2 evolution (which lasted for a few 

minutes) could be noticed directly after the addition of the employed catalyst, i.e. the strong Lewis acid 

tris(pentafluorophenyl)borane (B(C6F5)3, CAT). Such visible gas formation was instead absent in the case 

of the control sample, which was prepared by repeating the grafting reaction on another aliquot of EB-NS 

but without the addition of the catalyst (noCAT). This first result already indicated that the functionalization 

of EB-NS was likely successful. Next, as mentioned earlier, a pool of diverse characterization tools was 

employed to provide further confirmations. After thorough post-reaction washing steps of the NS pellets to 

remove physisorbed material, 1D and 2D spectroscopy were performed. While the 1D dataset revealed 

the presence of the typical pyrene emission features only in EBfunc, the 2D dataset showed that the 

characteristic NIR fluorescence of EB-NS was retained and unchanged after functionalization. Visible 

fluorescence imaging by means of confocal laser scanning microscopy (CLSM) was carried out next. This 

dataset showed significantly stronger fluorescent signals in the EBfunc samples compared to the controls 

(i.e. noCAT and unprocessed EB-NS). Moreover, after combining the information from the visible (Pyr) 

and bright-field (EB-NS) channels, a 2× higher colocalization degree in EBfunc compared to noCAT could 

be measured. Further validation of the surface chemistry was then provided by solid-state magic-angle 

spinning NMR analysis (MAS NMR). Here, only in the case of EBfunc the relevant signals of Pyr-Sil could 

be detected: these included the methyl groups and the aromatic carbons of the Pyr moiety. The noCAT 

control did not present these peaks, thus indicating the absence of Pyr both on the surface of EB-NS and 

unbound.  

After having proven the functionalization of EB-NS by means of various characterization methods, 

Manuscript IV described the repetition of the same grafting reaction but with another hydrosilane: 4-

(dimethylsilyl)butanoic acid (COOH-Sil). This molecule, which was synthesized via a Grignard 

reaction248,251,252, was chosen with the intent to yield EB-NS functionalized with carboxyl groups (EBfunc). 

Even in this case, H2 evolution happened only with the EBfunc sample and was not generated with the 
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noCAT control. As a further proof of functionalization, zeta potential measurements were taken: the 

acquired values were significantly more negative for EBfunc (≈ -40 mV) compared to noCAT and 

unprocessed EB-NS (both ≈ -20 mV). This finding suggests the presence of carboxyl groups covalently 

bond on the surface of EBfunc only, and at the same time indicates an enhanced colloidal stability. 

In the final part of Manuscript IV, targeted imaging experiments on cancer cells with EBfunc samples 

were carried out. First, folic acid (FA) was conjugated to COOH-functionalized EBfunc according to a 

literature protocol253. For this dataset, the chosen control consisted in the repetition of the conjugation 

reaction without addition of N,N′-dicyclohexylcarbodiimide (DCC) and N-hydroxysuccinimide (NHS). The 

outcome of the procedure was evaluated once more with zeta potential: the more negative values of FA-

conjugated EBfunc compared to the control indicated a higher presence of negatively charged FA on the 

NS surface. Next, colocalization imaging of HeLa cells with FA-conjugated EBfunc and the control was 

performed at a home-built NIR microscopy setup. According to the collected data, the degree of 

colocalization was higher for the FA-conjugated EBfunc. Considered that HeLa cells typically display a 

high amount of folate receptors on their surface, the obtained results suggest the presence of ligand-

receptor binding events. In this way, the performed cell experiments not only highlighted the success of 

the FA conjugation protocol, but also presented the first example of targeted bioimaging with EB-NS.  

 

 

 

 

✓ Pyrene moieties were covalently grafted on the surface of EB-NS by 

means of Si-H activation of hydrosilanes. 

✓ The NIR fluorescence of EB-NS was retained after functionalization. 

✓ The observed hydrogen evolution and a pool of spectroscopic and 

imaging characterization methods confirmed the success of the grafting 

procedure. 

✓ By repeating the same reaction with a hydrosilane bearing carboxyl 

groups, COOH-functionalized EB-NS could be prepared. 

✓ Conjugation of folic acid on COOH-functionalized EB-NS was performed 

and confirmed by zeta potential measurements. 

✓ Introduction of these novel conjugated structures into a cancer cell line 

demonstrated for the first time the successful employment of EB-NS for 

targeted bioimaging. 
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6 │ Discussion and Outlook 
 

 

6.1 Extended Benzene-Fused Oligo-BODIPYs: A Promising Addition to 

the BODIPY Family  
 

Absorption and emission features of organic fluorophores strongly depend on the structure of the 

chromophores. For instance, conjugated BODIPY dyes display a bathochromic shift after extension of their 

conjugated π-system (Section 4.1.5). In this regard, it was already known that dyes from the oligomer 

family of Patra et al.6 displayed a red-shift increase with increasing length of the oligomeric structure as a 

result of converging HOMO-LUMO energy gaps. Nevertheless, the NIR fluorescence of the hexamer (H) 

and octamer (O) oligomers had not been discovered so far. The results presented in Manuscript I 

described for the first time the NIR properties of these two extended benzene-fused oligo-BODIPYs. Even 

though the H- and O-oligo-BODIPYs are the only ones to present clearly red-shifted features in the NIR 

window, the observed overall shape of the absorption and emission bands resembled the one of shorter 

oligomers of the same series6. Indeed, FWHM and Stokes shift values of H- and O-oligo-BODIPYs did not 

differ significantly from e.g. the monomeric or dimeric counterparts. This observation highlights an 

important advantage of the synthetic routes performed by Patra et al.6: characteristics such as the narrow 

emission bands, which are of interest for e.g. multiplexing, are not compromised by the extension of the 

π-conjugated scaffold. 

Next, Manuscript I studied the solvatochromic properties of the fluorophores. The solvents used for this 

work were the same employed in the study by Patra et al.6 In general it is known that the complex interplay 

of solute-solvent interactions can affect spectral features of fluorophores. Typically, non-specific and 

specific solute-solvent interactions are comprised in the more general definition of solvent polarity. These 

can be more extensively described at a macroscopic scale by the static dielectric constant (ε) and 

microscopically by the dipole moment of the solvent molecules (μ)254,255. In the case of both H- and O-

oligo-BODIPYs, the emission bands were shifted to higher wavelengths with the slightly less polar toluene 

and DCM, thus displaying negative solvatochromism. The same trend had been already observed by Patra 

et al.6 with the other extended benzene-fused oligo-BODIPYs. Considered that the H- and O-oligo-

BODIPYs and the smaller oligomers share the same molecular building blocks, such results were 

expected. Still concerning spectral tunability, Manuscript I additionally reported red-shifts of the main 

emission band of H- and O-oligo-BODIPYs at higher concentrations. As briefly explained in Section 4.1.5,  

bathochromic shifts on plane conjugated systems like these are commonly attributed to J-aggregates12. 

These features were already observed in other oligomers of the same oligo-BODIPY series, so their 

presence in H- and O-oligo-BODIPYs would not be surprising6,231. However, the position of the second 

emission band was identical for concentrated and diluted solutions; moreover, the first emission band 
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displayed a distortion of its shape and a decreased intensity compared to the second one. For these 

reasons, the observed phenomenon was more likely an artefact determined by inner-filter effect. 

Nevertheless, if the concentrations in Manuscript I will be lowered accordingly, it is likely that J-aggregates 

can be obtained for the H- and O-oligo-BODIPYs, too. Also considered the promising characteristics of J-

aggregates for e.g. sensing applications (Section 4.1.5), it would therefore be highly interesting to further 

investigate this aspect.  

As underlined further on in Manuscript I, the estimation of quantum yield (QY) is of paramount importance 

for a complete description of the photophysical properties of a novel fluorophore. In general, the product 

of QY and extinction coefficient (ε) defines the brightness, therefore the knowledge of both can allow direct 

comparison between different emitters. Furthermore, in conjunction with time-resolved fluorescence 

measurements, QYs can shed light into the photophysics of a material, as they provide a mean to 

determine the radiative and non-radiative decay constants256. Experimental setups for absolute QY 

estimations typically comprise three main elements: a laser beam for the excitation of the sample, a 

charge-coupled device (CCD) spectrometer for emission detection, and an integration sphere. This last 

component is crucial as its highly reflecting material allows isotropic redistribution of light and, thus, 

removes any angular dependence of emission256. Although such systems are easily available for the more 

common visible fluorophores, the same cannot be said for NIR emitters. Indeed, given the low quantum 

efficiencies of traditional Si-based spectrometers for NIR detection, QY estimations of NIR fluorophores 

are challenging; moreover, considered that NIR fluorophores are currently not as established in research 

and clinical applications as Vis-emitters, the number of NIR-optimized QY devices is limited. For these 

reasons, it should not surprise that QY for H- and O-dyes and the tetrameric oligo-BODIPY (whose features 

lied in the border region between visible and NIR wavelengths) could not be detected by Patra et al.6. For 

the investigations described in Manuscript I, the required specialized equipment was unfortunately not 

accessible. It was therefore decided to carry out a relative quantum yield estimation based on the protocol 

by Würth et al.232 This analysis could be performed with more common laboratory spectrometers: this was 

indeed the case for the measurement of absorption, whereas a home-built NIR spectroscopy setup was 

employed for emission detection, given the NIR nature of the fluorescence of H- and O-oligo-BODIPYs. 

This method comprised calculation steps, such as the evaluation of absorption factors and integral photon 

fluxes, which could be made with standard analysis software. Above all, fluorophore references with similar 

absorption and emission features, as well as with comparable solubility in the tested solvents, were 

required. In this regard, a well-fitting standard for the H- and O-dyes could have been IR 140 dye. However, 

as commercially available alternatives, IR-1048 and IR-1061 were used. These dyes could not be 

dissolved in either dimethylsulfoxide (DMSO) or acetonitrile (ACN), but were soluble in dichloromethane 

(DCM), therefore QY measurements were carried out only in DCM. Quite importantly, because of the low 

fluorescent signals recorded at other excitation wavelengths with the employed setup, only one excitation 

mode (i.e. laser at λexc ≈ 561 nm) could be used. Due to the low absorbance values displayed by IR-1061 

at this excitation wavelength, only IR-1048 could in the end be chosen for reliable QY calculation. Despite 
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these technical limitations, the performed analysis was thorough and the obtained results appeared 

reasonable when compared to the absolute QYs of the other oligomers6. As expected by such systems, 

larger structures led to lower QYs: in the work of Patra et al.6, absolute values strongly decreased from 

the monomeric to the trimeric forms, ranging from ≈ 94% in the former case to ≈ 10% in the latter. While 

these observations validated the collected results, they also suggest that it would be worth performing 

absolute QY measurements, too. Alternatively, relative QY estimations with different reference dyes and/or 

excitation wavelengths should be repeated to quantitatively confirm the final values of the acquired 

dataset.   

In the following portions of Manuscript I, the focus of the investigations was set on NIR fluorescence 

imaging. It was already known that these benzene-fused species present high chemical stability in air and 

enhanced robustness against reversible reduction and oxidation cycles6. However, the photostability was 

an aspect which had not been addressed so far. According to the results collected at the remote imaging 

detection setup, the NIR fluorescence of both H- and O-dyes was indeed stable in air and did not show 

photobleaching within the time window of the experiments. Furthermore, a simple LED lamp was sufficient 

for excitation, and clear signals could be detected from the NIR-II region after installation of the necessary 

long-pass filters. As reported in literature for several other commonly employed fluorophores (e.g. ICG12,31), 

efficient detection of the off-peak tail emissions can be clearly exploited for multiple applications. These 

findings indeed strongly suggest that the H- and O-oligo-BODIPYs could be implemented as smart inks 

for e.g. security technologies, barcoding or remote biomedical imaging. If higher excitation powers were 

to be used instead, a decrease of fluorescence intensity over time would be expected as from any organic 

dye if compared to e.g. nanomaterials (Section 4.1.3, Section 4.1.4). It would however be interesting to 

perform photobleaching experiments with other state-of-the-art organic NIR fluorophores, considered that 

BODIPY-derivatives similar to the ones employed in Manuscript I are known to display a superior 

stability42,43,87. While qualitative trends can be ascertained quite easily, it must be kept in mind, however, 

that a quantitative comparison of fluorophores is always a complicated task to accomplish. Due to technical 

limitations, it is not trivial to obtain resonant excitation and optimal emission detection for all players in one 

setup, therefore absolute claims should be well reasoned: for instance, the employed filters and the 

detector’s quantum efficiency might favor one fluorophore more than the other. Still, the strong fluorescent 

signal of the H- and O-dyes that was detected at both the microscopy and the remote imaging setups 

clearly outlined the high potential of these dyes. 

In the final, more applicative part of Manuscript I, the coating procedures of the H-oligo-BODIPY on beads 

were described. Organic dyes are commonly coated on microbeads to enhance their typically low QYs 

and water solubility (Section 4.1.5). Among the commercially available materials, PS beads are very 

promising for in vivo imaging applications for several reasons; these include biocompatibility, mechanical 

properties and tailorable syntheses with diverse surface chemistries257. Next to PS beads, also SiO2 ones 

were successfully coated, proving the versatility of the extended benzene-fused oligo-BODIPY dye. 

However, the staining procedure itself needed to be tailored: while the silica beads were resistant to the 
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employed organic solvents and thus allowed facile mixing and evaporation steps, the PS beads proved to 

be very sensitive. As described in the Experimental Section of Manuscript I, a different method was 

therefore followed to avoid dissolving the PS, while, at the same time, allowing dissolution of the highly 

unipolar NIR dyes. This method exploited the miscibility of methanol (MeOH) and diethyl ether (Et2O), 

which were able to solubilize the PS beads and the oligo-BODIPY, respectively. Finally, fast evaporation 

steps of Et2O could prevent any damage to the PS structure.  

H-coated PS dyes prepared as described above were then introduced for microrheological proof-of-

principle experiments into a biological-mimicking environment: actin networks. This globular protein plays 

a role of paramount importance in most eukaryotic cells and its viscoelastic properties are subject to 

numerous studies in the biological field258,259. Typically, these studies rely on video particle tracking based 

on the Generalized Stokes-Einstein equation and the Fluctuation Dissipation Theorem259,260. Within this 

theoretical frame, the Brownian motion of H-dye-labelled beads could be successfully quantified in terms 

of MSD and then converted to shear moduli. Those beads could in this way reveal the concentrations of 

the actin samples in agreement with the Tube Model’s scaling law259: this result clearly showcased the 

potential of the used dyes for biological labelling. Furthermore, the following experiments performed during 

continuous excitation underlined the biocompatible traits of these novel NIR dyes. It is indeed known that 

visible organic fluorophores can generate free oxygen radicals; furthermore, prolonged excitation itself can 

also lead to photodamaging of actin filaments261,262. In most cases, both factors represent experimental 

issues that can compromise the outcome of microrheological studies and, in general, limit the applicability 

of the employed dyes. The lower degree of actin measured in Manuscript I for the H-coated beads 

therefore represents an additional important selling point for these fluorophores. Analogously to what 

observed also for other BODIPY-derivatives43, it could be that this better performance compared to the 

control (Vis) dye was determined by the low yield and/or inaccessibility of triplet states. More theoretical 

studies could perhaps shed more light in this direction. Alternatively, the repetition of these experiments 

with other Vis dyes of high QY and therefore low intersystem crossing (e.g. rhodamines) could help to 

better evaluate the already high promises of extended benzene-fused oligo-BODIPYs for biophotonics. 

Overall, Manuscript I successfully outlined the H- and O-dyes as promising NIR fluorophores for various 

state-of-the-art applications, including bioimaging and biosensing.  

 

  



Chapter 6 – Discussion and Outlook  Gabriele Selvaggio 

214 

6.2 Egyptian Blue: An Ancient Pigment for Novel Bionanotechnologies  
 

With the protocol reported in Manuscript II, Egyptian Blue (EB) could be exfoliated into nanosheets (NS) 

of diameters well below 1 μm. This result represented a clear improvement in the preparation of small 

nanoparticles compared to so far reported studies. As for other 2D materials, the exfoliation of the layered 

structure of EB is likely to be further optimized by the employment of more chemical approaches which 

could make use of e.g. surfactants and milder bath sonication90,100,105,172. These approaches could lead to 

NS of just few layers of thickness and with more regular geometries. In terms of size distribution, a more 

controlled cut-off by means of filtration and/or centrifugation steps could further improve monodispersity of 

the so-obtained samples. With the same protocol reported in Manuscript II, also HB and HP were 

exfoliated into HB-NS and HP-NS, however the focus of this work was centered on EB only. Further 

optimization of the exfoliation of all three silicates was addressed in a follow-up project (Manuscript III, 

Section 6.3).  

The finding that NIR fluorescence is retained in the nanosheet form is of paramount importance. It is known 

that size changes can strongly impact emission of other important platforms for NIR bioimaging such as 

SWCNTs263 and TMDs95,111, and therefore require attention. The finding that EB-NS did not display any 

peak shift in the fluorescence after exfoliation highlights the possibility of employing them as robust 

reference signal for e.g. ratiometric sensing223,264. Furthermore, as for the bulk materials, these NS were 

characterized by long fluorescence lifetime values in the μs regime (≈ 104 longer than QDs, ≈ 106 longer 

than SWCNTs)66. These are a consequence of the parity-forbidden nature of the electronic transition 

(Section 4.3), given that the local D4H symmetry of the copper ion features an inversion center182. Long 

excited state lifetime can unlock different possibilities for efficient sensing schemes, as extensively done 

with e.g. lanthanide complexes22,66. This direction of research was further expanded in Manuscript III 

(Section 6.3).  

It is known that bulk EB exhibits a QY ≈ 11%206, which is exceptionally high compared to several state-of-

the-art NIR fluorophores1,2,11. However, the QY of the exfoliated counterpart (EB-NS) has not been 

investigated so far and should thus be measured in future works with specialized equipment (Section 6.1). 

Although neither absolute nor relative QY measurements were performed in Manuscript II, information on 

size-dependence of the NIR emission was provided by fluorescence saturation measurements and 

correlative studies. The former provided a size estimation for a typical resolution-limited NS and also 

showed that EB-NS were not saturated at the highest laser powers available in the employed setup 

(250 μW). This result suggested that the long fluorescence lifetime does not penalize the absorption of 

more photons, however further experiments at even higher laser power densities would shed more light in 

this direction. Correlative studies, on the other side, unequivocally demonstrated that EB-NS down to few 

tenths of nm in size still display a strong fluorescent signal. While their results represent a crucial step 

forward in the comprehension of how fluorescence scales with size, some points have to be addressed in 
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the future to further refine this dataset. The SEM-NIR dual imaging, which enabled a direct visualization of 

fluorescent resolution-limited NS, appears to be the most straightforward and robust approach since it 

does not require any theoretical calculation. However, in order to not affect surface morphology, EB-NS 

were not coated with gold or any conductive material; this resulted in electrical charging of the NS during 

SEM imaging, which complicated the measurements of the smallest particles. Furthermore, this approach 

did not explicitly account for the height of the EB-NS structures, as it just focused on the x and y 

dimensions. For this reason, it would be ideal to couple a NIR detection setup to an AFM: in this way it 

could be possible to obtain a robust 3D dataset which accounts for the entire volume of fluorescent 

nanostructures. The particle tracking approach, on the other side, did not need imaging at multiple setups, 

however geometrical assumptions had to be made. Analogously to what done for e.g. SWCNTs265, a 

geometrical correction factor had to be applied to the Stokes-Einstein equation to account for the 

anisotropic morphology of the NS. The reliability of this correction factor was cross-checked with a diffusion 

simulation of spherical vs. ellipsoid particles in a specific software (COMSOL). Moreover, to account for 

the temperature- and concentration-dependence of glycerol’s viscosity, independent measures had to be 

carried out in parallel with a rheometer. A power-law fit performed on the collected data indicated that the 

fluorescence intensity scaled with the square root of the particle diameter. Although a trend was clearly 

observable and the signals for structures down ≈ 10 nm were robustly detected, a spread in the dataset 

with regards to the fluorescence intensity was observed. This was most likely determined by the out-of-

focus movements and rotations of freely-diffusing particles, as well as by the heterogeneous NS heights. 

While the former aspect is an intrinsic limitation of this method, the latter could be improved with more 

monodisperse samples.  

The high photostability of EB-NS outperformed organic dyes from several points of view. The observed 

lack of fluorescence shifts in the presence of redox molecules and copper chelating agents, as well as the 

absence of both fluorescence polarization and photobleaching represent some of the main traits that define 

an excellent bioimaging label. The focus of Manuscript II then moved to proof-of-principle bioimaging  

applications of EB-NS in biological systems of interest. Before targeting cellular structures with fluorophore 

labels, it is indeed important to verify the fluorescence behavior of EB-NS in a biological environment, both 

on a microscopic and macroscopic scale. Thanks to the outstanding emission features described above, 

it was indeed possible to perform long-term imaging of EB-NS in a simple biological in vivo system: 

embryos of fruit flies. The Drosophila melanogaster species is a model organism whose biological 

mechanisms are under constant investigations and are of high interest for fundamental genetics and 

developmental cell biology266. During their developmental stage, embryos arrange their nuclei to form 

regular 2D arrays linked to the actin cortex of the plasma membrane. The motion of the nuclei is mediated 

by microtubules and the actin cortex267, therefore the possibility of tracking such movements with 

fluorescent labels is appealing. Unfortunately, Drosophila embryos are normally challenging to image due 

to autofluorescence in the visible region and the high sensitivity to phototoxicity. In light of such issues, 

the outstanding photophysical properties of EB-NS allowed efficient long-term imaging of the embryos in 
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vivo. Furthermore, even though only with an InGaAs camera it was possible to perform video-rate imaging 

(up to 100 Hz) of EB-NS and to detect signals up to 200 fps, Si-based cameras could be quite flexibly 

used, too. The strong NIR-I fluorescence signal indeed allowed acquisitions with reasonably high frame 

rates (50 Hz) also for such detectors; in this way, a reliable MSD dataset at ≈ 10 fps could be acquired 

using the same camera for both NIR (EB-NS) and Vis (GFP) signals. Inspired by a recent study performed 

with SWCNTs268, EB-NS could successfully probe the extracellular space between nuclei. Given that the 

tails of the distribution in Van Hove histograms went beyond the Gaussian function fit (i.e. thermal motion), 

the measured trajectories of EB-NS were determined by active matter behavior. These flow or motor-

driven contractions could be caused by microtubules and kinesin motors in the proximity of the imaged 

nuclei. Furthermore, according to the collected data, EB-NS closer to the nuclei showed smaller 

displacements, likely due to a denser environment. Although this first in vivo application of EB-NS as 

bioimaging fluorophore clearly demonstrated the high promises of EB-NS, further improvement is likely to 

be achieved with surface functionalization. Indeed, as in the case of remote fluorescence bioimaging 

experiments in plants, injected EB-NS were not bearing any particular chemical moiety on the surface 

which could allow targeted imaging. Although unspecific binding proved to be enough to detect active 

matter behavior in the embryos and allow imaging in plants, the outlined results set the basis for further 

decoration of EB-NS with functional groups specifically binding to e.g. microtubules or other structures of 

interest. Such an approach could broaden the spectrum of possibilities for such class of studies. The 

importance of surface functionalization is further explained in Manuscript IV (Section 6.4).  

In remote detection setups, the bright fluorescence of EB-NS compared to e.g. ICG and SWCNTs further 

stands out. Indeed, in such stand-off setups, fluorophores must display a particularly intense emission to 

be robustly detected, because only a small amount of emitted light reaches the detector (≈ 20 cm distance 

between sample and camera). This requirement becomes even more challenging if autofluorescent 

samples such as plant leaves are imaged. The fact that EB-NS emit a bright fluorescence within the NIR-

I window implies that also cheap home-built setups with CMOS cameras, as the one used in Manuscript II, 

can be robustly employed for such purposes. This finding further highlights the versatility of detection of 

EB-NS emission. 

Finally, according to the performed cell toxicity assays the amount of cytotoxic Cu2+ released by biologically 

relevant concentrations of EB-NS seemed to be neglectable compared to e.g. CuSO4. Although past 

studies225–228 have reported significant release of Cu2+, the employed concentrations of EB-NS were in 

these cases also significantly higher (difference of ≈ 1-2 orders of magnitude). Moreover, the released 

amount of bioactive Cu2+ did not present side effects in the corresponding cell studies, but rather promoted 

angiogenesis. The dataset collected in Manuscript II therefore further suggests that, under experimental 

conditions which are biologically relevant for in vivo bioimaging, the released Cu2+ is not cytotoxic. 

Nevertheless, studies with longer time windows are needed to fully verify this finding for future in vivo 

applications. It is likely that the lower ion release compared to CuSO4 and the high photostability of EB-
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NS towards quenching molecules are due to the fact that the copper ions are well shielded within the 

crystal structure and, therefore, not easily accessible.  

Considered the excellent chemical and photophysical properties, as well as the proof-of-principle 

applications in the bioimaging field described in Manuscript II, EB-NS therefore present all the 

characteristics necessary to be regarded as outstanding NIR fluorophores for various future works.  
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6.3 Egyptian Blue, Han Blue and Han Purple: Novel Fluorophores for 

Fluorescence (Lifetime) Bioimaging and More  
 

With the goal of increasing exfoliation yields and obtaining more uniform samples, the exfoliation method 

reported in Manuscript II (Section 5.2.2) could be further improved. Manuscript III presents a reliable 

protocol to assess well-defined NS fractions. Concerning processability, all experimental steps in this work 

were performed in water, so to remove the presence of organic solvents which might hinder biological 

applications. Concerning size distribution, the size cut-off step via syringe filtration was avoided: while on 

one side this could quite robustly yield EB-NS below e.g. 200 nm, the yield was unfortunately low. This 

inconvenience was likely due to clogging of the filter meshes by means of larger NS in the sample. For 

this reason, in Manuscript III centrifugation steps were preferred: the chosen settings, which were 

calculated from a corrected version of the Stokes equation269, yielded more monodisperse samples of 

diameter < 1 μm. The lower tails of the so-obtained size distributions stretched down to few tenths of nm 

in lateral size and to the monolayer regime in height. This is the first report of these copper silicate NS with 

such narrow and uniform dimensions. The fact that the NS population could efficiently be described with 

a log-normal fitting function is a clear indication of fragmentation, which implies the presence of high 

(shear) stresses during milling and/or sonication. To this regard, as first observed for EB-NS in 

Manuscript II, this high-energy exfoliation protocol leads to NS of irregular morphologies. As previously 

suggested, promising methods for the yield of resolution-limited NS of more homogeneous geometry could 

be represented by milder procedures such as bath sonication together with cationic surfactants (e.g. 

CTAB219,220). 

The focus of this dissertation is however mostly set on the photophysical properties of EB-NS, HB-NS and 

HP-NS. In terms of preservation of absorption and fluorescence features, the same considerations made 

for EB-NS in Manuscript II can be applied here for HB-NS and HP-NS. More precisely, neither significant 

excitation/emission wavelength shifts nor photobleaching events were observed. Furthermore, resolution-

limited NS were still fluorescent, meaning that the photophysics of all three layered silicates is robust 

enough to endure exfoliation without losing the characteristic optical features. However, an important 

aspect necessary to get the full picture of the photophysics of these nanomaterials could not be covered 

in Manuscript III: the QY. Analogously to what was said for EB in Section 6.2, bulk measurements have 

been reported in past studies for HB (QY ≈ 6.9%196) and HP (QY ≈ 0.9%195), but are lacking for the NS 

counterparts. The outlined work of this thesis sets the basis on which such specialized measurements can 

be carried out in the future. It would certainly be interesting to compare the QY of these NS with other Si-

based nanomaterials such as Si NPs270: these nanocrystals are known to emit a long-lived (μs range) NIR-

I fluorescence whose main features (λmax, QY and τ) are known to change with particle size and surface 

functionalization. Useful insights on the photophysics of EB-NS, HB-NS and HP-NS were nevertheless 

obtained by measurements of the excited state lifetime. A main portion of Manuscript III was dedicated 

to the investigation of this specific aspect of fluorescence which can be robustly exploited for bioimaging. 
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For a deeper understanding, both time-domain (TCSPC) and frequency-domain measurements were 

carried out with either advanced and customized microscopy setups or simple and commercially available 

detectors. To study fluorescence lifetime during frequency fluorescence lifetime imaging (FLIM) 

acquisitions, a specific home-built microscopy system was developed, which collected lifetime values by 

recording the delay of the fluorescence signal in relation to the modulated laser excitation. Differently from 

scanning methods where lifetimes are measured pixel by pixel, this solution allowed to directly obtain 

fluorescence lifetime images. The clear decrease in τ values observed in both time- and frequency-domain 

datasets could be ascribed to changes in the NS symmetry and/or to the presence of defects which could 

have been introduced during the exfoliation steps. Although amorphization of the crystal structure had 

been excluded according to earlier XRD investigations on milled EB-NS, the incorporation of local defects 

is in these circumstances possible and is known to directly affect fluorescence lifetime221,271,272. It could 

indeed be that non-radiative decay pathways were in this way enabled and/or radiative rate constants 

were increased. Nevertheless, the recorded lifetime values for all NS were still in the μs range and, thus, 

several orders of magnitude longer than typical dye-based fluorophores. Additionally, the analysis of 

different regions of the FLIM phasor plots shed further light towards the understanding of NS lifetime. Such 

plots display the frequency-domain lifetime data according to the calculated phase angle (φ) and 

modulation ratio (M) for each camera pixel. This revealed that the NS silicates can be easily identified 

according to their lifetimes and that size-dependent subpopulations exist within the samples. Quite 

importantly, the first finding could be confirmed also by installing the same FLIM camera in a simple home-

built remote detection setup: although a quantitative analysis was not possible here due to camera 

calibration issues, the so-obtained uncalibrated lifetime values could still clearly show an improved contrast 

and an easy distinction between EB-NS, HB-NS and HP-NS. These results clearly open up several 

opportunities for lifetime engineering of these NS in the biomedical field22. For instance, the possibility to 

cut-off short-lived background fluorescence and yield better contrast during imaging sessions can be 

extremely advantageous. Besides that, fluorescence lifetime is a powerful tool for bioimaging, biosensing 

and multiplexing: indeed, the excited state lifetime can also be used to monitor fluorophore functional 

changes caused by environmental factors. In this way, FLIM represents a complementary imaging method 

to the traditional fluorescence intensity-based measurements22,66.  

Analogously to what done with EB-NS in Manuscript II, fluorescence intensity-based remote detection of 

HB-NS and HP-NS was tested, too. Measurements performed with an InGaAs camera confirmed once 

more that these silicates are robust emitters. For example, the fluorescent signal appeared stable for a 

period of time ranging from several minutes to hours. Moreover, fluorescence seemed to be not affected 

or to not display a significant decrease due to the presence of buffer, acidic pH and ionic species. In order 

to get more insights in this direction, follow-up works with longer time windows (t > 1-2 h) are 

recommended. More colloidal stability tests might also reveal differences among the NS samples that are 

known from the bulk counterparts, e.g. the instability of HP in the presence of even weak acids180. If this 

sensitivity of HP-NS to acidic pH were to be confirmed, the design of biosensors for applications in 
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biological environments of variable acidity (e.g. leakage detection of the gastrointestinal tract) could be 

envisioned10. In terms of colloidal stability, steps forwards can certainly be made by means of surface 

functionalization (Manuscript IV, Section 6.4). Nevertheless, a clear improvement in Manuscript III was 

already observable by naked eye compared to the work in Manuscript II, since sedimentation processes 

were significantly slowed down. This was most likely due to the higher presence of smaller NS in the new 

samples. Such kind of long-distance imaging modality can however also be employed to mimic the 

requirements for e.g. image-guided surgery or remote detection of fluorescent barcodes. Fluorescence 

intensity-based measurements performed at the same remote detection setup proved that the emission of 

EB-NS, HB-NS and HP-NS can be detected through several mm of tissue. Even though the collected data 

is definitely promising, better results could likely be achieved with higher light intensities (e.g. laser 

illumination instead of the chosen LED) and in FLIM mode (which was not performed in this work due to 

technical issues with the corresponding camera). Furthermore, the NIR-I nature of the NS fluorescence 

does not allow EB-NS, HB-NS and HP-NS to share the same optimal tissue penetration of NIR-II players, 

e.g. SWCNTs14 (Section 4.1). In this regard, the slightly red-shifted fluorescence of HB(-NS) measured in 

Manuscript III is more appealing. However, it is likely that the breakthrough in red-shifting fluorescence 

into the NIR-II region will be achieved by tailoring material doping, as already outlined by some promising 

works in literature273–275. 

In conclusion, the cytotoxicity assays performed on three different cell lines with biologically relevant NS 

concentrations (0.0001-0.1 mg/mL) demonstrated the biocompatible nature of all three silicates on a time 

scale relevant for acute toxicity. Again, longer time windows and/or elemental analysis including inductively 

coupled plasma-mass spectrometry (ICP-MS) or inductively coupled plasma-optical emission 

spectrometry (ICP-OES) could be performed in the future to validate the promising trend observed with 

these NS as NIR contrast agents. As hypothesized for EB-NS in Manuscript II, the well-shielded 

environment around the copper ions most likely limits their release into the cell medium compared to similar 

systems.  

The findings reported above underline that EB-NS, HB-NS and HP-NS present the potential to be 

employed in future works both as robust reference signals and versatile sensors. Additional directions for 

sensor design could indeed be investigated, as, for instance, the detection of siderophores276–281. These 

are small high affinity chelating molecules that are produced by microorganisms (e.g. bacteria and fungi) 

for the acquisition of an essential nutrient, i.e. iron. Some siderophores in particular (e.g. pyoverdine and 

pyochelin) are known to bind (chelate) several other metals besides iron, including the copper ion (Cu2+) 

present in all three silicate NS. Recent studies have shown that EB-NS can be employed as reference 

signal for ratiometric detection of metabolites and virulence factors (including siderophores) which were 

released from bacteria223. However, preliminary tests performed on smaller NS with pyoverdine from 

bacterial strains seemed to show an effect on their optical properties, suggesting that the Cu2+-chelating 

action of pyoverdine and similar molecules might influence the photophysics of the smallest NS. Another 

very promising sensing concept that could be investigated in the future is represented by fluorescence 
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manipulation with metallic nanoparticles282–286. It is known that such systems (e.g. gold NPs) are able, 

thanks to their strong plasmon field, to affect the fluorescence of nearby fluorophores, leading either to 

quenching or enhancement. This effect is highly sensitive to a large number of parameters, including the 

wavelength of the incident light, particle size, nature of the metallic element, distance from the nanoparticle, 

the surrounding medium and surface functionalization. In this way, this phenomenon could be explored for 

novel sensing schemes with EB-NS, HB-NS and HP-NS. However, the plethora of experimental variables 

that determine field-enhancement or quenching make the tailoring of this effect quite challenging. 

Collected preliminary results were indeed non-conclusive, as mostly random fluctuations of fluorescence 

of EB-NS were observed. Future works could focus on the implementation of better-defined sizes of NS 

and Au NPs, as well as (3D-printed) polymeric scaffolds: these structures could allow a better control over 

the mutual orientation of the nanoparticles and perhaps lead to applications as mechanical sensor.  

As will be described in Section 6.4, the number of potential NS bioimaging and biosensing applications 

can exponentially increase as soon as the surface chemistry will be tailored. Considered the outstanding 

chemical and photophysical properties of the described EB-NS, HB-NS and HP-NS, it is to be expected 

that these novel players will be extensively employed in future works for bioimaging applications and more.   
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6.4 The Si-H Activation Approach: Covalent and Versatile Chemistry for 

Surface Functionalization of EB-NS  
 

The core message described in Manuscript IV is that the already promising properties of EB-NS for the 

biomedical field would drastically benefit from the tailoring of surface functionalization. Silicates as well as 

most of the inorganic (2D) nanomaterials are indeed typically hydrophobic and chemically inert109,111,112,234. 

In order to increase colloidal stability and biocompatibility, and to specifically target biological structures, 

a tailored surface modification with functional handles is therefore required. In Manuscript IV, 

functionalization of EB-NS (EBfunc) with chemical moieties including pyrene (Pyr) and carboxylic acid 

(COOH) was performed. The chosen grafting approach, based on Si-H activation of hydrosilanes248, 

presents high potential. First of all, differently from other non-covalent approaches, the robustness of 

covalent grafting implies that so-functionalized systems are not affected by dynamics in the biological 

environment. Secondly, the grafting reaction could be performed at room temperature, was fast and a 

reaction indicator (i.e. the characteristic hydrogen evolution) could be followed by eye. Furthermore, 

hydrosilanes present high stability and are thus easier to handle compared to other more sensitive coupling 

agents. Last but not least, the approach of Moitra et al.248 is highly versatile, given the plethora of available 

functional groups that can be grafted with this method. Such broad spectrum of possibilities can lead to 

multiple exciting opportunities for the employment of EB-NS in biomedicine, as will be outlined in the final 

paragraphs of this section. 

The first chemical moiety to be covalently bond on EB-NS in Manuscript IV was pyrene. As observable, 

from the acquired 2D spectra, the position of the characteristic NIR fluorescence of EB-NS was untouched 

after functionalization. This is a very important finding that underlines the outstanding robustness of the 

silicate’s photophysical properties. Additionally, it also suggests the absence of energy transfer events 

between Pyr and EB-NS. Indeed, although both radiative and non-radiative energy transfers between 

pyrene and other chromophores have been extensively reported and could unlock novel interesting 

properties, the Pyr fluorescence and the EB-NS absorption did not display the required spectral  

overlap250,287,288. Although it seems like the photophysics of EB-NS was not affected by functionalization, 

follow-up works should also address QY measurements. For instance, as mentioned in Section 6.3, a 

clear dependence of QY and lifetime from functionalization was reported for NIR-emitting Si 

nanocrystals270. 

Besides the mentioned spectroscopy, the pyrene dataset was validated by diverse characterization tools, 

including fluorescence microscopy and ssNMR. The COOH-functionalized EBfunc, on the other side, was 

uniquely addressed in Manuscript IV by zeta potential measurements. Considered that acidic groups tend 

to dissociate in water at neutral pH, the presence of COOH on the already negatively charged surface of 

EB-NS could be revealed by a further decrease in the zeta potential278,289. Furthermore, this 

characterization method could confirm the increased colloidal stability after functionalization: indeed, in 
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agreement with the DLVO theory290,291, a higher degree of particle repulsion (i.e. lower formation of 

aggregates) results in higher absolute values of the zeta potential. Although these observations already 

strongly suggest the positive outcome of the grafting of carboxyl groups on EB-NS, this dataset could still 

benefit in future works from additional characterizations. For a more qualitative and quantitative information 

on the grafting yield, fluorophore coupling via classical amide chemistry could certainly be insightful234,292. 

A first attempt was made with amine-bearing visible fluorophores following established coupling chemistry 

routes292–294. For this task, both cyanine-3-amine (amino-Cy3)  and sulfo-cyanine-3-amine (sulfo-amino-

Cy3) were tested. A screening of different experimental parameters was carried out: tested coupling 

agents included 1-[bis(dimethylamino)methylene]-1H-1,2,3-triazolo-[4,5-b]pyridinium 

hexafluorophosphate (HATU)294, N-ethyl-N′-(3-dimethylaminopropyl)-carbodiimide hydrochloride 

(EDC·HCl) and 1-hydroxybenzotriazole hydrate (HOBt)293, together with the aprotic base N,N-

diisopropylethylamine (DIPEA). Unfortunately, washing steps to remove excess (unbound) Cy3 have 

resulted more challenging than foreseen: indeed, even after several days of dialysis, Cy3 molecules could 

be detected in high amount during Vis-NIR colocalization experiments in both EBfunc and noCAT samples. 

This was likely due to the presence of electrostatic interactions between the negative surface charges of 

the silicate NS and the positively-charged amino groups of the chosen dye. For this reason, harsher 

washing steps with buffers of higher ionic concentration, the employment of positively-charged antagonist 

molecules (e.g. CTAB289) or the choice of a different fluorophore (e.g. OH-bearing dyes to be coupled with 

EB-NS via Fischer esterification) could represent next steps to take in the direction of successful 

fluorophore coupling.  

In order to further prove and better quantify covalent functionalization of EB-NS with carboxyl groups, 

additional analytical tools can be considered in the future. X-ray photoelectron spectroscopy (XPS) is a 

standard technique that is routinely used to measure surface accessible groups of multiple 

(nano)structures, and is therefore worth testing on COOH-functionalized EBfunc. Also other techniques 

such as small-angle neutron scattering (SANS)  and energy-dispersive X-ray spectroscopy (EDX) can 

typically provide information on the surface of nanomaterials295,296. EDX can typically perform reliable 

elemental mapping for several materials, however it would suffer from low sensitivities if it were to be used 

for the detection of COOH signals on the NS structures. Alternatively, solid-state NMR (ssNMR) could be 

employed analogously to what was done with the Pyr-functionalized EBfunc dataset. Although with this 

method it was possible to detect the relevant features of pyrene, the overall signals were however 

challenging to acquire and interpret. Despite the implementation of optimized acquisition settings (e.g. a 

higher number of scans), the noise could not be reduced as hoped for. This is likely due to the fact that 

the grafted pyrene moieties, although present, were in significantly lower numbers if compared to the entire 

(bulk) volume of a typical NS structure. Most likely because of the same reason, ssNMR did not result 

successful for the analysis of COOH-functionalized EBfunc. Considered that in this work larger EB-NS 

(ranging from a few microns to tenths of nm) were chosen as starting material, a possible way to increase 

the ssNMR could be to increment the surface area by employing NS well below 1 μm in size. Alternatively, 
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plasma treatment of EB-NS prior to grafting could also lead to a higher number of Si-OH bonds on the 

surface297,298. Furthermore, the use of functional linkers and/or labels with isotopic patterns could help to 

unambiguously prove the functionalization. A simple option in this direction could be the employment of 

highly enriched 13C-labelled CO2 for the Grignard reaction; in this way, the expected drastic signal 

enhancement would allow a much easier detection of the COOH moiety. 

In the final section of Manuscript IV, a proof-of-principle application of targeted imaging on cells was 

presented. The typical upregulation of the folate receptor in specific cancer cells was exploited for this 

study; more precisely, HeLa cells were chosen due to the characteristic high amount of FRα on their cell 

membranes. In this way, targeted imaging of these cells with FA-conjugated EBfunc could be verified. 

Although the collected results were promising and showed a clear trend, more statistics is definitely 

required to quantitively assess the targeting efficiency. It must be underlined, however, that labelling of 

HeLa cells is absolutely not the only possible outlook enabled by the performed chemistry. An alternative 

bioapplication of COOH-functionalized EBfunc could be represented, for example, by conjugation to a 

peptide sequence. It is well known that peptide-motives are straightforward to synthesize, non-

immunogenic and chemically tailorable handles for biological targeting299. Among them, the arginine-

glycine-aspartic sequence (RGD) displays high and specific affinity to αvβ3 and αvβ5 integrins, which are 

typically overexpressed on the membrane of tumorous cells and have thus been exploited for e.g. drug 

delivery and targeted imaging in numerous studies289,300–304. Established conjugation protocols that 

address NH2 groups of (cyclic) RGD peptides could thus be adapted and applied to COOH-functionalized 

EBfunc to allow specific binding of the silicate NS to membranes of e.g. human leukemia HL-60 

cells130,302,305,306. Additionally, several other viable bioconjugation routes exist234,300. Antibodies307,308 and 

nanobodies309–311 are extensively used in clinical applications and are in most cases conjugated via their 

lysine amines. Conjugation of single- or double-stranded DNA, which would be achievable by means of 

commercially available cross-linkers, represents another option that could further broaden the spectrum 

of probing applications in biological systems312. Furthermore, DNA and RNA aptamers313,314 are also 

commercially available and can be engineered to bear a single accessible amine at one end of the 

molecule; this feature would enable a higher degree of control during the coupling steps.  

While the focus was so far mostly set on labelling applications, it has to be pointed out that there can be 

much more to that. Indeed, surface modifications can also allow the design of sensitive nanosensors and 

multifunctional platforms. For instance, as performed on similar systems such as NIR-emitting silicon 

nanocrystals270, the fluorescence lifetime of functionalized EB-NS216 could additionally be investigated in 

vitro and in vivo in terms of e.g. pH dependence; next to that, time-gated biological imaging could 

drastically increase contrast66. Considered that EB-NS has been reported to be a very efficient 

photothermal agent225,226, targeted imaging could be followed by treatment of tumorous cells (e.g. human 

prostate cancer cell lines315) or bacteria316,317. Although mannosilation is quite routinely performed for virus 

capturing and detection, a few bacterial species also present the necessary receptor on their surface; for 

these reasons coupling of COOH-functionalized EBfunc with e.g. mannosamine could lead to novel 
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applications for both virus and bacteria detection318–321. Finally, the versatility of the functionalization 

strategy that was chosen for EBfunc can be further exploited: indeed, the same chemistry can be applied 

to silanes bearing various functional groups of diverse chemical nature248. In Manuscript IV carboxyl 

groups were grafted onto the surface of EB-NS due to foreseen improvement in colloidal stability and the 

numerous bioconjugation possibilities that COOH-functionalized EBfunc could be employed for, as 

described above. To mention some alternatives, amine-bearing allyloxycarbonyls (R = NH-Alloc) could 

allow peptide conjugation, whereas, by grafting azides (R = N3), a standard technique for bioconjugation 

such as the strain-induced or copper-catalyzed azide-alkyne (Huisgen) cycloadditions could be used for 

e.g. labeling with antibodies. If thiol groups (R = SH) or pyrene were to be decided for, then respectively 

covalent and non-covalent conjugation to SWCNTs would become possible: in this way, the different 

spectral features of SWCNTs or other sensitive dyes could be exploited together with EBfunc for e.g. 

ratiometric detection and multispectral imaging.  

From what outlined above, it is clear that the successfully performed covalent functionalization of EB-NS 

can open multiple doors in diverse research directions. Taken into account that even more (bio)conjugation 

options exist in literature234 and considered the highly promising chemical and photophysical properties of 

EB-NS, it is to be expected that this novel fluorophore will be extensively employed in future biomedical 

studies. 
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7 │ Conclusions  
 

In the last decades, the design of novel NIR-emitting materials and molecules for biomedical applications 

has gained increasing interest in the scientific community. This is due to their optimal photophysical 

properties, which allow high tissue penetration, better contrasts and lower phototoxicity. By means of 

optimized preparation routes, thorough characterization studies and promising proof-of-principle 

applications, this doctoral thesis presented novel candidates for bioimaging and more. These belonged to 

two different classes of materials: BODIPY-based organic dyes and layered silicates (Figure 7.1). Despite 

their intrinsic structural differences, the species investigated in this work shared outstanding fluorescent 

features and high promises for numerous state-of-the-art technological fields.  

The NIR emission of the hexameric (H) and octameric (O) forms of extended benzene-fused oligo-

BODIPYs were described in Manuscript I for the first time. 1D and 2D spectroscopy highlighted their 

narrow fluorescence bands as well as their broad Vis-NIR absorption, which could be tuned with different 

concentrations and solvents. The high photostability and brightness of these dyes allowed their robust use 

as smart inks in remote detection. Furthermore, efficient coating onto PS and SiO2 microbeads enabled 

colocalization imaging with Vis-labelled actin filaments. Above all, H-coated PS beads could be 

successfully employed for the first bioimaging application of this group of dyes, i.e. fluorescent-based 

passive microrheology of actin filaments. Quite importantly, the continuous illumination of the hexamer did 

not lead to significant actin degradation, thus highlighting the biocompatible nature of this class of NIR-

fluorescent BODIPY-derivatives. Although Manuscript I already contributed to shed further light on the 

photophysics and the promises of these materials, there is still much that can be done next. Having 

reported relative QY measurements in this work, absolute QY estimation with specialized equipment could 

help to better describe the properties of these dyes. If the formation of J-aggregates were to be reported, 

this could make the employment of these materials as NIR-II fluorophores even more promising. 

Additionally, the narrow fluorescent features could for example result very efficient for multiplexing 

schemes. Going further in the direction of potential applications, the performed remote detection imaging 

sessions suggest that H- and O-oligo-BODIPYs could be used for barcoding and biological labeling as 

well as for security technologies. As these are just few directions that can be chosen as follow-up studies 

of Manuscript I, the belief is that this work provided a significant contribution to the general landscape of 

NIR-emitting organic dyes.  

Manuscript II demonstrated for the first time that EB-NS are to be considered highly promising novel 

fluorophores for biophotonics. A novel exfoliation route based on wet ball milling and tip sonication allowed 

to prepare NS of lateral sizes below the micron range and of just few layers of thickness. The most 

important finding of this work is that so-exfoliated NS retained the NIR optical properties of the bulk 

counterparts. By correlative studies it could be shown that this is true for EB-NS down to just few tenths of 

nm in diameter. Furthermore, these NS did not show photobleaching and the fluorescence properties were 
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not affected by redox active molecules and typical quenchers. Additionally, the remarkably bright 

fluorescence could be easily detected in both microscopy and remote detection setups compared to state-

of-the-art fluorophores. Thanks to the outstanding intensity and the NIR-I nature of EB-NS emission, high 

frame rates could be implemented for imaging with both a NIR-optimized InGaAs camera and a much 

cheaper Si-based one. Besides the barcoding and smart ink applications, Manuscript II paved the way 

for employment of EB-NS in the biomedical field. First of all it was shown that EB-NS do not present 

cytotoxicity in multiple cell lines. Next to that, this study was the first to report the use of EB-NS for in vivo 

microrheological measurements in fruit fly embryos. Moreover, stand-off detection in plant was easily 

achievable, again thanks to the NIR emission brightness which clearly overcame leaf autofluorescence. 

While this work set the foundations of EB-NS as biolabeling agents and clearly demonstrated their 

applicability with proof-of-principle experiments, it also indirectly implies that more investigations on these 

layered silicates are required to fully unleash their potential. Improvement of the exfoliation route (as 

addressed in Manuscript III) could lead to even smaller and more monodisperse samples. If well-defined 

monolayer NS were to be prepared, this could perhaps allow sensing applications in e.g. strain-activated 

systems. While the significantly long (μs range) fluorescence lifetime of the exfoliated NS might also be 

relied on for the design of sensors, it could certainly be exploited in FLIM mode to enhance the imaging 

contrast (Manuscript III). Given that it is still not clear how the fluorescence of these novel fluorophores 

scales with size, follow-up correlative investigations would be worth performing. Considered that the 

reported in vivo experiment was carried out with unfunctionalized EB-NS, surface modification routes could 

further expand the range of possible biological applications of these layered silicates (Manuscript IV).  

In Manuscript III, the exfoliation protocol previously applied to EB-NS was optimized and employed also 

for the preparation of HB-NS and HP-NS. This work represents the first thorough characterization of NS 

derived from this family of layered silicates. With the chosen exfoliation procedure, monodisperse samples 

of EB-NS, HB-NS and HP-NS displaying resolution-limited sizes and improved colloidal stability could be 

obtained. Analogously to what observed earlier for EB-NS (Manuscript II), also HB-NS and HP-NS 

retained their NIR fluorescence: the observed emission profiles, determined by the shared copper ion in 

squared planar coordination geometry, appeared very similar to one another, with a slightly red-shifted 

emission maximum for HB-NS. Quite importantly, all silicates showed no bleaching and were not 

significantly affected by pH and ionic environments. Furthermore, with the intention of collecting insights 

on the long-lived fluorescence lifetime of these materials, both lifetime spectroscopy and imaging could be 

robustly performed with different detection systems, also down to the single-particle level. The intense 

NIR-I fluorescence of all silicates also enabled easy remote detection during both intensity- and lifetime-

based acquisitions. While with fluorescence intensity-based measurements it was possible to demonstrate 

a significantly high penetration in tissue phantoms, with lifetime-based measurements an enhanced 

contrast and a clear distinguishable labelling of the NS could be achieved. As required by biomedical 

applications, EB-NS, HB-NS and HP-NS did not display cytotoxicity at biologically relevant concentrations. 

These findings thus strongly highlight the potential held by these materials for biological imaging, lifetime 
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engineering and biophotonics in general. In terms of future studies, as mentioned for EB-NS, monolayer 

samples could be of interest for e.g. sensing applications. The implementation of milder techniques such 

as surfactant-assisted bath sonication could in this regard be advantageous and lead to better defined 

shapes and sizes. Size-correlation studies and material doping strategies could additionally shed more 

light on the photophysics of these materials and perhaps allow deeper tissue penetration with the red-

shifting of emission.  

Finally, the last work described in this dissertation reported the first example of covalent and versatile 

functionalization of EB-NS (Manuscript IV). This result was achieved by applying an established literature 

protocol for silica particles which was based on Si-H activation of hydrosilanes. With this surface chemistry, 

pyrene and carboxyl groups could be covalently bond on the surface of the layered silicates. Quite 

importantly, this procedure did not affect the excellent photophysical properties of EB-NS, thus once more 

highlighting the outstanding stability of this material. Pyrene was chosen as first chemical moiety to be 

tested with this approach because of its characteristic visible fluorescence. In most of the numerous 

characterization tools which were employed to confirm functionalization, pyrene’s signature could in this 

way provide a robust reference signal. It was then chosen to graft carboxyl groups onto EB-NS with the 

same procedure because of their biological relevance. COOH-functionalized EB-NS indeed not only 

displayed an increased colloidal stability, but also enabled successful conjugation of folic acid and 

consequent targeted imaging of cancer cells. This proof-of-principle biological application is 

unprecedented and of high relevance for the biomedical field. Considered its covalent nature, this 

functionalization route is not affected by dynamics of biological environments and is, therefore, very robust. 

Furthermore, analogously to what done with several other established fluorophores, surface-accessible 

carboxyl groups can be conjugated to multiple biomolecules of interest, e.g. peptide sequences, 

antibodies, nanobodies, single- or double-stranded DNA, aptamers, etc. Additionally, this novel surface 

chemistry could extend applications well beyond labelling. Indeed, if other relevant properties of EB-NS 

such as the high photothermal conversion efficiency are considered, the design of multifunctional platforms 

for photothermal therapy as well as sensing and/or drug delivery becomes now possible. Finally, thanks 

to the broad library of R groups that can be grafted according to this approach, future works can branch 

into even more diverse directions. All considered, the study described in Manuscript IV defines EB-NS as 

a versatile novel addition to the library of NIR fluorophores. 

In conclusion, this doctoral thesis established novel classes of promising NIR fluorophores for 

biophotonics. It advances the basic understanding of their photophysics, preparation as well as surface 

chemistry and showcases applications in imaging with high potential.  The author’s strong belief is that 

these new fluorophores will lead to exciting new studies in multiple state-of-the-art technologies.      
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Figure 7.1 Overview of the topics described in this doctoral thesis. This work focused on the design 

and characterization of novel near-infrared emitting platforms for biomedical applications. Manuscript I 

described the emission features of some extended benzene-fused oligo-BODIPYs and outlined the high 

potential of these organic dyes for e.g. microrheological  studies of biopolymers. Manuscript II presented 

the outstanding photophysical properties of exfoliated EB-NS with proof-of-principle bioimaging 

applications in fruit flies and plants. Manuscript III further highlighted the promises of EB-NS and the 

homologues HB-NS and HP-NS by optimizing the exfoliation procedure and thoroughly characterizing the 

fluorescence properties. Finally, by means of a covalent approach, Manuscript IV outlined the importance 

of surface functionalization of EB-NS with the first reported example of targeted bioimaging of cells. 

Adapted with permission from ref. 322. Copyright 2021 Royal Society of Chemistry. Adapted with 

permission from ref. 278. Copyright 2020 Springer Nature. Adapted with permission from ref. 216. Copyright 

2021 Royal Society of Chemistry. Adapted with permission from ref. 323. Copyright 2022 ChemRxiv. 
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