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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 < A < 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 (CaCuSisO10, 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 (BaCuSisO1o, HB)
and Han Purple (BaCusSi,O¢, 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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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 toxicity!—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
penetration'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”34. 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 studies®. 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-BODIPYs®. 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



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 |, which focused on characterization and proof-of-principle applications
of H- and O-o0ligo-BODIPYs. Section 5.2 includes Manuscript I, which presented for the first time EB-NS
as novel NIR fluorophore for biophotonics. Section 5.3 presents Manuscript Ill, 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.



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 Réntgen, 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))*37. 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 (MR,
PET, SPECT and CT)*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 probes'-3. However, in vivo
fluorescence imaging using traditional wavelengths in the visible spectrum (400 nm < A < 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)%:
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



photon wavelength is instead observable in the case of photon scattering (us’ o< A9, with a = 0.2-4%). 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)'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 lllustration showing the
typical interactions that take place between an incoming photon and the imaged tissue. b Reduced
scattering coefficient (us) 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-/I windows (Aexc = 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. °. 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 < A < 3000 nm3#). Compared to the traditional visible
regime, the NIR range of wavelengths 700 nm <A <1700 nm has shown to enable reduced photon

scattering, tissue autofluorescence and absorption (Figure 4.1b-e)%2719, In this way, deeper tissue optical



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 < A < 1000 nm) and the second NIR window (NIR-II,
typically 1000 nm < A < 1700 nm)12411-13 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-1l 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%%). The same cannot be said for
fluorescence detection of the more recent NIR-1l 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-lla (1300 nm < A < 1400 nm?4) and NIR-1lb (1500 nm < A < 1700 nm?®) 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-Il window, most of the
scientific endeavors are nowadays dedicated to the design of NIR-II fluorophores and the optimization of
the corresponding excitation/emission features'é. 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. IRDye800CW?). Furthermore, in-depth toxicological studies on most of these fluorophores are
either lacking/incomplete or present clear limitations for clinical translation217, 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-1l 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. 8. Copyright 2011 National
Academy of Sciences. Adapted with permission from ref. 1°. 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. 2324, Copyright 2018 Wiley-VCH. Adapted with permission from ref, 2526,
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 toxicity?”. 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)1271217 |n 1958,
the first NIR fluorophore was approved by the U.S. Food and Drug Administration (FDA): indocyanine
green (ICG)828-30, This tricarbocyanine is negatively charged, amphiphilic but more hydrophobic, and emits
fluorescence at A = 800 nm with a maximum quantum yield (QY) in serum of = 9-12%*31-34_ |CG has been
extensively employed in human patients for intra-operative imaging of anatomical features (e.g. fundus
angiography and lymphography?) and image-guided surgical removal of diseased tissues. Similar clinical

applications have been carried out some years later with methylene blue (MB)?: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-1 window (A = 700 nm, QY = 4-10% in serum?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-Il 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 proteins?®. 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 serum?!1131343%) and non-sulfonated cyanine dyes (e.g.
Cy5.5 and Cy7, positive charge, QY =22%!383% and =28%%113° in phosphate-buffered saline,
respectively). Zwitterionic cyanine dyes, on the other side, display a neutral net charge, can target tumors
expressing the integrin a,B3 even without functionalization and have reported QY = 15-20%?3438, 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 groups?!. Very versatile and promising NIR-1 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 water49-43) and has been used
e.g. for targeted imaging of amyloid beta plaques in mouse brain for the study of Alzheimer’s disease*°.
As for other classes of organic fluorophores, the emission wavelengths of BODIPY-based dyes can be
tailored so to red-shift into the NIR-Il 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%124445), whose
luminogens (AlEgens) 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 nanopatrticles, 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 < Aexc < 1100 nm, 700 nm < Aem < 1400 nm?) as are
the achievable quantum yields (0.5% < QYs < 50%?4647). 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%?114849 put, 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 nm®95%), 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



from efficient (“molecular”) pharmacokinetics due to their extremely reduced dimensions (QY = 1%?*:5253
and = 17%%5455 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 photostability’.
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 nanopatrticles 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 < 309%?1261.711,17.56-60). 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-1I). 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 strategies®?"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-Il 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)27. Just slightly more than five years ago, CH1055 (QY = 0.3%°52) was reported as the first
SMD for in vivo NIR-1I 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



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 < Aem < 1800 nm?') and
quantum yields (in most cases 1% < QY < 13%, but QY up to 90% has been reported, too!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,
NaYF.). The characteristic narrow and sharp emission peaks of RENPs can be tuned through the NIR-II
region, allowing multispectral NIR-1l imaging. The typically long excited state lifetime (1) of RENPs (in the
hs-ms range??) 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)%. Compared to RENPs, much shorter lifetimes (in the range
of 10-100 ps®’) and much lower quantum yields (QY = 0.1-1%%71768-70) are reported for SWCNTSs.
Nevertheless, these 1D nanomaterials play a role of paramount importance in the field of NIR-II
fluorescence bioimaging and sensing’t. SWCNTs can be broadly excited and their emission spectral
features (900 nm < Aem < 1800 nm?t) 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
bands’2. 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)®”-1. Thanks to
their long wavelengths, their sensor properties, their versatile functionalization strategies and their
excellent mechanical and photophysical stabilityy, SWCNTs have starred in humerous 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 morel111767.71  Unfortunately,
despite their enormous success, the biocompatibility of SWCNTSs is still an extremely controversial topic
which has so far represented the main obstacle for their employment in human patients’1.73-76, Similar
challenges are also faced by other inorganic probes (e.g. QDs and RENPS), as briefly mentioned at the

end of Section 4.1.312.7.17,

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-11 (c) and
NIR-Ila (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. 4. 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 (1). 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
(9) 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 derivatization.7:12,
NIR-1I 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-11-A)!2,
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



wavelengths, the NIR-II fluorescence brightness (i.e. product of QY and extinction coefficient €), and the
chemo- and photostability. With regards to the bathochromic shift to longer NIR-1l 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-aggregates'?. For example, ICG-derivatives could be extended from the
NIR-I to the NIR-1l window (up to A = 1300 nm) thanks to the lengthening of the polymethyl chain’. 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 ¢
and lower 1. Unfortunately, however, both their preparation and stabilization procedures are typically
cumbersome!?’7. In terms of brightness improvement in the NIR-1l 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-1I) systems in aqueous solutions'2. 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 vyields 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)!?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 enhanced?*?.

Based on general molecular engineering concepts as the ones outlined above, numerous NIR-emitting
fluorophores with molecular skeletons such as cyanines30.’8, BODIPYs*243, rhodamines’®89, porphyrins8!-
8 and squaraines®4® have been prepared in recent years?. 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 photovoltaics®8. 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 dye*3. The remarkable (photo)stability is further proven by the discrete insensitivity
to environmental polarity and pH, as well as the decent stability to physiological conditions#243:87, Although
the fluorescence emission maxima of BODIPY dyes is originally relatively short (Amax < 600 nm?&8), 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



modified via extension of the delocalized 1-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-position1428687 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 < Aem < 1200 nm) and have already shown high
potential for bioapplications”*?. 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-1 emission®. In a more recent work, it was also reported that electronic
saturation of the highly electron-depleted (aza-)BOIMPY skeleton by B-alkoxy/a-aryl groups can also yield
wavelength shifts to the NIR-I region®. 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 counterparts’#287. It is therefore of high interest to expand the library of BODIPY -

based fluorophores for efficient NIR fluorescence bioimaging.
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v" Fluorescence imaging presents numerous advantages over other
standard techniques for biological imaging.

v At near-infrared (NIR) wavelengths (700 nm < A < 1700 nm) deep-tissue
imaging is possible due to reduced absorption, scattering and
autofluorescence events.

]n a Nuts}we”... v AIthgugh the.imaging contrast.o_f NIR f_Iu.orophores 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.

v' 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).

v Given the excellent features of NIR bioimaging, the scientific interest in
developing novel NIR-emitting nanomaterials and dyes is nowadays very
high.

v Among the organic fluorophores, the BODIPY scaffold appears very
promising thanks to properties such as its versatile chemistry, high
guantum yields and tunable spectral features.

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”.



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)®°. 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 sp?-hybridized carbon atoms, obtainable from graphite via a facile
exfoliation technique (so called “Scotch tape method”)%-°7. 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 cm?v! s at room temperature (larger than 10 cm?v1s?t at 2 K) and a
Young modulus of = 0.5-1 TPa®%-%49%-9_ 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. HfS;), semiconductors (e.g. MoS; and WS),
semimetals (e.g. WTe; and TiSe;) to true metals (e.g. NbS; and VSe,)?>9710, Differently from graphene
which is intrinsically chemically inert (i.e. lacks a band-gap), single layers of 2D TMDs exhibit versatile
chemistry®”%, 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 properties®%19.192_ For this reason, graphite
and graphene display completely different properties®2. Furthermore, the band-gap of a typical
semiconductor TMD like MoS: 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 MoS; monolayers®0:9597.103-105 = 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 electronics®0.95.97,98,100,101,106-108 Qther 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-CsN4), 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)%"°,
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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 (LDHSs), clays, boron (B) and tin telluride (SnTe)
nanosheets, graphitic carbon nitride (g-CsNa4), transition metal oxides (TMOs), hexagonal boron nitride (h-
BN), antimonene (AM) and black phosphorus (BP). Reproduced with permission from ref. 19°. Copyright
2019 Elsevier. b lllustration of various biomedical applications where 2D nanomaterials have been
successfully employed. Adapted with permission from ref. 119, 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)109111112  For instance, their high specific surface area and their surface functionalization
chemistries are very suitable for drug/gene delivery systems!3-115: 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
coatings!6-118_Additionally, the extremely low thickness of most NS has proven to play a role of paramount
importance for biosensing and gene sequencing applications!'9120, 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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possible’?-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 nanomaterials09.111,112,126
General observations suggest, however, that nanomaterial size, surface area and composition have great
impact in terms of (cyto)toxicity, and must therefore be carefully designed!!!. 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
biosensing®6:127-134, 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 dressings*3>-140, L DHs
present excellent biocompatibility and anion exchange capacity which explain their promising results in
drug delivery applications and tissue engineering16:141.142. 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/PDT3-148_ 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 properties?4®-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 applicability??1154-156_ Finally, also other 2D materials such as h-BN157158 g-C3N,415%-161 tin
telluride (SnTe)'%2, MXenes'63.164 other monoelemental Xenes (e.g. silicene, antimonene, germanene,
borophene)65-167 and metal-organic frameworks (MOFs)68-170 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 methods'°%192) can lead to large-scale device

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



complicated, due to e.g. the requirements of high temperatures and vacuum®%, 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 few®°.190, The two main kinds of exfoliation are micromechanical
cleavage (e.g. the mentioned adhesive tape method) and liquid-phase exfoliation (LPE, Figure 4.6)%.
While mechanical cleavage can produce single-crystal flakes of high purity, it is not scalable and control
of flake thickness and lateral size is cumbersome®®. LPE is mostly performed via ion intercalation, ion
exchange and ultrasonication®9. The latter typically yields flakes of sizes around few hundred
nanometers, however the amount of monolayers is normally lower than e.g. ion intercalation®8, and (edge)
defects can be induced after prolonged ultrasonication®®17t, 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)®®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 (DMSOQ) are known to work efficiently for the exfoliation of several
materials®>99195 |f 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 employed®®. Post-exfoliation
treatments such as centrifugation?”2173 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 fillers®.%.9, | PE of layered crystal structures holds therefore high promises
for industrial applications in fields such as multifunctional composites, electronics, biomedicine, energy

generation and storage®®%. 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). lons are
represented as yellow and red spheres. Reproduced with permission from ref. °°. Copyright 2013 AAAS.

physical properties, 2D nanomaterials (i.e. nanosheets, NS) are
promising platforms for multiple state-of-the-art technologies.

v' Different classes of NS have shown high promise in the biomedical field
for numerous applications.

v Despite the biocompatible nature of some materials, in-depth
(cyto)toxicity studies lack for most, thus slowing down clinical translation.

v’ Liquid-phase exfoliation (LPE) presents promising features in terms of
scalability and processability of the so-prepared NS.

v Due to their high aspect ratio and their outstanding chemical and
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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.
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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 (CaCuSi,O10, EB), Han Blue (BaCuSisO19, HB) and Han Purple (BaCuSi;Os,
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 nature®. 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 Europe!’®.

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 routes'74180.181 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
(Cu?%), which acts as color center in all three silicates, presents a square planar (Dsn) coordination
geometry (Figure 4.7¢)'®. Here we can observe that, due to extreme symmetry distortions (i.e. Jahn-

Teller effect), the d,z orbital lies at a lower energy than the d,,,, d,, and d,,, ones. As a result of an electron

Xy
being promoted from lower energy levels in the d-shell to the d,z_,2 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 Bzg > Big
transition determines emission, because non-radiative relaxations are much more effective from higher
energy levels to B2g'74182, 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.
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Figure 4.7 Egyptian Blue (CaCuSisO10, EB), Han Blue (BaCuSisO10, HB) and Han Purple (BaCuSi2Os,
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 (Cu?*) in
square-planar (Dan) 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: A1(?B1g =2 ?Bzg) = 800 nm, A2(°B1g = 2Eg) = 630 nm, A3(°Bug
2 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 Il,
Section 5.3 for Manuscript Ill). 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 1V).
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Introduction

Two-dimensional (2D) nanomaterials (ie. nanosheets, NS)
have gained a lot of interest in light of their exceptional photo-
physical properties and their potential for many applications.
The first established and up to now mostly investigated 2D
material is graphene.'” Since its isolation in 2004 by Geim
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discuss applications and outline perspectives for the future.

and Novoselov, several theoretical and experimental studies
have followed, which have underlined this material’s interest-
ing optoelectronic properties."**'® Following graphene,
several new classes of 2D materials have been discovered and
studied in detail. Above all, a versatile chemistry and novel pro-
perties could be unraveled by transition metal dichalcogenides
(TMDs),"*7* whose (single) layers displaying high surface area
have allowed applications in several fields, including catalysis,
energy storage, sensing and electronics.”” >*'™'* Next to the
TMDs, numerous other classes of promising 2D materials have
been established.”'” With regards to the biomedical field, suc-
cessful applications and high promises for e.g. drug and gene
delivery, biosensing, tissue engineering, imaging and photo-
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thermal therapy (PTT) have been reported especially for gra-
phene, graphene oxide (GO), reduced graphene oxide (rGO),
silicate clays, layered double hydroxides (LDHs), TMDs, tran-
sition metal oxides (TMOs), graphitic carbon nitride (g-CsN,),
hexagonal boron nitride (h-BN), transition metal carbides and
carbonitrides (MXenes), 2D monoelemental materials (Xenes)
and metal-organic frameworks (MOFs).'*® In terms of NS
preparation, bottom-up synthetic techniques (e.g. chemical
vapor deposition (CVD), epitaxial growth and wet chemical
methods'*') can produce high quality crystals with the draw-
back, however, of higher costs and more demanding experi-
mental conditions.>'® Among the top-down methods, more
scalable techniques include wet ball milling and high-pressure
homogenization for which high shear processing is
employed.’®*" Scalability is a clear advantage also shared by
liquid-phase exfoliation {LPE].s'm Furthermore, this technique
allows size control and subsequent chemical modification of
the exfoliated nanosheets (fundamental for e.g. drug delivery
and sensing applications), as well as solution-based processing
(e.g. inkjet printing and spray coating). For these reasons, LPE
of layered nanomaterials holds high interest for applications,
including multifunctional composites, electronics, biomedi-
cine, energy generation and storage.*’

It is well known that fluorescence imaging in the near-infra-
red (NIR, typically defined in the wavelength region of
~750-1700 nm) allows higher tissue penetration and contrast
due to the reduction of scattering, absorption and autofluores-
cence displayed by biological samples within this window.**
NIR-emitting organic dyes such as cyanines**° (e.g. indocya-
nine green, ICG*’) and modified boron dipyrromethenes
(BODIPYs**™*') have been successfully employed as fluoro-
phores of versatile chemistry for numerous studies.
Additionally, NIR-fluorescent nanomaterials characterized by
higher photostability have been also reported. Among them,
single-walled carbon nanotubes (SWCNTs****) have been used
to detect small signaling molecules, proteins and lipids. They
can be chemically tailored and allow spatiotemporal imaging
of analytes such as neurotransmitters or identification of bac-
teria. In general, however, the amount of available fluoro-
phores that emit fluorescence in the NIR is low, and most of
them are affected by low QY, low photostability and/or biocom-
patibility issues.**?74~*® For this reason, the scientific interest
towards the preparation of novel NIR dyes and nanomaterials
for biological imaging is very high.

The silicates Egyptian Blue (CaCuSi;O.y, EB), Han Blue
(BaCuSi, 014, HB) and Han Purple (BaCuSi,Os, HP) embrace a
fascinating historical background and exciting photophysical
and chemical properties. EB is regarded as the most ancient
artificial pigment made by man. With its origins dated back to
Ancient Egypt (22500 BC), this phyllosilicate has been exten-
sively employed throughout history in decoration of artworks
(e.g. the well-known Bust of Queen Nefertiti)."*"** HB and HP,
on the other side, were mostly employed in the times of the
Qin and Han dynasties (~220 BC-220 AD), as witnessed by e.g.
the Terracotta Warriors of the tomb of Emperor Qin
Shihuangdi in Xi’an.”* The manufacturing of these pigments
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shares common traits,*>***¢ historically focused on salt-flux
methods. These typically require long reaction times, yet they
yield large crystals at not excessive reaction temperatures.***’
Alternatively, flux-less solid-state synthesis is usually less time-
consuming and can lead to lower amounts of glassy matrix
surrounding the crystals, however they require higher tempera-
tures and tend to produce smaller crystallites.*>*7"%* Synthesis
in molten carbonates has proven so far inefficient, resulting in
the production of e.g. azurite and malachite.®* In search of a
better control over morphology and size while working more
“green” (ie. at relatively mild temperatures and pressures),
hydrothermal processes have been successfully
established.®"°® Additionally, also sol-gel methods,®® solution
combustion synthesis (SCS)”® and pseudomorphosis routes
from a synthetic layered sodium silicate’’ have been reported.

Thanks to their layered crystal structure, these silicates can
be easily exfoliated into 2D nanomaterials (NS). Most interest-
ingly, EB-NS, HB-NS and HP-NS seem to retain most of their
bulk features after down-scaling: a robust (photo)chemical
stability, a bright NIR emission, a broad visible (Vis)-NIR
absorption range and a high biocompatibility are just some of
their most appealing characteristics. In recent years, a growing
number of studies has been devoted to the collection of novel
insights on the optoelectronic properties of these nano-
materials. Furthermore, the typically high aspect ratio of 2D
nanomaterials, next to the previously mentioned features of
EB, HB and HP, have raised interest for these silicates among
researchers of diverse scientific backgrounds. Apparently unre-
lated modern technological fields such as smart inking, latent
fingermark detection, batteries, multifunctional biocompo-
sites, biological sensors and labeling agents are making use of
EB-NS, HB-NS and HP-NS (Fig. 1).

Crystallography and exfoliation routes

The blue-purple pigments EB, HB and HP (Fig. 2a) are layered
homologue silicates with similar crystal structure. EB’s natural
analogue is the mineral cuprorivaite, whose tetragonal crystal
structure (spacegroup P4/ncc), first determined by Pabst et al
in 1959, consists of parallel layers of silicate weakly held
together by the presence of interlayer calcium ions in an eight-
fold coordination geometry (Fig. 2b)."**#1:%2 The copper ions,
tightly shielded within the silicate framework, are arranged in
a square planar coordination geometry (D,p). Except for the
substitution of the Ca*' ions with Ba®' ones, HB (whose
natural analogue is the mineral effenbergerite) displays the
same structure.®>*>* The tetragonal crystal structure of HP
(for which suggested space groups at room temperature
include [4m2°%%4%5 and I4,/acd®®®®) is, instead, less rich in
silica and presents a chemically labile Cu-Cu bond. The
weaker stability especially towards weak acids shown by HP
(whose natural mineral analogue is colinowensite) is likely due
to this characteristic metal-metal bond.?*%5%8587.88 por gR,
HB and HP alike, the weaker out-of-plane bonds enable exfolia-
tion of these lamellar structures into NS. Up to now, the main

This journal is @ The Royal Society of Chemnistry 2022
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Fig. 1 Fundamental insights and applications of silicate nanosheets. Due to their layered crystal structures, Egyptian Blue (CaCuSi,O,, EB), Han
Blue (BaCuSisOyn, HB) and Han Purple (BaCuSizOg, HP) can be easily exfoliated into nanosheets (NS). These 2D nanomaterials display numerous
interesting properties that make them versatile platforms for multiple technological fields. Adapted with permission from ref. 72 and 73. Copyright
2020 Springer Nature. Reproduced with permission from ref. 74 and 75. Copyright 2021 Royal Society of Chemistry. Reproduced with permission
from ref. 76. Copyright 2018 John Wiley and Sons. Reproduced with permission from ref. 77. Copyright 2021 John Wiley and Sons. Reproduced with
permission from ref. 78. Copyright 2016 Elsevier. Reproduced with permission from ref. 57. Copyright 2014 Journal of Visualized Experiments.
Reproduced with permission from ref. 79. Copyright 2009 Philip Pikart. Reproduced with permission from ref. 80. Copyright 2011 Kevin A. McGill.

techniques employed for this task have included prolonged
hot stirring (Fig. 2¢(i)), probe ultrasonication (Fig. 2¢(ii)), bath
sonication (Fig. 2c(iii)) and ball milling (Fig. 2c(iv)). Despite
applying in some cases high local mechanical (shear) stress,
the exfoliation routes reported so far seem not to have signifi-
cantly affected the crystallinity of the samples, thus retaining
the materials’ identity and properties (as shown, for example,
for the hot stirring method in Fig. 2d).

Although multiple synthetic routes for EB, HB and HP have
been reported (Tables 1-3), several studies rely on commer-
cially available bulk powders as starting material. These are
produced following the salt-flux method and they typically
appear in the form of several pm-large platelets. On their sur-
faces, the characteristic steps, ridges and terraces of such
lamellar materials can be easily observed (Fig. 3a). A first
robust example of exfoliation of so-synthesized EB was demon-
strated by Johnson-McDaniel et al. Via simple stirring in hot
water over several days, EB-NS could be produced. This pro-
longed hot stirring, followed by a shorter bath sonication step
in an organic solvent, led to pm-sized sheets down to =1 nm
in thickness, i.e. monolayer regime®”** (Fig. 3b and c). Shortly
after this seminal study, Salguero et al. applied a similar proto-
col to produce EB-NS with lateral size ranging from hundreds

This journal is © The Royal Society of Chemistry 2022

of nm to several pm. While exfoliation of high aspect ratio
EB-NS proved to be quite straightforward, the same did not
apply to HB. Indeed, proper exfoliation of this material
required probe ultrasonication and bath sonication in organic
solvents.””*® When dealing with minerals such as silicates, a
common way to reduce crystal size is milling. Borisov et al.
published the first employment of ball milling on EB.”* While
the dimensions of such crushed crystallites could enable the
desired material applications, the lateral sizes obtained with
this technique once again lied in the pm rather than in the nm
range. The previously mentioned pivotal works inspired a
series of follow-up studies which featured size reduction of EB
and HB (Tables 1 and 2). While most of these publications
mainly presented NS in a similar (pm) size range, the one from
Shahbazi et al. stood out due to the higher degree of monodis-
persity and higher amount of small (<200 nm) EB-NS (Fig. 3d):
their approach consisted in a modified version of the Johnson-
McDaniel protocol with the additional employment of a cat-
ionic lipophilic surfactant (cetrimonium bromide, CTAB).”
High energy exfoliation can quite simply yield NS structures
down to few tenths in nm in lateral size that, despite the irre-
gular morphologies typical of fragmentation, still display a
homogeneous elemental distribution (Fig. 3e-h).”” Further
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Fig. 2 A class of layered silicates: Egyptian Blue (EB), Han Blue (HB) and Han Purple (HP). (a) Picture of bulk powders of EB, HB and HP. Adapted
with permission from ref. 55. Copyright 2007 Royal Society of Chemistry. (b) Schematic of the crystal structures of EB, HB and HP: except for Si
(depicted as tetrahedra), all other elements are represented as spheres of color green for Ca (EB) and Ba (HB and HP), bronze for Cu, and red for
O. Reproduced with permission from ref. 72. Copyright 2020 Springer MNature. (c) Illustration of the most employed techniques used to exfoliate
these layered silicates into NS. Long stirring in hot water (i), tip (i) and bath (i) sonication in water/organic solvents, and wet milling in water/organic
solvents (iv). (d) Powder X-ray diffractometry (XRD) of bulk (i and iii) and exfoliated (ii and iv) EB and HB: the starting materials were synthesized
either via melt-flux (i} or solid-state (iii) methods, whereas EB-NS and HB-NS were respectively prepared by prolonged stirring in hot water and
(ultra)sonication in N-vinyl pyrrolidone (NVP). Asterisks represent silica impurities. Adapted with permission from ref. 57. Copyright 2014 Journal of

Visualized Experiments.

progress in the direction of smaller sizes and more thorough
statistics was later reported by Selvaggio et al., who established
a hybrid protocol consisting of wet ball milling and tip
sonication. With this approach, also HP-NS in the nm
range and with just a few layers of thickness were obtained
and fully characterized for the first time (Fig. 3i, j and
Table 3).7>7*

Fundamental (photo)physical insights:
from bulk to nano

EB, HB and HP display outstanding photophysical properties
thanks to the shared presence of Cu*" in their lattices.”® These

ions represent the only color center in the crystals and deter-
mine the common features of the spectra of EB, HB and HP.

Manoscale

As described by Pozza et al,** the square planar geometry of

Cu”" originates from lattice constraints and the Jahn-Teller
effect. Within the frame of ligand-field theory, the silicates are
thus characterized by three distinct absorption transitions:
2Blg — 2A1g, ZBlg — 2Eg and Zng - Zng. These are parity-for-
bidden d-d transitions which are nevertheless (weakly)
allowed thanks to coupling with unsymmetrical vibrational
modes. The resulting absorption features cover a broad green-
red region of the visible spectrum (*B,y — *Ayg, *Byy — Ey, 1 &
450-800 nm) and extend till the beginning of the NIR window
(*Big — *Bag, 1 ~ 800-850 nm).*”*"?! The fluorescence, on the
other side, is uniquely ascribed to the *B,; — *B,, transition
and has been reported in the ranges of 1 = 920-960 nm. As a
result of ligand-field changes induced by the larger size of Ba*'
ions (compared to Ca®*), the emissions of HP and HB are
slightly red-shifted (with HB stretching up to 1000 nm).394-%°

This journal is © The Royal Society of Chermistry 2022
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Table 1 Preparation routes for size reduction of Egyptian Blue (EB)

Gabriele Selvaggio

Review

Method®

Size ranges

Additional information

Ref.

Stirring in hot water (80 °C) for 5 days
(+bath sonication in toluene)

Ball milling

Stirring in hot water (80 °C) for 5-12 days

Stirring in hot water (85 °C) at 400 rpm for
2 weeks

Planetary ball milling

McCrone micronizing milling in ethanol
for 1, 5, 15, 30, 60 and 120 min

Stirring in hot water (85 °C) at 400 rpm for
2 weeks

High-energy ball milling

« Lateral size: from several
hundred nm to several pm

« Thickness with hot stirring: from
nanosheets (<10 nm) to
nanoplatelets (>10 nm)

+ Thickness with hot stirring +
sonication: down to ~1.2 nm

Lateral size: 1-5 pm

Lateral size: from hundreds of nm
to several pm

Lateral size: from hundreds of nm
to several pm

Lateral size: 9 pm

Lateral size: ~1-40 um

Thickness: one (=1.2 nm) or two
layers

Lateral size: 300-500 nm

This journal is © The Royal Society of Chemistry 2022

+ Characterization: AFM, NIR imaging, OM, TEM, Vis-
NIR excitation and emission spectroscopy, XRD

+ First exfoliation protocol reported (down to
monolayer)

+ First proof that strong NIR luminescence is preserved
in NS form

+ Lower absorption intensity in NS form (vs. bulk
counterpart) due to loss of vibronic coupling

+ First example of (EB-)NS application

+ Application(s): fluorescent NS ink

+ Characterization: lifetime measurements, Vis-NIR
excitation and emission spectroscopy

+ High-temperature solid-state synthesis of EB, HB and
sC

+ Red-shifted emission of HB vs. EB and SC

« First example of functionalization: lipophilic coating
of milled EB via silanization with TMSCI

« Showcase of different sensing concepts for milled EB,
HB and SC

« Fluorescence lifetime decrease with milling and
temperature

« Application(s): ratiometric pH sensors (EB); DLR pH
sensors (EB); ratiometric inner filter effect CO, sensors
(EB); high-temperature thermographic phosphors (EB,
HB, SC)

« Characterization: OM, SEM, TEM, Vis-NIR excitation
and emission spectroscopy, XRD

+ Exfoliation of ACuSi,0,, series: EB, HB and 5C

+ Lower absorption intensity for EB and HB in NS form
(vs. bulk counterpart) due to loss of vibronic coupling
+ Preservation of NIR luminescence for EB-NS and
HB-NS

+ Red-shifted emission of HB-NS vs. EB-NS

+ Application(s): fluorescent NS ink; NS-based papers
(EB)

+ Characterization: NIR imaging, OM, SEM, TEM, XRD
+ Comparison of synthesis routes (melt-flux vs. solid-
state routes) for EB and HB

+ Application(s): fluorescent NS ink

+ Characterization: LDPSA, NIR imaging

+ First employment of EB for robust fingerprint
detection

+ Use of secondary excitation absorption band for
NIR-NIR fluorophore

+ Application(s): NIR luminescent latent fingermark
detection

+ Characterization: NIR imaging, OM, Vis-NIR
excitation and emission spectroscopy, XRD

+ Comparison of different milling times in terms of
sample size and functionality

+ Application(s): NIR luminescent latent fingermark
detection

+ Characterization: AFM, SEM, XRD

+ Melt-flux synthesis and exfoliation of EB, HB and SC
+ Application(s): highly selective enrichment of multi-
phosphorylated peptides (EB)

« Characterization: cell viability assays, degradation
profiles, photothermal heating curves, SEM, TEM, XRD
« Synthesis of EB via a sol-gel method

+ Calculation of photothermal conversion efficiency of
EB-NS

+ Spin-coating of EB-NS onto electrospun PP fibers

+ Application(s): EB-scaffold-based PTT + wound
healing (in vitro and in vivo studies)

Nanaoscale
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Table 1 (Contd.)

Method” Size ranges Additional information Ref.
« Stirring in hot water (85 °C) for 11 days « Lateral size: <200 nm, but also « Characterization: AFM, DLS, FTIR, NIR emission 92
« Stirring in hot water + CTAB (85 °C) for unexfoliated particles (=10 pm) spectroscopy, NIR imaging, SEM

11 days + Thickness: <5 nm, but also + Lipophilic coating of EB with CTAB/PA/n-DA

+ Stirring in methanol + CTAB/PA/n-DA for ~ unexfoliated particles « Application(s): NIR luminescent latent fingermark

1 day detection

» McCrone micronizing milling in ethanol

Ball milling (as in ref. 91) n.a. « Characterization: lifetime measurements, Vis-NIR 115
emission spectroscopy
= Lipophilie coating of EB via silanization (as in ref. 91)
« Incorporation of silanized EB into an emulsion
system composed of aza-BODIPYs (indicators),
hydrogel (dye incorporation), PDMS (host material)
and ion barriers
« Application(s): DLR ammonia sensors

« Planetary ball milling in water at 900 rpm - Lateral size: 20-300 nm « Characterization: AFM, cell viability assays, 72
for 1 h + tip sonication in water/ - Thickness: 1-13 nm fluorescence saturation and polarization

isopropanol at 60-72 W for 1-6 h measurements, lifetime measurements, NIR imaging,

= Tip sonication in isopropanol at 72 W reflectance spectroscopy, SEM, STEM, Vis-NIR

for6 h excitation and emission spectroscopy, zeta potential

- Exfoliation of EB, HB and HP

+ Evaluation of EB-NS’ photostability towards
exfoliation and several analytes

« Video-rate fluorescence imaging of EB-NS with Si-
based camera

« Fluorescence imaging of resolution-limited EB-NS

» Size-fluorescence correlation measurements of EB-NS
down to few tenths of nm

= Application(s): in vivo microrheology of embryos of
fruit flies (EB-NS); remote NIR fluorescence imaging in
plants (EB-NS)

Planetary ball milling at 900 rpm for2h+  n.a. « Characterization: NIR emission spectroscopy, NIR 73
tip sonication at 30 W for 2 h (both steps imaging
in water) = Design of sensing platforms for multiplexed

detection of metabolites and virulence factors

= Spectral encoding for differentiation of bacteria cell
lines

= Application(s): ratiometric sensing of bacteria

Ultrasonication in NMP at 500 W for 12 h « Lateral size: <100 nm = Characterization: AFM, cell viability assays, 119
« Thickness: ~2-4 nm degradation profiles, photothermal heating eurves,

SEM, TEM, UV-Vis-NIR absorbance spectroscopy, XRD
» Synthesis of EB via a sol-gel method
= Calculation of photothermal conversion efficiency of
EB-NS
« Incorporation of EB-NS into shape memory polymer
PT
= Application(s): biodegradable NIR-1l-responsive
shape-memory composite for wound healing (in vitro
and in vive studies)

Milling in ethanol for 30 min Lateral size: =100 nm + Characterization: FTIR, SEM, voltage profiles and 75
cycling performances, XAS, XRD
« Lithiation causes a conversion reaction of EB into
amorphous mixed oxides with Cu nanoclusters
« Application(s): anode material for Li-ion batteries

Tip sonication in water for 96 h « Lateral size: =800 nm + Characterization: AFM, cell viability assays, DLS, 77
+ Thickness: >5 nm photothermal heating curves, Raman spectroscopy,
SEM, TEM, Vis-NIR absorbance spectroscopy, XPS,
XRD

« Solid-state synthesis of EB

« Incorporation of EB-NS into 3D-printed CaCO,-PCL
scaffold

« Application(s): EB-scaffold-based PTT + bone
regeneration (in vitro and in vivo studies)

MNanoscale This journal is @ The Royal Society of Chemistry 2022
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Table 1 (Contd.)
Method” Size ranges Additional information Ref.
Planetary ball milling at 900 rpm for 1 h+ - Lateral size: =20-800 nm + Characterization: AFM, cell viability assays, LDPSA, 74
tip sonication at 72 W for 6 h (both steps « Thickness: ~1-350 nm lifetime measurements, NIR imaging, reflectance
in water) spectroscopy, SEM, STEM, Vis-NIR excitation and
emission spectroscopy
« Exfoliation of EB, HB and HP
- Evaluation of photostability of NS vs. pH, ionic
environments, buffer and prolonged excitation
« Fluorescence imaging of resolution-limited EB-NS,
HB-NS and HP-NS
= Time and frequency-domain fluorescence lifetime
spectroscopy
= Microscopic and macroscopic lifetime-encoded
imaging
= Application(s): remote NIR fluorescence imaging
through tissue
+ Horizontal bead milling at 3000 rpm for n.a. (derived coefficients of size, + Characterization: NIR imaging, OM, QY, SEM, XRD 127
4h compactness, regularity and « Synthesis of EB viag dry calcination method
« Stirring in water at 400 rpm for 15 days circuitry are employed) « Investigation of relationship between dispersing
« Three-roll milling in 2 auxiliary media methods and photoluminescence
« Application(s): luminescent solar concentrator
Ultrasonication in water at 1 kW for 5 h « Lateral size: =200 nm « Characterization: AFM, cell viability assays, 120

« Thickness: =4-6 nm degradation profiles, photothermal heating curves,
SEM, TEM, UV-Vis-NIR absorbance spectroscopy, XRD
« Synthesis of EB via a sol-gel method

= Calculation of photothermal conversion efficiency of
EB-NS

« Incorporation of EB-NS into shape memory polymer
PT

= Application(s): biodegradable NIR-1I-responsive
shape-memory composite for endometrial regeneration
(in vitro and in vive studies)

Abbreviations: AFM = atomic force microscopy, aza-BODIPY = aza-boron-dipyrromethene, CTAB = cetrimonium bromide, DLR = dual-lifetime
referencing, DLS = dynamic light scattering, EB = Egyptian Blue, EB-NS = Egyptian Blue nanosheet(s), FTIR = Fourier transform infrared
spectroscopy, HB = Han Blue, HB-NS = Han Blue nanosheet(s), HP = Han Purple, HP-NS = Han Purple nanosheet(s), LDPSA = laser diffraction
particles size analyzer, n.a. = not available, n-DA = n-dodecylamine, NIR = near-infrared, NIR-1I = second near-infrared window for (bio)imaging,
NMP = 1-methyl-2-pyrrolidone, NS = nanosheet(s), OM = optical microscopy, PA = palmitic acid, PCL = polycaprolactone, PDMS =
polydimethylsiloxane, PP = poly(e-caprolactone) + poly(p,i-lactic acid), PT = poly(p,.-lactide-co-trimethylene carbonate), PTT = photothermal
therapy, QY = quantum yield, rpm = revolutions per minute, SC = strontium copper tetrasilicate, SEM = scanning electron microscopy, STEM =
scanning transmission electron microscopy, TEM = transmission electron microscopy, TMSCI = trimethylsilyl chloride, UV = ultraviolet, Vis =
visible, vs. = versus, XAS = X-ray absorption spectroscopy, XPS = X-ray photoelectron spectroscopy, XRD = X-ray diffractometry. “ Centrifugation, fil-

tration and/or decanting steps are not reported.

Furthermore, the parity-forbidden nature of the electronic
transition of the copper ion leads to a remarkably long excited
state lifetime (7). Although different sample preparation routes
are known to affect the value of 7, the decay time still lies in
the ps range for EB, HB and HP alike, regardless of the synthe-
tical procedure: more specifically, gz =~ 100-150 ps, Ty =
60-100 pis, Typ ~ 6-30 ps.” #9597 Another outstanding feature
of this class of silicates is represented by the quantum yield
(QY). Accorsi et al. were the first to report a QY of bulk
EB: ~10.5%,” a value which is considerably high if compared
to typical NIR fluorophores.”® In a similar way, promising QYs
for HB have also been measured (QYyp =~ 6.9% was reported
for hydrothermally synthesized HB®’), whereas the presence of
the Cu-Cu bond in HP leads to a clear quantum efficiency
decrease (QYyp & 0.9%, again synthesized through a hydro-
thermal approach®®). By employing a novel technique based on
temperature measurements in full sunlight instead of the tra-
ditional de Mello method,”® Berdahl et al. measured even

This journal is @ The Rovyal Society of Chemistry 2022

higher QYs for EB and (La and Li doped) HB, with values of EB
exceeding 70%.”” Additional theoretical studies have high-
lighted the potential benefits of material doping,%’m" and pro-
vided further insights towards electronic and magnetic pro-
perties of bulk EB, HB and HP.**'®* For example, the works by
Garcia-Fernandez et al. have explained that, in order to fully
understand the hue of EB and HB, the presence of a normally
neglected internal electric field and the contribution of sand
in the production process are of paramount importance.'**'*
Furthermore, a bright and broadband photon up-conversion
of EB and HB has been demonstrated by Chen et al., showing
that emission in the Vis region is possible via pumping with a
NIR laser diode.®*'™ Binet et al. have also very recently further
investigated the origins of the NIR luminescence of EB and
shown that it can be more efficiently excited in the UV range;
this is possible given the existence of four UV-excited emis-
sions that are most likely determined by the presence of
trapped excitons of different origins.’® HP, on the other side,

Nanaoscale
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Table 2 Preparation routes for size reduction of Han Blue (HB)

Method” Size ranges Additional information Ref.

Ball milling Lateral size: 1-5 pm « Characterization: lifetime measurements, Vis-NIR excitation 91
and emission spectroscopy
« High-temperature solid-state synthesis of EB, HB and SC
= Red-shifted emission of HB vs. EB and SC
= First example of functionalization of milled EB: lipophilic
coating via silanization with TMSCI
= Showcase of different sensing concepts for milled EB, HB and SC
« Fluorescence lifetime decrease with milling and temperature
« Application(s): ratiometric pH sensors (EB); DLR pH sensors
(EB); ratiometric inner filter effect CO, sensors (EB); high-temp-
erature thermographic phosphors (EB, HB, SC)

Ultrasonication in NVP Lateral size: from « Characterization: OM, SEM, TEM, Vis-NIR excitation and 90
hundreds of nm to emission spectroscopy, XRD
several pm « Exfoliation of ACuSi,0,, series: EB, HB and SC

= Lower absorption intensity for EB and HB in NS form (vs. bulk
counterpart) due to loss of vibronic coupling

= Preservation of NIR luminescence for EB-NS and HB-NS

» Red-shifted emission of HB-NS vs. EB-NS

« Application(s): fluorescent NS ink; NS-based papers (EB)

Probe ultrasonication in NVP at 17 W for 1 h  Lateral size: from = Characterization: NIR imaging, OM, SEM, TEM, XRD 57
+ bath sonication in water for a few minutes  hundreds of nm to « Comparison of synthesis routes (melt-flux vs. solid-state
several pm routes) for EB and HB
« Application(s): fluorescent NS ink
Ultrasonication in NVP for 40 min + Thickness: one (1.2 nm) - Characterization: AFM, SEM, XRD 76
sonication in water for a few minutes or two layers = Melt-flux synthesis and exfoliation of EB, HB and SC

« Application(s): highly selective enrichment of multi-
phosphorylated peptides (EB)

+ Fine grinding with a jet milling n.a. « Characterization: lifetime measurements, NIR emission 97
+ Wet grinding with fine zirconia beads in spectroscopy, QY, reflectance spectroscopy, XRD
water = Solid-state synthesis of HB and SC

« Doping of HB with La and Li

= Lifetime measurements of EB, (doped) HB, HP and SC

= QY calculations for EB, (doped) HB and SC via temperature
measurements in full sunlight

« Evaluation of impact of CuO impurities in terms of parasitic

absorption
= Application(s): cool roofing and facades; luminescent solar
concentrator
Tip sonication in isopropanol at 72 W for n.a. « Characterization: reflectance spectroscopy, Vis-NIR excitation 72
6h and emission spectroscopy

-+ Exfoliation of EB, HB and HP

« Evaluation of EB-NS’ photostability towards exfoliation and
several analytes

« Video-rate fluorescence imaging of EB-NS with Si-based camera

« Fluorescence imaging of resolution-limited EB-NS

» Size-fluorescence correlation measurements of EB-NS down to
few tenths of nm

= Application(s): in vivo microrheology of embryos of fruit flies
(EB-NS); remote NIR fluorescence imaging in plants (EB-NS)

Planetary ball milling at 900 rpm for 1 h + « Lateral size: = Characterization: AFM, cell viability assays, LDPSA, lifetime 74
tip sonication at 72 W for 6 h (both steps in ~ =20-800 nm measurements, NIR imaging, reflectance spectroscopy, SEM,
water) = Thickness: ~1-350 nm  STEM, Vis-NIR excitation and emission spectroscopy

« Exfoliation of EB, HB and HP

« Evaluation of photostability of NS vs. pH, ionic environments,
buffer and prolonged excitation

+ Fluorescence imaging of resolution-limited EB-NS, HB-NS and
HP-NS

= Time and frequency-domain fluorescence lifetime spectroscopy
= Microscopic and macroscopic lifetime-encoded imaging

« Application(s): remote NIR fluorescence imaging through tissue

Abbreviations: AFM = atomic force microscopy, DLR = dual-lifetime referencing, EB = Egyptian Blue, EB-NS = Egyptian Blue nanosheet(s), HB =
Han Blue, HB-NS = Han Blue nanosheet(s), HP = Han Purple, HP-NS = Han Purple nanosheet(s), LDPSA = laser diffraction particle size analyzer,
n.a. = not available, NIR = near-infrared, NS = nanosheet(s), NVP = N-vinylpyrrolidone, OM = optical microscopy, QY = quantum yield, rpm =
revolutions per minute, SC = strontium copper tetrasilicate, SEM = scanning electron microscopy, STEM = scanning transmission electron
microscopy, TEM = transmission electron microscopy, TMSCI] = trimethylsilyl chloride, Vis = visible, vs. = versus, XRD = X-ray diffractometry.
“ Centrifugation, filtration and/or decanting steps are not reported.
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Table 3 Preparation routes for size reduction of Han Purple (HP)

Gabriele Selvaggio

Review

Method” Size ranges

Additional information

Ref.

Tip sonication in isopropanolat 72 W for6 h  n.a.

« Characterization: reflectance spectroscopy, Vis-NIR excitation and

72

emission spectroscopy

« Exfoliation of EB, HB and HP

« Evaluation of EB-NS' photostability towards exfoliation and several
analytes

« Video-rate fluorescence imaging of EB-NS with Si-based camera

« Fluorescence imaging of resolution-limited EB-NS

+ Size-fluorescence correlation measurements of EB-NS down to few
tenths of nm

« Application(s): in vivo microrheology of embryos of fruit flies
(EB-NS); remote NIR fluorescence imaging in plants (EB-NS)

Planetary ball milling at 900 rpm for 1 h + tip - Lateral size:

sonication at 72 W for 6 h (both steps in ~20-800 nm
water) + Thickness:
~1-350 nm

« Characterization: AFM, cell viability assays, LDPSA, lifetime
measurements, NIR imaging, reflectance spectroscopy, SEM, STEM,
Vis-NIR excitation and emission spectroscopy

« Exfoliation of EB, HB and HP

74

« Evaluation of photostability of NS vs. pH, ionic environments,
buffer and prolonged excitation

+ Fluorescence imaging of resolution-limited EB-NS, HB-NS and
HP-NS

« Time and frequency-domain fluorescence lifetime spectroscopy
« Microscopic and macroscopic lifetime-encoded imaging

« Application(s): remote NIR fluorescence imaging through tissue

Abbreviations: AFM = atomic force microscopy, EB = Egyptian Blue, EB-NS = Egyptian Blue nanosheet(s), HB = Han Blue, HB-NS = Han Blue
nanosheet(s), HP = Han Purple, HP-NS = Han Purple nanosheet(s), LDPSA = laser diffraction particle size analyzer, n.a. = not available, NIR =
near-infrared, NS = nanosheet(s), rpm = revolutions per minute, SEM = scanning electron microscopy, STEM = scanning transmission electron
microscopy, Vis = visible, vs. = versus. “ Centrifugation, filtration and/or decanting steps are not reported.

possesses unique spin gapped antiferromagnetic properties
due to its characteristic Cu-Cu dimers.*%%%110

Properties as the ones discussed above already clearly high-
light the potential of bulk EB, HB and HP. When it comes to
down-sizing a material, most of the times the hope is that the
promising bulk properties are either retained or even improved
by becoming tunable, size-dependent features. With regards to
the effect of down-scaling, it was hypothesized that EB could
turn into a direct band-gap semiconductor and work as a
mechano-sensor if its thickness were reduced down to the
monolayer regime (~1 nm).*”® However, only in the last years
thorough insights on fundamental properties of EB-NS, HB-NS
and HP-NS have been collected. The seminal studies of
Johnson-McDaniel et al.®*’ and Salguero et al.® first demon-
strated that NIR fluorescence of EB and HB is preserved when
the silicates are exfoliated down to pm-large NS of monolayer
thickness. With the goal of understanding how the absorp-
tion/excitation and fluorescence features vary at the nanoscale,
Selvaggio ef al carried out a thorough characterization of
milled and tip-sonicated EB-NS, HB-NS and HP-NS.”>7 By
observing the 1D emission (Fig. 4a) and 2D excitation-emis-
sion spectra (Fig. 4b), it could be confirmed that the bulk fea-
tures are retained in the NS samples. By means of NIR fluo-
rescence microscopy, the bleaching behavior of these silicates
could be compared to state-of-the-art fluorophores. EB-NS,
HB-NS and HP-NS were extremely stable and could all be
imaged for up to 2 h without any significant effect on the
emitted fluorescence intensity (Fig. 4c). On the other side, the
signal of a standard visible fluorophore rhodamine B

This journal is © The Roval Society of Chemistry 2022

decreased quickly. An important step forward in comprehend-
ing the photophysics of these nanomaterials was represented
by NIR fluorescence microscopy of resolution-limited NS
(Fig. 4d). A bright, fluorescent signal could indeed be detected
for EB-NS, HB-NS and HP-NS also with sizes below Abbe's
resolution limit (corresponding to <500 nm for the considered
emission wavelengths). Via correlation studies based on dual
SEM-NIR imaging and particle tracking, Selvaggio et al. fur-
thermore showed that EB-NS down to just few tenths of nm
still fluoresce. Next to the robustness of fluorescence intensity,
the versatility of fluorescence lifetime''! could be showcased,
too. Time-correlated single photon counting measurements
(TCSPC, Fig. 4e) yielded lifetime values r which were on one
side lower than the bulk counterparts, but on the other side
still in the ps range. Frequency-domain lifetime imaging at
both microscopic (Fig. 4f) and macroscopic (Fig. 4g) scales
additionally underlined an important and promising aspect of
EB-NS, HB-NS and HP-NS: the potential for lifetime engineer-
ing. Indeed, NS of different sizes led to subpopulations of
different lifetime values within the lifetime-encoded images.
Next to that, both at microscopic and macroscopic (remote)
lifetime setups, it was possible to clearly distinguish the
signals of EB-NS, HB-NS and HP-NS, which would otherwise
be undistinguishable via standard imaging acquisitions based
on fluorescence intensity. The above-mentioned results,
together with the lack of fluorescence polarization of the NS,
their facile remote detection and their biocompatible nature
justify the employment of these exfoliated silicates in numer-

ous technological fields, as described in the next section.””*
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Fig. 3 Exfoliation into nanosheets (NS) and morphological characterization. (a) Scanning electron microscopy (SEM) performed on commercial
(bulk) EB. Reproduced with permission from ref. 90. Copyright 2014 Springer Nature. (b) Transmission electron microscopy (TEM) image and
selected area electron diffraction (SAED) pattern of EB-NS exfoliated via prolonged stirring in hot water followed by ultrasonication in toluene.
Reproduced with permission from ref. 89. Copyright 2013 American Chemical Society. (c) Top and lateral view of a monolayer of EB-NS (exfoliated
as in (b)) obtained via atomic force microscopy (AFM). Reproduced with permission from ref. 89. Copyright 2013 American Chemical Society. (d)
Topographical AFM image showing high monodispersity of small EB-NS achieved after a modified version of the prolonged exfoliation in hot water.
Reproduced with permission from ref. 92. Copyright 2020 Elsevier. (e) SEM image and SAED pattern of EB-NS, which were exfoliated via prolonged
tip sonication in water. Scale bar = 1 pm and 10 nm™2, respectively. Reproduced with permission from ref. 77. Copyright 2021 John Wiley and Sons. (f
and g) Bright- and dark-field scanning transmission electron microscopy (STEM) pictures of EB-NS (exfoliated as in (e)). Scale bar = 2 nm.
Reproduced with permission from ref. 77. Copyright 2021 John Wiley and Sons. (h) TEM (dark-field) and STEM (bright-field) photographs of a single
EB-NS (exfoliated as in (e)) and the corresponding elemental mapping. Scale bar = 50 nm. Reproduced with permission from ref. 77. Copyright
2021 John Wiley and Sons. (i) Exemplary AFM measurements of EB-NS, HB-NS and HP-NS exfoliated via planetary ball milling and tip sonication in
water. Scale bar = 200 nm. Reproduced with permission from ref. 74. Copyright 2021 Royal Society of Chemistry. (j) Size distribution of EB-NS,
HB-NS and HP-NS from AFM measurements (exfoliation as in (i)) represented as scatter plots with linear fits and as histograms with log—normal fits.
Reproduced with permission from ref. 74. Copyright 2021 Royal Society of Chemistry.

Applications in state-of-the-art The earliest and perhaps most straightforward example of
tech ( . exploitation of their photophysical properties has been their
ecnno ogles detection in ancient artifacts. Indeed, thanks to a broad exci-

tation range, a strong NIR fluorescence and a long excited
EB, HB and HP are not merely pigments of historical interest, state lifetime, the signals of HB, HP and, above all, of the
but also materials of high promise for numerous applications.  highly chemically stable EB can be easily discriminated in art-

Nanoscale This journal is © The Royal Society of Chemistry 2022
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Fig. 4 Photophysical properties of exfoliated silicate nanosheets. (a) 1D fluorescence spectra of EB-NS, HB-NS and HP-NS with emission maxima
between 1 ~ 920-950 nm (ie = 561 nm). (b) 2D excitation—emission spectra of EB-NS, HB-NS and HP-NS, showing maximal absorption at 1 ~
630 nm, 620 nm and 680 nm respectively, as well as no significant alteration compared to the bulk fluorescent features. (c) Photobleaching experi-
ments show that the fluorescence signals are stable over prolonged excitation (t > 2 h, output power ~ 100-180 mW) in contrast to standard
organic fluorophores (e.g. rhodamine B). (d) Near-infrared (NIR) fluorescence microscopy and NIR-SEM correlative imaging of resolution-limited
EB-NS. Scale bar = 1 ym (NIR) and 200 nm (SEM). (e) Time correlated single photon counting (TCSPC) curves of nanosheets for lifetime measure-
ments and the corresponding double-exponential fits. (f) Microscopic frequency-domain fluorescence lifetime imaging (FLIM) of EB-NS displaying
size-dependence. Color-coding is given by the corresponding phasor plot. Scale bar = 5 um. (g) Macroscopic FLIM of the logo of the Ruhr-
University of Bochum (RUB) written with NS ink: while the signals of EB-, HB- and HP-NS appear undistinguishable according to the intensity
channel, the lifetime clearly enables NS identification. Scale bar = 5 mm. Reproduced with permission from ref. 72. Copyright 2020 Springer Nature.
Reproduced with permission from ref. 74. Copyright 2021 Royal Society of Chemistry.
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works from other pigments.”" %1121 However, exciting
speculations about the employment of bulk EB, HB and HP in
diverse technological fields have been made, including tele-
communications, lasers, sensing/labelling for bioimaging,
component of cool roofing and facades, luminescent solar con-
centrators and mDrE.50'55’5a'59’66'69’91’95’97

With regards to the down-sized EB, HB and HP, several
applications for photonics have been theorized and demon-
strated (Tables 1-3). For example, Borisov et al. have showcased
applications of ball-milled EB, HB and a strontium homologue
(SrCusSi, 040, SC) as optical chemosensors.”’ Indeed, milled
and silanized EB could be successfully employed in pH
sensors with a ratiometric design: aza-BODIPYs were used as
indicators due to their pH-sensitive luminescence, whereas the
bright and stable NIR fluorescence of EB was used as reference
(Fig. 5a(i)). The bright long-lived luminescence of EB enables a
further sensing technique: dual lifetime referencing (DLR).
Based on this concept, a fiber-optic DLR-pH sensor with an
aza-BODIPY and EB respectively as indicator and reference
material was fabricated (Fig. 5a(ii)). Their long excited state
lifetime, as well as their characteristic high (photo)jchemical
stability and their inertness to oxygen, define EB and other
copper silicate phosphors as optimal DLR references.
Furthermore, Borisov et al. demonstrated that pm-sized EB can
be incorporated into ratiometric inner filter effect CO, sensors
(Fig. 5a(iii)). In this case, EB appeared as an ideal reference
due to the broad excitation spectrum, which mostly overlaps
with the one of m-cresol purple, i.e. the indicator (Fig. 5a(iv)).
According to this sensing scheme, considering that m-cresol’s
absorption is responsive to different pressures of CO,, the fluo-
rescence intensity of EB results accordingly modulated.
Finally, Borisov et al. showed a temperature dependence of the
luminescence decay time of EB, HB and SC. Due to moderate
dependence at ambient T and improved sensitivity at high T
(i.e. T = 100-400 °C), these materials allow intrinsic T compen-
sation of the sensing materials and present excellent suit-
ability as high-temperature thermographic phosphors (Fig. 5a
(v)). Inspired by the approach of Borisov et al., Maierhofer
et al.'"® have afterwards published another example of DLR
sensor based on ball-milled and silanized EB. In this case, the
silicate was embedded into an emulsion system for which
three different aza-BODIPYs were tested as indicator materials
to detect ammonia. Thanks to a fluorescence quenching
mechanism based on the deprotonation of the hydroxy group
of the dyes, gaseous NH; could be detected throughout a
broad range of concentrations (Fig. 5b). Milling has also been
used by Tyler et al.” to yield EB-NS of lateral size ~ 100 nm for
energy storage applications. More specifically, it has been
shown that EB-NS can be employed as anode material for Li-
ion batteries displaying decent values of reversible capacity,
high coulombic efficiencies and an increase in capacity with
cycling time (Fig. 5c). Most interestingly, X-ray diffractometry
(XRD), Fourier transform infrared spectroscopy (FTIR) and
X-ray absorption spectroscopy (XAS) have confirmed that lithia-
tion leads to a conversion reaction of EB-NS into amorphous
mixed oxides with copper nanoclusters.
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Perhaps the most versatile type of NS photonics application
has been presented by Johnson-McDaniel et al’*® and
Salguero et al.” with the preparation of smart inks. Via pro-
longed hot stirring and ultrasonication, high aspect ratio
EB-NS and HB-NS could be produced and their colloidal dis-
persions could be employed as NS ink. As proof-of-principle
experiments and to highlight the applicability of solution-pro-
cessable NS, square patterns were printed (Fig. 5d(i and ii))
and free-standing NS samples were prepared (Fig. 5d(iii)).
Despite the exfoliation, inks of EB-NS and HB-NS were still
strongly fluorescent in the NIR, thus suggesting that these
materials could be employed for e.g. NIR-based biomedical
imaging, IR light-emitting devices such as telecommunication
platforms, and security ink formulations.

Another technological sector where EB-NS’ outstanding pro-
perties led to a high interest of the scientific community is
latent fingermark detection. For this task, it is crucial to
employ powders which yield the maximum contrast in relation
to the surface they are applied onto. Considered the inhom-
ogeneity of most imaged samples (Fig. 5e(i)), fingerprint
dusting powders which additionally display luminescence can
further facilitate this task. Most of the commercially available
materials, however, fluoresce in the visible with excitation in
the UV range. Due to the strong background interference given
by the frequent presence of e.g. inks, binders and coatings on
the investigated backgrounds (e.g. banknotes), the signal-to-
noise ratio is typically limited. As King et al''® pointed out,
the benefit of employing a powder whose fluorescence lies in
the NIR region would be substantial. A further improvement
would be represented by excitation at NIR wavelengths. As
described in the previous sections, EB-NS can be excited both
in the visible and in the NIR regions (Amaxnik & 780 nm). The
high chemical-physical stability and its robustness to exfolia-
tion make EB-NS excellent candidates for latent fingermark
detection (Fig. 5e(ii-v)). Similarly to King et al,''® Errington
et al.”® tested EB-NS on different surfaces and compared the
results to state-of-the-art dusting powders. Additionally, the
effect of different milling conditions was tested. Significant
progress in terms of sensitivity, selectivity and adhesion was
achieved by Shahbazi et al.®” In their work it was found that a
lipophilic coating of EB-NS with cetrimonium bromide (CTAB,
Table 4) can endow the exfoliated silicates with a higher attrac-
tion towards oily components and moisture commeon to finger-
mark secretions. In conclusion, lipophilic coatings and exfolia-
tion routes appear very promising for this application.'"”

Especially in the last 5 years, several works have been pub-
lished by numerous research groups regarding applications of
EB-NS, HB-NS and HP-NS for biomedical purposes. As already
mentioned in the introductory section, there is a high scienti-
fic interest in developing new NIR-emitting dyes and nano-
materials for biological imaging due to the achievable higher
tissue penetration and contrast, as well as due to the current
scarcity of available NIR fluorophores. In 2020 and 2021,
Selvaggio et al’®’* demonstrated that EB-NS, HB-NS and
HP-NS can be robustly employed as NIR fluorophores for bio-
photonics. Next to characterization measurements focused on

This journal is © The Royal Saciety of Chemistry 2022
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Fig. 5 Photonics and energy storage applications. (a) Effect of pH dependence on ratiometric (i) and dual lifetime referenced (DLR, ii) pH sensors
consisting in aza-BODIPY as indicator and silanized, micrometer-sized EB as reference (in a hydrogel matrix). EB has also been employed for ratio-
metric inner filter effect CO, sensors (iii), where the good overlap of absorption features of EB and deprotonated m-cresol purple (MCP) was
exploited (iv). 1 = Deprotonated MCP (low pCQO,), 2 = protonated MCP (high pCO,), 3 = EB. Furthermore, the temperature dependence of lumine-
scence intensity and decay time of EB, HB and the strontium homologue (SrCuSi,O,0) highlight potential as T sensors (v). Reproduced with per-
mission from ref. 91. Copyright 2013 American Chemical Society. (b) Fluorescence spectra and calibration curves of exemplary optical DLR ammonia
sensors composed by three protonated aza-BODIPY dyes and silanized and milled EB (same exfoliation and functionalization protocol as in (a)).
Reproduced with permission from ref. 115. Copyright 2020 Springer Nature. (c) Galvanostatic cycling of unprocessed and milled EB displaying
improved lithiation and delithiation capacities after milling. The decrease in capacity observed in the first cycles is likely due to a conversion reaction
leading to amorphization of EB. Reproduced with permission from ref. 75. Copyright 2021 Royal Society of Chemistry. (d) Visible (Vis) and near-infra-
red (NIR) picture of square patterns (i) printed with fluorescent EB-NS ink (ii). Macro-sized samples such as free-standing paper of EB-NS (iii) could
be fabricated via solution-processing techniques (top and lateral view are shown). Reproduced with permission from ref. 89. Copyright 2013
American Chemical Society. Reproduced with permission from ref. 90. Copyright 2014 Springer Nature. (e) Latent fingermark detection carried out
with a commercially available fingerprint dusting powder (bichromatic, (i), left panel) and micronized EB ((i), right panel) on a Fanta® can.
Additionally, comparison between Vis-NIR (Redwop, (ii and iii)) and NIR-NIR (planetary ball milled EB, (iv and v)) fluorescent latent fingermark detec-
tion on polymer banknotes further underlines the benefit of NIR. Reproduced with permission from ref. 78 and 116. Copyright 2016 Elsevier.

the exfoliation protocols, proof-of-principle applications were
reported to show how the bright and photostable NIR emission
of the NS enables fluorescence microscopy and remote
imaging of biological samples. Although the NIR-II wavelength
region (4 ~ 1000-1700 nm) is typically more desirable for
higher tissue penetration, the NIRI window (4 =

This journal is © The Royal Society of Chemistry 2022

750-1000 nm), within which the emission of EB-NS, HB-NS
and HP-NS is located, allows strong fluorescent signals to be
detected also by non-specialized and cheaper equipment (e.g.
visible Si-based cameras rather than the expensive InGaAs
ones). Indeed, a Si-based camera was employed to image
EB-NS after injection into fruit fly embryos (Drosophila melano-
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gaster, Fig. 6a(i)). Thanks to the lack of bleaching displayed by
the NS and the absence of sample autofluorescence, long-term
imaging with frame rates of 10 Hz could be performed. In this
way, in vive particle tracking revealed active processes within
the developing embryos (Fig. 6a(ii)). EB-NS could also be easily
detected in a simple and non-optimized home-made remote
detection setup. Indeed, the emission brightness of EB-NS
after infiltration into plant leaves was intense enough to with-
stand leaf autofluorescence and reach the detector from a dis-
tance > 10 cm (Fig. 6b). Furthermore, remote EB-NS signals
observed at this setup were much stronger than other state-of-
the-art NIR fluorophores, including single-walled carbon nano-
tubes (SWCNTs) and indocyanine green (ICG). By means of
tissue phantom experiments performed with a NIR (InGaAs)
camera, it was additionally proven that the fluorescence of
EB-NS, HB-NS and HP-NS could be detected through several
layers of meat, thus underlining their potential for deep tissue
imaging (Fig. 6c).

While the bright and photostable NS fluorescence presents
clear advantages for labeling of biological systems, it also pre-
sents several benefits as reference signal for ratiometric
sensing of biomolecules. This concept was recently demon-
strated for the case of remote detection of bacterial strains by
Nifsler et al.,”® who developed NIR fluoresecent nanosensor
arrays composed of SWCNTs and EB-NS. According to this
sensor design, different SWCNTs were chemically modified so
to detect released metabolites and virulence factors, whereas
the EB-NS worked as reference signal. The nanomaterials were
embedded into hydrogel disks, which were then exposed to
isolates of six clinically relevant bacteria (Fig. 6d(i)). By follow-
ing the fluorescence modulation over time, these multiplexed

Table 4 Functionalization strategies
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nanosensors yielded spatially and spectrally encoded patterns
of the analyzed pathogens (Fig. 6d(ii)). With the implemen-
tation of principal component analysis (PCA), a fingerprint
and identification of different bacterial strains could be
achieved (Fig. 6d(iii)). The successful remote detection of such
sensors paves the way towards the creation of smart implants
and sensing technologies, which could allow faster in situ diag-
nostics of infections.

Biomedical applications of NS are definitely not limited to
exploiting their bright NIR fluorescence. Yang et al.”® showed
in 2018 that high aspect ratio EB-NS of just a few layers of
thickness are highly selective towards multi-phosphopeptides.
In several pH and buffer conditions, EB-NS managed to selec-
tively bind to the tetra-phosphorylated peptides f3m and f4m
without enriching the mono-phosphopeptides f1s and p2s
(Fig. 7a). The same effect was not observed when testing
HB-NS and the Sr homologue SC-NS. This could indicate that
the high specific surface area of EB-NS with numerous Ca*'
ions is responsible for its higher selectivity. Direct measure-
ments of phosphopeptides via mass spectrometry (MS) are
normally affected by low sensitivity and ionization efficiency.
Mono-phosphorylated peptides are preferentially ionized, thus
dominating in the measured spectrum. Even if several strat-
egies have been developed for separation of mono- and multi-
phosphopeptides, only few of the materials designed so far
have proven to efficiently distinguish them. For these reasons,
the highly selective EB-NS can be defined as very promising
substrates for the study of protein phosphorylation.

EB-NS absorb NIR
irradiation (as a result of the d-d electronic transitions) and

Several studies have shown that

convert it into heat. The high photothermal conversion

Material Method” Additional information Ref.
EB Lipophilic coating vig silanization: « Characterization: lifetime measurements, Vis-NIR excitation and emission spectroscopy 91
+ Ball milling « High-temperature solid-state synthesis of EB, HB and SC
« Stirring in anhydrous THF + « Red-shifted emission of HB vs. EB and SC
TMSCI for 30 min « Showcase of different sensing concepts for milled EB, HB and SC
« Fluorescence lifetime decrease with milling and temperature
« Application(s): ratiometric pH sensors (EB); DLR pH sensors (EB); ratiometric inner filter
effect CO; sensors (EB); high-temperature thermographic phosphors (EB, HB, SC)
EB Lipophilic coating protocol #1): « Characterization: AFM, DLS, FTIR, NIR emission spectroscopy, NIR imaging, SEM 92
+ Stirring in hot water + CTAB « Application(s): NIR luminescent latent fingermark detection
(85 °C) for 11 days
Lipophilic coating ( protocol #2):
+ Stirring in methanol + CTAB/PA/
n-DA for 1 day
EB Lipophilic coating via « Characterization: lifetime measurements, Vis-NIR emission spectroscopy 115

silanization (as in ref. 91)

« Incorporation of silanized EB into an emulsion system composed of aza-BODIPYs

(indicators), hydrogel (dye incorporation), PDMS (host material) and ion barriers
« Application(s): DLR ammonia sensors

Abbreviations: AFM = atomic force microscopy, aza-BODIPY = aza-boron-dipyrromethene, CTAB = cetrimonium bromide, DLR = dual-lifetime
referencing, DLS = dynamic light scattering, EB = Egyptian Blue, FTIR = Fourier transform infrared spectroscopy, HB = Han Blue, n-DA =

n-dodecylamine, NIR = near-infrared, PA = palmitic acid, PDMS = polydimethylsiloxane, SC =

strontium copper tetrasilicate, SEM = scanning

electron microscopy, THF = tetrahydrofuran, TMSCI = trimethylsilyl chloride, Vis = visible, vs. = versus. “ Centrifugation, filtration and/or decant-

ing steps are not reported.
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Fig. 6 Nanosheet-assisted imaging for biomedical applications. (a) Two EB-NS imaged inside a fruit fly embryo (Drosophila melanogaster, (i)) expres-
sing Histone2Av-GFP that allows visible (Vis) labeling of the nuclei. The orange rectangle shows the magnified area. The GFP (Vis) and the EB-NS (NIR)
channels are colored in green and red, respectively. Exemplary color-coded trajectories of the instantaneous velocity of two tracked EB-NS (ii) are
shown, too. Scale bar = 10 um (overview) and 5 um (other channels). Reproduced with permission from ref. 72. Copyright 2020 Springer Nature. (b)
Remote NIR fluorescence imaging of EB-NS (frame 1) infused into an Arabidopsis plant (i). As a comparison, single-walled carbon nanotubes (SWCNTs,
frame 2) and buffer (frame 3) were infused as well. NIR fluorescence spectroscopy performed on an infused leaf (ii) shows that the signal of EB-NS
stands out compared to leaf autofluorescence. Reproduced with permission from ref. 72. Copyright 2020 Springer Nature. (c) Remote NIR fluorescence
imaging of several layers of tissue phantom beneath which (EB-)NS-filled capillary tubes were laid (i). Corresponding plots of normalized mean gray
value of NS signal vs. tissue phantom thickness (i) describe signal penetration. Scale bar = 10 mm. Error bar = standard deviation, normalized over the
maximum value of mean pixel intensity within a ROl from one image. Reproduced with permission from ref. 74. Copyright 2021 Royal Society of
Chemistry. (d) Vis and NIR pictures of a hydrogel (HG) array in which EB-NS serves as reference signal and modified SWCNTs serve as sensors (i). An
exemplary image showing fluorescence response fingerprint of six pathogens after 72 h (i) is presented. Via principal component analysis (PCA, iii), dis-
crimination of bacterial strains with remote NIR imaging of such sensing platforms could be robustly achieved, as outlined by the representative 72 h
plot. Scale bar = 0.5 cm. Reproduced with permission from ref. 73. Copyright 2020 Springer Nature.

efficiency of EB-NS (which has been calculated to be in the mal therapy (PTT). Furthermore, release of bioactive Cu*' and
range of ~34-42%''""'*°) and their robust photostability SiO,'” ions from EB-NS promotes angiogenesis and re-epitheli-
suggest that EB-NS have high potential as agent for photother- zation. In this way, EB-NS can carry out a crucial task also in
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Fig. 7 Biomaterial applications of nanosheet-based markers. (a) EB-NS bind selectively multiphosphopeptides e.g. in contrast to HB-NS, which is
useful for mass spectrometry (MS). Adapted with permission from ref. 76. Copyright 2018 John Wiley and Sons. (b) Fluorescence images of mela-
noma-bearing mice proving the efficiency of photothermal therapy (PTT) with irradiated EB-NS scaffold (3C-PP + laser). Reproduced with per-
mission from ref. 118. Copyright 2019 Elsevier. (c) Confocal fluorescence with live-dead staining (i) and viability assays (ii) of osteosarcoma (OS) cells
undergoing PTT with EB-NS-decorated 3D-printing scaffolds (CaPCu + NIR). Local temperature increase (iii) also enables tumor size reduction in
mice. Scale bar = 200 pm. Reproduced with permission from ref. 77. Copyright 2021 John Wiley and Sons. For (b and c): Control/Ctrl = no scaffold
nor laser; PP, PP + laser/CaP = scaffolds without EB-NS; 3C-PP/CaPCu = EB-NS scaffold without irradiation. (d) Absorbance spectrum (i) of aqueous
dispersions of EB-NS (CUP/PT). The broad absorption features and the Cu®* (ii) and SiO4*" (iii) release curves of EB-NS embedded in a shape-
memory polymer (SMP) support the self-knotting and angiogenesis stimulation properties of the resulting biocomposite (PT = SMP without EB-NS).
Treatment of skin wounds with commercial suture, PT and the CUP/PT composite confirms the better performance of the latter (iv). Scale bar =
0.5 cm. Reproduced with permission from ref. 119. Copyright 2021 Elsevier.
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terms of cancer surgery-induced and chronic wound healing.
Within this frame, Yu et al."** have recently reported a multi-
functional biocomposite made of electrospun fibers on whose
surface EB-NS were spin-coated. In vitro and in vivo experi-
ments on tumor-bearing mice showed that such platforms
could simultaneously allow cell proliferation (due to their bio-
compatible nature) and effectively kill skin tumor cells, in this
way aiding tissue reconstruction (Fig. 7b). Similarly promising
results have been obtained by He et al.,”” who embedded
EB-NS into a 3D-printed scaffold (CaPCu) and observed suc-
cessful PTT and tissue regeneration in osteosarcoma (OS) cell
lines (Fig. 7c). By means of mRNA transcriptome analysis, He
et al. also observed a regulatory effect of CaPCu on genes rele-
vant for cell death, proliferation and bone development. Some
other works have almost exclusively focused on the beneficial
properties of ion release from EB. Although Zhang et al.'*' did
not explicitly describe an exfoliation protocol, they reported
the preparation of a novel fibrous EB-containing membrane in
combination with the flavonoid quercetin for hair regeneration
in burned skin. Going further in the direction of wound
healing, other studies have implemented advanced materials
science concepts for the design of the novel multifunctional
composites. The papers from Yang et al.''® and Dong et al.'*"
describe two works that share similar traits: in both cases, a
biocomposite (CUP/PT) based on EB-NS (CUP) and a shape-
memory polymer (poly(p,i-lactide-co-trimethylene carbonate),
PT) was prepared. The ability of EB-NS to convert NIR-II light
into heat was exploited to trigger the shape-memory behavior
of PT. As previously mentioned, the use of NIR-II light (1
1000-1700 nm) in place of NIR-I wavelengths (1 =
750-1000 nm) is beneficial because it allows higher tissue
penetration. In this way, under low power irradiation, Yang
et al.''? reported an outstanding self-knatting ability of CUP/
PT, which was exploited for the design of sutures. The simul-
taneous sustained release of EB-NS jons (Cu*" and Si0,*")
could furthermore lead to in vitro and in vivo stimulation of
angiogenesis, thus enabling a “smart” wound healing
approach (Fig. 7d). Tubular CUP/PT composites were similarly
employed in vitro and in vivo by Dong et al.'*® as intelligent
antiadhesion barrier for intrauterine adhesions with the
capacity of simultaneously  stimulating
regeneration.

@

endometrial

Conclusions

Egyptian Blue (EB), Han Blue (HB) and Han Purple (HP) are
materials that have an ancient history and have been used by
famous past civilizations. Next to the cultural heritage in
world-known artworks, these silicates have recently gained a
new life thanks to their outstanding chemical and photo-
physical properties. This interest has been moving from the
bulk material to the nanoscale counterparts. Indeed, the
layered crystal structures of EB, HB and HP allow exfoliation
down to 2D nanomaterials, i.e. nanosheets (NS), which retain
the most relevant features while benefiting from their reduced

This journal is © The Royal Society of Chermistry 2022

Gabriele Selvaggio

Review

size and high aspect ratio. Several works have outlined exfolia-
tion routes which yield NS structures down to monolayer thick-
nesses, however most of them do not describe the obtained
size distribution, are time-consuming and/or report NS dia-
meters of several microns. These issues can constitute limiting
factors for certain applications and should thus be addressed
in future works. For instance, if NS sizes are not small enough
(nm range), the employment in biological systems could be
hindered in terms of uptake and biocompatibility. Long exfo-
liation protocols might instead represent an obstacle for scal-
ability of the prepared samples, thus resulting less appealing
for industrial applications. Focus on more sophisticated and at
the same time more efficient methods of exfoliation (e.g. sur-
factant-mediated sonication) might enable a stronger control
over the obtained NS sizes, and therefore allow further tailor-
ing of layer thickness. In this way, it could be experimentally
investigated whether the fluorescence of NS monolayers can be
affected by the chemical environment around the more
exposed copper ions and/or by applied strain, as foreseen by
past theoretical studies. Although some fundamental photo-
physical insights have been gained in the last years, there are
still many open questions and, thus, several directions of
research worth following next. For instance, it is clear that the
synthesis has a strong impact on fundamental photophysical
properties (e.g quantum yield), therefore its full comprehen-
sion and control could lead to immediate benefits in numer-
ous applications. To this end, also size-fluorescence corre-
lation studies and robust quantum yield measurements of
well-defined samples are of paramount importance to assess
the full potential of novel NIR fluorophores. Furthermore, tai-
loring of material doping and employment of novel/alternative
excitation (e.g. UV) and detection (e.g. fluorescence lifetime)
methods could respectively allow to tune the photophysics and
further extend the applicability of these materials, as already
indicated by recently published works. In terms of material
doping, the incorporation of defect states could perhaps
lead to novel properties similar to quantum defects in
SWCNTSs.'**™'2* Moreover, tailoring of surface chemistry is a
crucial step to improve water solubility and allow targeting of
molecules of interest, as required for e.g. drug delivery and
image-guided surgery. Although first examples of functionali-
zation have been reported in literature, this topic is currently
still mostly unexplored and therefore demands attention
(Table 4)."**'*®* Nevertheless, numerous publications have
already clearly highlighted the extreme versatility and high
promise of EB-NS, HB-NS and HP-NS for multiple and diverse
technological fields, including smart inking, energy storage,
biological imaging and sensing, photothermal cancer therapy,
tissue engineering and more. It is therefore our strong belief
that many exciting chapters featuring these novel nano-
materials are soon to be written.
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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 method!74180.181.185 and commercial
powders are still mainly prepared in this way, alternatives have been established: these include flux-less
solid-state synthesis'77:185.188-193 - hydrothermal processes'®-19, sol-gel methods!%, solution combustion
synthesis!® and pseudomorphosis routes?%. 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 Ca?* ion (EB) with Ba?* (HB and HP), HP is also less rich in
silica and presents a Cu-Cu bond174180181.191,201-204 The common trait shared by all three players is given
by the fact that the silicate layers are held together by Ca?*/Ba?* ions via weak out-of-plane bonds; for this
reason, these materials are prone to exfoliation into 2D (nhano)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. 183185 and Salguero et al.'® 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 um
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 Il, Manuscript Ill 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 Cu?* ion in square planar geometry
acts as color center and its electronic configuration results in a broad Vis-NIR excitation range (A = 450-
850 nm) and an intense NIR emission (A = 920-960 nm)74182.191 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 Ba?*
ions, and can thus stretch till the beginning of the NIR-Il window (A = 1000 nm)182.205.206 HP also presents
extraordinary magnetic properties given by the Cu-Cu dimer®5207-211 whereas very recent studies have
indicated that up-conversion of EB and HB is possible!®3?'2 and that excitation of EB in the UV can lead
to an even stronger NIR emission?'3. 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 (7): the former has been reported to be significantly high for EB (QY = 10.5%%2°) and high for HB

(QY = 6.9%%), whereas the decay time lies in the ys range for all three silicates (7es = 100-150 ps,



T = 60-100 ps, Typ = 6-30 ust82206214-216) Although these and several other properties of the bulk silicates
already appear extremely promising, the real breakthrough, which also represents the cardinal pointin 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.183185 and Salguero et al.'® for EB and HB, has
been then further investigated and also applied to HP in following works (including Manuscript Il,
Manuscript Il and Manuscript 1V). 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 ps 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 ink'83-18 and efficient latent fingermark dusting powder?17-
220 ‘while others have used the stable emission of EB as a reference signal for sensing schemes based on
ratiometric detection??1222, 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 Il, Manuscript Ill), and could furthermore allow ratiometric
sensing of bacterial strains together with single-walled carbon nanotube sensors??3. 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 Cu?* and SiO4* ions, EB-NS can also be employed for selective enrichment of multi-

phosphopeptides??4, photothermal therapy??5226 and tissue engineering?27228,

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 deserves?19.221.222 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 1V).
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v Egyptian Blue (CaCuSisO10, EB), Han Blue (BaCuSisO10, HB) and Han

]n a Nuts]’lcll... Purple (BaCuSi,O¢, HP) are layered silicates that can be easily

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

v The bright and long-lived NIR fluorescence of the bulk materials, which
originates from the Cu?* ions acting as color centers, is retained in the
NS form.

v' 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 systems® and aggregates??® represent valid options, the most common
approach consists in the extension of the 1-conjugated scaffold?3°. 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 only®. With these motivations in mind, Patalag et al.?3 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 a-positions via ethano units, were
then used as starting point in a follow-up publication by Patra et al.®. In this work, extended benzene-fused
oligo-BODIPYs could be prepared by adding an oxidative step to the procedure described by
Patalag et al.?3! 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 < A < 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 1). 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?



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?



5.1.2 NIR-Emitting Benzene-Fused Oligo-BODIPYs for Bioimaging (Manuscript 1)
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Near-infrared (NIR) fluorophores are emerging tools for biophotonics because of their reduced scattering,
increased tissue penetration and low phototoxicity. However, the library of NIR flucrophores is still
limited. Here, we report the NIR fluorescence of two benzene-fused oligo-BODIPYs in their hexameric
(H) and octameric (O) forms. These dyes emit bright NIR fluorescence (H: maxima 943/1075 nm, O:
maxima 976/1115 nm) that can be excited in the NIR (H = 921 nm, O = 956 nm) or non-resonantly over a
broad range in the visible region. The emission bands of H show a bathochromic shift and peak sharpen-
ing with increasing dye concentration. Furthermore, the emission maxima of both H and O shift up to
20 nm in solvents of different polarity. These dyes can be used as NIR ink and imaged remotely on the
macroscopic level with a stand-off distance of 20 cm. We furthermore demonstrate their versatility for
biophotonics by coating microscale beads and performing microrheology via NIR video particle tracking
(NIR-VPT) in biopolymer (F-actin) networks. No photodamaging of the actin filaments takes place, which
is typically observed for visible fluorophores and highlights the advantages of these NIR dyes.
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Among the currently available NIR fluorophores, only two
have so far been approved for clinical use: indocyanine green

Introduction

60

Fluorophores emitting at near-infrared (NIR) wavelengths
(700 nm < 1 < 1700 nm) have advantages compared to their
counterparts in the visible range of the spectrum due to
reduced scattering, photodamage, autofluorescence and
absorption."? Such characteristics can be exploited especially
for biological imaging, where high tissue penetration and high
signal-to-noise ratios are desire However, up to now the
number of available fluorophores is much smaller in the NIR
compared to the visible. Furthermore, despite their high
potential, most NIR fluorophores display lower quantum yields
(QYs). There is therefore a high interest to design the “holy
grail” of superior NIR fluorophores and pave the way for a

d 1,3-6

broad range of novel and powerful tools for bioimaging.
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(ICG) and methylene blue (MB). Both are however emitting in
the so-called NIR-I region (700 nm < A < 900 nm), which, com-
pared to regions of higher wavelengths (i.e. 1 > 900 nm and the
so-called NIR-1I region with 1000 nm < 4 < 1700 nm), presents
lower contrast and penetration depth in tissue."” For this
reason, NIR-II emitters such as lanthanide-based nanocrystals,
quantum dots (QDs), rare-earth-doped nanoparticles (RENPs),
single-walled carbon nanotubes (SWCNTs) and some organic
dyes have received a lot of attention in recent years."*®
instance, NIR fluorescent SWCNTs” have become robust tools

For

for targeted bioimaging and sensors applications®” thanks to
their fluorescence tunal:rilitym'12 in response to analytes of
1319 (e.g. neurotransmitters'®'®), their established

10,17 . o 8,18
" and functionalization routes,”
19-21

interest
separation
possibility to perform defect chemistry.
as exfoliated silicate nanosheets (NS), on the other side, stand
out for their high fluorescence brightness and remarkable
photostability, which make them very promising labelling
agents for multiple bioimaging scenarios.**** Organic fluoro-
phores tend to have shorter emission wavelengths and limited
solubility in water but they also display faster excretion kine-
tics and can be chemically tailored, which makes them versa-
tile materials for bioimaging.® Typical NIR dyes include cano-
nical cyanines® " (e.g: ICG), squaraines,”®*’
diketopyrrolopyrroles, but also modified boron dipyrro-

as well as the
2D materials such

28,29
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methenes (BODIPYs).*"*! Structural modifications of the
BODIPY core (e.g. aza-BODIPYs,”>** BOIMPYs***®) are known
to red-shift the spectral center of the parent BODIPY (around
500 nm) up to the far-red and even NIR region. In this context,
the straightforward lateral extension of the n-system®® (e.g. by
Knoevenagel condensation®’) is the most prominent strategy
to tune the absorption and emission energies, resulting in
appealing photophysical properties for e.g. biological labelling,
photodynamic therapy, organic photovoltaics, eic.***?

Recently, a novel three-step synthetic protocol to yield fully
conjugated, benzene-fused oligo-BODIPYs from BODIPY pre-
cursors was presented.*® With this procedure consisting in oli-
gomerization and one-pot oxidation steps, a full series of oligo-
mers ranging from dimers to octamers was synthesized. These
chromophores displayed high stability and broad tunability of
absorption and emission energies in the NIR region. While the
absorption signatures were recorded for all oligo-BODIPYs™
(500 nm < A, < 950 nm), tetramers and larger molecules were
reported to be non-fluorescent in the NIR region, presumably
due to instrumental limitations.

Herein, we demonstrate the NIR fluorescence of an hexame-
ric (H) and an octameric (O) oligo-BODIPY species. We charac-
terize their NIR fluorescence via 1D and 2D NIR-fluorescence
spectroscopy, and outline their performance in remote NIR
imaging as well as in NIR particle tracking within biological
cytoskeleton networks.

Results and discussion

The hexamer (H) and the octamer (O) form of benzene-fused
oligo-BODIPYs present a large, arc-shaped structure which dis-

Octamer (O)
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plays enhanced air stability and robustness against reversible
reduction and oxidation cycles*® (Fig. 1a). Their main absorp-
tion and emission bands in dichloromethane (DCM) are cen-
tered at 921/943 nm (H) and 956/976 nm (O) (Fig. 1b). The
absorption is broad, stretching from the visible to the NIR
region (Fig. 517), whereas the emission window lies roughly
between 900 and 1150 nm. The fluorescence main bands are
narrow, presenting full widths at half maximum (FWHM)
between 650 and 800 cm™" (Table 1). Relative quantum yield
(QY) measurements, performed according to a protocol by
Wiirth et al.,*” were carried out with a commercially available
NIR dye (IR-1048) as standard. Such measurements yielded QY
values of =2% for H and ~4% for O in DCM, both in a similar
range compared to shorter olif_;'o-BC)[)IP‘ES_"m Interestingly, the
dye concentration changed the ratio between the two largest
emission peaks. Furthermore, bathochromic shifts are
observed with increasing concentrations. The main emission
band exhibits a red-shift of 25 nm (H) and 28 nm (O), whereas
a red-shift of 6 nm of the second band of H was detected
(Tables S1-S2 and Fig. S2a-b7).** These bathochromic shifts
are accompanied by sharpening of the emission peaks in the
case of the H dye. Next to that, emission energies shifted with
solvent polarity (Table S3 and Fig. SZc—dﬂ.‘?'8 We anticipate
that the previously not reported NIR fluorescence of these
oligo-BODIPYs was due to low detection efficiencies of stan-
dard spectrometers in the NIR.*® In contrast, we used equip-
ment optimized for the NIR range (>800 nm, see Experimental
section for details).

The high photostability of these dyes and the brightness of
their NIR
imaging experiments with a home-built setup.'* In order to be
properly imaged at a macroscopic setup, fluorophores need to

fluorescence were demonstrated via stand-off
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Fig. 1 NIR fluorescent organic BODIPY dyes. (a) Chemical structure of the hexamer and octamer of benzene-fused oligo-BODIPYs. (b) Visible (Vis)-
near-infrared (NIR) absorbance and NIR fluorescence spectra of the hexamer- and octamer-BODIPYs in dichloromethane (DCM).
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Table 1 Absorption and emission features of hexameric (H) and octameric (O) benzene-fused oligo-BODIPYs in dichloromethane (DCM). The main
absorption band (i), the first and second emission peaks (1em1 and Zem2), the full widths at half maximum of the mentioned signals (FWHM,,,

62

FWHM,,,; and FWHM,,, ») and the Stokes shifts (AZ) are reported

= -1

Aipe 0O FWHM,;,, nm ™" Ao MM FWHM_p, , nm = Aem2 NM FWHM,,, , nm Av/nm
Sample (cm™) (em™) (em™) (em™) (em™) (em™) (em™)
H 921(10 858) 54.8(669) 943(10 601) 56.1(670) 1075(9301) 115.5(1201) 22(257)
o 956(10460)  66.3(771) 976(10247) 56.5(587 1115(8971) 134.2(1449) 20(214)

be remarkably bright, considering that only a small fraction of
emitted photons is able to reach the detector. Indeed, both H
and O showed similar fluorescence intensities, which were
easily observable already with low integration times, low exci-
tation powers in the Vis (LED lamp, no laser), and both at high
and low concentrations (Fig. S31 and Fig. 2a). In order to show
their applicability as ink (e.g. for security ink technologies),
letters were written on filter paper. Both O and H were clearly
observable in the NIR channel, while not detectable in the
visible (Fig. 2b). When imaging these samples, an efficient cut-
off of emission wavelengths was obtained with long
pass filters (Fig. 2c). Despite the 3x lower absolute intensity at

Aem > 900 nm

Aem > 950 nm

Aem > 1100 nm, both O and H were still easily imaged (the
slightly higher intensity of O likely arises from local ink con-
centration differences, Fig. 2d). These experiments show that
both O and H dyes can be used for imaging over a large range
of the desired NIR spectral range. This finding is important
because so far existing dyes such as ICG have been used for
imaging far away from their emission maximum to get further
into the NIR.*!

In order to enhance their typically lower QYs as well as to
overcome their typically limited water solubility, (NIR) organic
dyes are often loaded into nano-/micrometer-sized polymeric
microbeads. For this purpose, particles of different materials
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Fig. 2 Remote NIR fluorescence imaging of BODIPYs. (a) Visible and corresponding NIR fluorescence picture of the octamer-BODIPY (O) and the
hexamer-BODIPY (H) in toluene. Scale bar = 1 cm. Exposure time = 500 ms. (b) BODIPY dye print on a filter paper with overlaid NIR fluorescence.
The letters are only detectable in the NIR (scale in cm). (c) NIR images of the letters for different long pass emission filters (Zem). Scale bar = 0.5 cm.
Exposure time = 500 ms. (d) Relative signal of the two letters written in NIR at different wavelengths. The values are mean pixel intensities, evaluated
from the pictures in c. Note that, even though the intensity decreases, there can be advantages such as less scattering or autofluorescence for using
only the longer wavelengths. Error bars = standard deviation (from 5 different regions of interest within the dye print). N = 1 independent sample.
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are commercially available. Among them, polystyrene (PS)
beads appear appealing for in vivo imaging thanks to their
mechanical stability, biocompatibility, robust synthetic proto-
cols (miniemulsion polymerization) and broad range of sizes
with narrow size distributions. Furthermore, diverse surface
functionalizations are possible.”> In terms of fluorophore
incorporation techniques, the staining of particles via swelling
represents one of the simplest options with regards to

Gabriele Selvaggio
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dissolving  the PS  beads
(see Experimental section).

According to the images acquired at our NIR microscopic
imaging setup, the coating procedure was successful: the PS
particles indeed displayed a bright and uniform fluorescence
with neglectable leakage (Fig. 3a and Fig. S4t). Furthermore, a
staining protocol similar to the one described above could be
performed on silica (SiO,) beads. These particles are not

during  encapsulation

experimental complexity, yields and costs. Besides porous and likely do not swell and therefore the dye adsorbed
swelling, several PS loading protocols exist,"”> but BODIPY on the beads’ surface. Nevertheless, bright and homoge-
incorporation requires different approaches. The main neously fluorescent SiO, particles could be imaged, thus high-
challenge was to solubilize the BODIPY dye, without lighting the versatility of our oligo-BODIPYs (Fig. S57).
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Fig. 3 NIR microrheology in actin biopolymer networks. (a) NIR fluorescence image of polystyrene (PS) beads, which were coated with the NIR dye
(hexamer). Scale bar = 10 pym. (b) NIR/Vis fluorescence image of dye-coated PS beads (red) inside a F-actin network (cyan). In order to allow co-
localization, the actin filaments were stained with a Vis dye. Scale bar = 10 ym. (c) An exemplary trajectory obtained after video particle tracking
(VPT) of NIR dye-coated PS beads in actin networks. The initial and final bead positions are indicated by the arrows. (d) Mechanical properties of
actin networks are extracted from trajectories obtained by NIR microrheology. Here, the dependence of actin concentration (cs) on plateau
modulus (Gg) is shown. The mean values (blue circles) and the corresponding standard deviations (light blue band) are plotted for the tested concen-
trations. The shear modulus of G of such viscoelastic networks is known to scale as Gy ~ cAm (black line).** N = 3 independent samples. n = 11, 27,
31 beads for c, = 0.25, 0.5 and 1 mg mL™%, respectively. (e) Higher stability of actin networks using PS beads coated with our hexamer (H) dye. PS
beads of same size were coated in two different ways: either with our hexamer NIR dye (NIR) or with a visible dye (Vis, i.e. fluorescent red PS micro-
spheres, 545/566 nm). These two classes of beads were then separately embedded in actin network samples, and mean squared displacement
(MSD) curves were obtained via VPT during prolonged continuous excitation. The results show that networks embedded with NIR dye-coated beads
remain stable over time, which is not the case for the ones embedded with Vis dye-coated microparticles. For the continuous excitation, samples
were placed under a fluorescent lamp installed on a microscope (4., = 545 nm, measured output power ~83 mW). The datasets were normalized to
the respective t = 0 min MSD at lag time = 10 s (i.e. in the middle of the plateau region). NIR dataset: n = 114 beads at t = 0 min and 169 beads at t =
60 min. Vis dataset: n = 103 beads at t = 0 min and 184 beads at t = 60 min. N = 5 independent samples.
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Next, we introduced the hexamer-labelled PS beads into
actin networks. The globular protein actin is the most abun-
dant cytoskeletal protein in most eukaryotic cells and it is
highly important for structure and function. The mechanical
(viscoelastic) properties of actin networks are therefore an
active field of study, and tools that measure these properties
are thus of high interest. The self-assembly of actin monomers
can be easily tailored in vitro by e.g. the employment of appro-
priate buffers and cross-linking proteins, thus allowing for an
extensive amount of studies on actin filaments and
networks.**** In order to perform co-localization measure-
ments, such actin filaments can be labelled with e.g. visible
fluorophores: in our case, bundled filaments of actin were
labelled with a green-emitting dye. Thanks to the brightness of
our oligo-BODIPYs as well as to the lack of autofluorescence in
the NIR, the dye-labelled PS beads were still clearly dis-
tinguishable after introduction into bundled actin networks
(Fig. 3b). Next, the robust (photo)stability of H allowed us to
exploit its fluorescence signal to perform passive microrheol-
ogy in the form of video particle tracking (VPT) of the beads
(Fig. 3c). With this technique, which relies on the Generalized
Stokes-Einstein relation, one can evaluate the viscoelastic pro-
perties of a system (ie. our actin network) via the Fluctuation
Dissipation Theorem. The Brownian motion of the incorpor-
ated probe particles (spheroidal microparticles, i.e. our beads)
was quantified as mean squared displacement (MSD) and
translated into shear moduli, which allowed a comparison of
mechanical properties.*® One open question is how actin con-
centration affects mechanical properties and this question can
be answered by microrheology. Therefore, we measured the
plateau modulus (G,), i.e. the value of the storage modulus at
the frequency for which the ratio loss/storage moduli () is
minimum, for three different actin concentrations. The
obtained values followed a scaling law predicted via the Tube
Model and validated experimentally for such systems®
(Fig. 3d). Finally, the impact of different coatings of PS beads
on the degradation of actin networks was studied. It is known
that illumination of Vis fluorescent (PS) beads can lead to
drastic softening of actin gels, likely caused by generation of
free oxygen radicals and photodamage of actin.*”** While this
mechanism might be on one side used for disintegration-trig-
gered manipulation of actin networks, it also poses a threat
and bias to most microrheological studies. With this motiv-
ation, we compared PS beads of same size with two different
coatings: our H dye and a commercially available Vis control
(Le. fluorescent red PS microspheres, 545/566 nm, FRP5000,
Lab 261). VPT analysis was performed with the camera and
tracking software of an acoustic force spectroscope (AFS). In
this way, MSDs could be measured at two different times: ¢ =
0 min and ¢ = 60 min, with continuous illumination. Our
dataset displayed a clear trend: the Vis beads showed the
largest increase of mean squared displacements over time,
indicating a higher degree of actin softening caused by the
employed Vis dye (Fig. 3e and Fig. S6-577). It is thus plausible
that the triplet states normally responsible for generation of
toxic oxygen species are not accessible or were not created
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around the H dye. Compared to the tested visible dye, the
promising results highlight the advantage of using such versa-
tile and robust NIR dyes for microrheology in polymeric net-
works and biological systems.

Conclusions

We report for the first time the NIR fluorescence of hexameric
(H) and octameric (O) benzene-fused oligo-BODIPYs. Their
broad excitation range and their narrow emission maxima
between 940-1120 nm were studied vie 1D and 2D spec-
troscopy. In different organic solvents, solvatochromic shifts
appeared, whereas red-shifted emission wavelengths and peak
sharpening trends were detected at higher concentrations. The
NIR fluorescence of both H and O proved to be bright enough
to enable stand-off detection, showing that these dyes can be
used e.g. as security inks, for barcoding or for remote bio-
medical imaging. Furthermore, we demonstrated the potential
of this class of BODIPYs as NIR fluorophores by coating them
on silica and polystyrene microbeads. The latter could be used
for NIR fluorescent video particle tracking (VPT) in biopolymer
(actin) networks, without prominent actin degradation, a
phenomenon occurring with conventional microrheological
fluorophores.

In conclusion, thanks to their straightforward synthesis
and advantageous photophysical properties, these oligo-
BODIPYs are powerful tools for NIR bioimaging and photonics
in general.

Experimental

UV-Vis and NIR spectroscopy

Absorption spectroscopy was performed with a JASCO V-670
device from 400 to 1100 nm in 0.2 nm steps in a 10 mm path
quartz cuvette, using a 0.5 pM dye solution (Amae & 0.2) in
various solvents. The same dye solutions were transferred into
glass vials and used for NIR fluorescence spectroscopy
measurements, which were acquired with a Shamrock 193i
spectrometer (Andor Solis Software, version 4.29.30012.0,
Andor Technology Ltd) connected to an IX53 microscope
(Olympus). Excitation was performed with a gem 561 laser
(Laser Quantum), a Cobolt Jive laser (Cobolt AB) and a mono-
chromator MSH150, equipped with a LSE341 light source
(LOT-Quantum Design GmbH). Typical parameters for NIR
fluorescence measurements were 50 mW (e, = 561 nm) laser
intensity, 200 pm spectrometer slit width and 1 s integration
time, using a center wavelength of 1000 nm with a spectral
grating of 150 I mm ™.

A self-written Python code was used to plot the 2D spectra,
which were not corrected for the spectral irradiance of the
xenon lamp. Further data analysis and plotting were per-
formed in Origin Pro 8.1.

Relative quantum yield (QY) was determined by comparison
with a commercially available NIR-emissive dye (IR-1048,
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Sigma Aldrich, nr. 405175), following a reported protocc'l.40
Fluorescence emission was acquired with a 20x NIR objective
(LCPlan N 20%/0.45 IR, Olympus), measured excitation power
out of the objective ~235 mW (l., = 561 nm) and integration
2 s. In short, all dyes were diluted in DCM to ~0.1
absorption at their respective absorbance maxima. Next,
absorption factors and integral photon fluxes were calculated
in Origin Pro 8.1. A value of 1.412 was assigned to the refrac-
tive index of DCM at the emission wavelengths of the dyes,*”
whereas a value of 0.004 was used for the QY of [R-1048 in
DCM.*® Our calculations performed on triplicates of each dye
yielded the following values (average + standard deviation):
0.020 + 0.004 for H, 0.044 + 0.011 for O.

time =

NIR camera-assisted stand-off detection

NIR stand-off detection was performed with a custom made,
portable setup'®, using a XEVA (Xenics, Leuven Belgium) NIR
InGaAs camera (Kowa objective, f= 25 mm/F1.4) and a white-
light source (UHPLCC-01, UHP-LED-white, Prizmatix)
equipped with a 700 nm short pass filter (FESHO0700,
Thorlabs) for excitation. Optical filters (FEL0900, FEL0950,
FEL1050, FEL1100, ThorLabs) in a manual filter wheel (CFW6/M,
Thorlabs) were mounted in front of the camera, which was
equipped with an additional 900 nm long pass filter (FEL0900,
Thorlabs). Stand-off distance for NIR fluorescence detection was
20 cm. For imaging of NIR dyes in vials, the following settings were
chosen: integration time = 0.5 s, light intensity = 20 mW em™.
Parameters for NIR ink samples were instead: integration time =
0.5 s, light intensity = 35 mW em > Concentration of dyes in vials
were ~4 pM for the octamer and ~5 pM for the hexamer solution in
toluene. Approximately 10 puL of these solutions were drawn on stan-
dard filter paper to simulate the NIR ink. Light intensity was
measured at 570 nm with a power meter (PM16-121, Thorlabs).

Data analysis was performed in Image] (v. 1.52a), whereas
plotting was carried out in Origin Pro 8.1.

Coating of microbeads

The coating of polystyrene (PS) and silica (SiO,) microspheres
were performed as followed.

The following PS beads Polybead®
Microspheres, d =~ 1.5 pm, Polysciences for rheology of
different actin concentrations; PST5000, d = 5 pm, Lab 261 for
the actin degradation dataset. First, 300 pL of aqueous suspen-
sion of plain PS beads were removed from the original flask
and directly mixed in a glass snap cap vial with 300 pL of
methanol. The vial was placed on a heating plate at =50 °C
and was kept under N, flow during all preparation steps to
speed up the drying process. As soon as the solvents had evap-
orated, other 400 pL of methanol were introduced. After evap-
oration, other 300 pL of methanol were introduced and soni-
cated for ~1 min. Immediately afterwards 300 pL (=5 pM) of
the hexamer dye (H) dissolved in diethyl ether was added to
the PS beads-methanol suspension, mixed and directly placed
for evaporation under N, stream. Finally, the dried beads were
dispersed in 600 pL of milliQ water, and the system was bath
sonicated for ~2 min. The so-prepared H-coated PS micro-
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spheres were transferred into brown snap cap vials (to reduce
the chances of photobleaching) and were stored at 4 °C.

With the previously described setup, plain SiO, micro-
spheres (SS06N, d =~ 6 pm, Bangs Laboratories, Inc.) were
coated in a similar way. To start with, 300 pL of aqueous sus-
pension of beads were removed from the original flask and
directly mixed with 1 mL of acetonitrile. After drying, another
1 mL of acetonitrile was added. As soon as evaporation was
complete, 1 mL of toluene and 300 pL (=5 pM) of H dissolved
in toluene were introduced into the glass vial. After evapor-
ation, addition of another 1 mL of toluene and another drying
step, the SiO, microspheres were dispersed in 1 mL of milliQ
water and bath sonicated for =~2 min. The so-prepared
H-coated SiO, microspheres were transferred into brown snap
cap vials (to reduce the chances of photobleaching) and were
stored at 4 °C.

Preparation of Actin Networks

Actin (rabbit skeletal muscle, Cytoskeleton) networks were
assembled at different concentrations: 0.25, 0.5 and
1 mg mL™" for VPT verification, 1 mg mL™" for degradation
experiments, and 1.8 mg mL™" for microscopy images of
bundled actin. The chemicals listed below, unless explicitly
mentioned, were purchased from Sigma-Aldrich.

First, the lyophilized actin powder was dissolved in ultra-
pure water (to 10 mg mL™'). Next, the actin was introduced
into a stabilizing buffer (5 mM Tris-HCI pH 8.0, 0.2 mM CacCl,,
0.2 mM ATP, 5% sucrose, and 1% dextran). The system was
then further diluted with freshly prepared G-buffer (2 mM
Tris/HCI, 0.1 mM CacCl,, 0.2 mM ATP, 0.5 mM dithiothreitol,
0.1 mM NaN;, pH 7.8) and depolymerized (30 min on ice).
Microparticles were first washed via centrifugation, ie. the
supernatant was removed and the system refilled with G-buffer
~3-5 times. Then, the beads were added directly before the
polymerization step. Similarly, for the bundled networks Alexa
Fluor 488-phalloidin (Thermo Fischer) was added in this step
for co-localization. The polymerization was started by adding
25% of the total volume in F-buffer (500 mM KCI, 20 mM
MgCl,, 50 mM EGTA, 0.1 mM NaN,, pH 7.4) and vortexing.
The samples were carefully but quickly transferred into glass
chambers (L.e. cleaned #1 cover slips connected by 130 pm cut
out double sided tape) and left to fully polymerize and equili-
brate overnight at room temperature.

NIR microscopy

Our home-built NIR imaging setup consists of a 561 nm laser
(Cobolt JiveTM 561 nm), a fluorescence lamp (X-Cite® 120Q,
Excelitas Technologies), Olympus IX53 microscope equipped
with a 100x (UPlanSApo 100x/1.35 Sil, Olympus) objective, a
NIR camera (Cheetah TE1, Xenics) and a Vis camera (Zyla 5.5
sCMOS, Oxford Instruments). For NIR imaging, the laser was
used as excitation source, whereas a dichroic mirror (Vis/NIR,
HC BS R785 lambda/5 PV, F38-785S, AHF) and a 900 nm long-
pass filter (FELH0900, Thorlabs) were installed along the light
path to the NIR camera. For Vis imaging at GFP wavelengths
with the Zyla camera, the fluorescence lamp was employed for
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excitation at maximum power (~3.8 mW, measured out of the
objective with a Thorlabs S130C power sensor), and the follow-
ing filters were used: ET470/40x (Set 49002, Chroma) for exci-
tation, HC BS R488 1 lambda PV flat (F38-489, AHF) as
dichroic mirror in the microscope’s filter cube, the previously
mentioned Vis/NIR dichroie mirror, a laser/Vis dichroic mirror
(T550LPXR, 25.5 x 36 x 3 mm, Chroma), and finally ET525/
50 m (Set 49002, Chroma), a Notch 561 (zet561NF F40-562,
AHF) and a short-pass filter (650/SP HC, F37-650, AHF) directly
mounted in front of the Vis camera.

For qualitative images of coated PS microspheres, an
aliquot of bead suspension was diluted (typically, 1:10 in
volume) with water. Then, a small volume (typically 10 pL) was
removed from the diluted suspension and simply drop-casted
on a #1 glass coverslip placed above the objective. Afterwards,
imaging of this droplet was performed either in wet (Fig. 3a)
or dried (Fig. S41) form according to the following parameters:
set laser power = 250 mW, exposure time of NIR camera = 0.1
s.

When beads were embedded in actin networks, the pre-
viously described (GFP-optimized) filters allowed the detection
of the Alexa Fluor 488-labelled actin filaments. For qualitative
observation of PS and SiO, beads embedded in ion-bundled
actin networks, images were taken as follows: set laser power =
250 mW, exposure time of NIR camera = 1 s, exposure time of
Vis camera = 0.02-0.03 s.

The plateau moduli of actin samples of 3 different concen-
trations were measured by tracking the NIR fluorescent beads
over time. In this way, only the NIR camera was employed for
data acquisition, which was carried out with these settings: set
laser power = 250 mW, exposure time = 0.05 s, frame rate =
19 fps, total measurement time = 3 min.

Characterization images of dye-coated beads drop-casted on
glass or embedded in actin networks were elaborated in
Image] (v. 1.52a).

Bright field microscopy

Passive microrheology measurements for actin degradation
experiments were performed using a bright field microscope
(Lumicks, AFS) at a high frame rate (138 fps) with a 60x objec-
tive (CFI Achro-mat FF, WD = 0.3 mm, NA = 0.80, Nikon).
Tracking of the microparticles was done with the AFS instru-
ment software (Lumicks), which uses a quadrant algorithm to
track ring shaped diffraction patterns in two dimensions. To
avoid electrostatic interaction with the glass surfaces, the focal
plane was set at heights not lower than 20 pm. Between the
starting (¢t = 0 min) and final (¢ = 60 min) measurement ses-
sions, samples were placed for continuous excitation under a
fluorescent lamp (PhotoFluor 11 NIR, AHF) installed on an
Olympus BX51 microscope. This lamp was employed at
maximum intensity (Aex. = 545 nm) and the light was directed
to the samples through a 10x objective (MPlanFL N, Olympus)
with a measured output power on the sample plane corres-
ponding to ~83 mW.
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Microrheology analysis

For the VPT of PS beads in actin networks of different concen-
trations, the raw images were first despeckled and their con-
trast was enhanced in Image] (v. 1.52a). Next, a custom-made
Python® cade based on the Trackpy’*** package (Python v.
3.7.7, Trackpy v. 0.5.0) was used to obtain the trajectories.
Typically chosen parameters for the tracking algorithm were:
blob diameter = 31 pixels, memory = 10 frames, maximum dis-
placement between consecutive frames = 25 pixels, minimum
trajectory length = 3400 frames (out of 3400 total frames).
Trajectories obtained from both actin datasets (i.e. different
actin concentrations and actin degradation) were analyzed
based on the work of Crocker et. al.®' with a customized
variant of a MATLAB script made freely available on UMass
(people.umass.edu/kilfoil) by Maria Kilfoil.
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Figure S1: 2D spectra of NIR dyes. 2D excitation-emission spectra of the hexamer and
octamer NIR dyes. Due to the cut-on wavelength of the dichroic mirror in our setup, the
emission features resulting from excitation wavelengths > 800 nm are not measured.
Therefore, the maxima for both hexamer and octamer samples are not observable.
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Figure S2: Concentration effects and solvatochromism. a Normalized fluorescence
emission of highly concentrated samples (= 5 uM) of hexamer and octamer in dichloromethane
(DCM). b Normalized fluorescence emission of diluted samples (= 0.5 uM) of hexamer and
octamer in DCM show an altered ratio of the two largest peaks, as well as a hypsochromic shift
and peak broadening, compared to more concentrated batches. ¢ Solvent-dependent peak
shifts in the emission profile of the hexamer-BODIPY in tetrahydrofuran (THF), toluene and
DCM. d Solvent-dependent peak shifts in the emission profile of the octamer-BODIPY in THF,

toluene and

DCM.
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Vis NIR (0.1 s) NIR (0.2 s) NIR (0.3 s)

Figure S3: Stand-off NIR images of highly concentrated octamer- (O) and hexamer- (H)
BODIPYs. NIR fluorescence images of highly concentrated solutions (= 5 uM) of octamer and
hexamer dyes in toluene. Acquisition was performed with our home-built stand-off setup at
maximum illumination power and at different exposure times: while t=0.1s is already
sufficient to notice the bright fluorescence of the samples, with t = 0.3 s pixel saturation of the
NIR camera starts becoming observable. Scale bar = 1 cm.

Figure S4: NIR images of hexamer-coated lower-size PS beads. NIR fluorescence images
of higher (a) and lower (b) concentrations of PS beads with diameter = 1.5 um. These beads

were tracked in actin networks of different concentrations thanks to their NIR fluorescent
coating. Scale bar = 10 pm.
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Merged

Figure S5: Coating of the hexamer-BODIPY dye on silica beads and dual-color imaging
in actin networks. Besides the PS beads, also plain silica beads of diameter = 6 ym were
successfully coated and embedded into actin filaments, proving the versatility of the NIR dye.
Different imaging channels (a-c, d-f) are shown: NIR (a,d) for detection of the hexamer-
BODIPY, Vis (b,e) for detection of the actin filaments labelled with a Vis dye, and the merging
of the channels in false colors (c,f) for co-localization. Scale bar = 10 pm.
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Figure S6: Single mean squared displacement (MSD) curves for actin degradation
experiments. Single (colored lines) and mean (red circles) MSD curves resulting from video-
particle tracking (VPT) of PS beads in actin netwarks after 60 min of continuous illumination.
PS microspheres coated either with our NIR hexamer-BODIPY (NIR) or with a commercially
available visible (Vis) dye (fluorescent red PS microspheres, 545/566 nm, FRP5000, Lab 261)
were employed for this study. The 60 min datasets were normalized to the respective 0 min
MSD at lag time = 10 s (i.e. in the middle of the plateau region). For the NIR dataset, n = 114
beads at t = 0 min and 169 beads at { = 60 min. For the Vis dataset, n = 103 beads at t = 0 min
and 184 beads at t = 60 min. N = 5 independent samples.
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Figure S7: Storage and loss moduli for actin degradation experiments. Storage (G’) and
loss (G ™) moduli for both visible (Vis) and near-infrared (NIR) beads tracked in an actin network
for 60 min under continuous illumination. The shown data corresponds to t = 0 min.

Table S1: Emission features of hexamer (H) and octamer (O) benzene-fused oligo-
BODIPYs at high concentrations. The first (Aem,1) and second (Aem2) emission peaks as well
as the respective full widths at half maximum (FWHMem.1 and FWHMenm 2) of highly concentrated
(“high”, = 5 yM) dye samples in dichloromethane (DCM) are reported.

Sample Aem,1 (high) / FWHMen 1 (high) / Aem,2 (high) / FWHMen, 2 (high) /
nm (cm™) nm (cm™) nm (cm) nm (cm™)
H 963 (10389) 62.6 (408.7) 1080 (9260) 93.0 (828.6)
o) 1002 (9985) 68.2 (637.6) 1108 (9009)  134.7 (1069.9)

Table S2: Emission features of hexamer (H) and octamer (O) benzene-fused oligo-
BODIPYs at low concentrations. The first (Aem,1) and second (Aemz2) emission peaks as well
as the respective full widths at half maximum (FWHMem1 and FWHMem2) of diluted (“low”,
= 0.5 pyM) dye samples in dichloromethane (DCM) are reported.

Sample Aem.1 {low) / FWHMen. 1 {low) / Aem,Z(Iow} / FWHMen 2 {low) /
nm (cm™) nm (cm™) nm (cm™) nm (cm™)
H 938 (10667) 49.6 (579.5) 1074 (9315) 98.1 (1177.6)

o 974 (10264) 56.0 (594.2) 1108 (9022)  125.0 (931.3)



Table $3: Solvatochromism of hexamer (H) and octamer (O) benzene-fused oligo-
BODIPYs. The first (Aem1) and second (Aem2) emission peaks of the dyes dissolved in
tetrahydrofuran (THF), toluene and dichloromethane (DCM) are reported.

Sample Aem,1 (THF) / Aem,2 (THF) / Acm,1 (toluene) I Aem,2 (toluene) I Aema (DCM) / Aem2 (DCM) /
nm{cm’) | nm((em?') mm{em?')  am{em?)  am(em?) | nam(cm™)
H 925 (10813) 1054 (9485) 938 (10667) 1074 (9315) 943 (10601) 1075 (9301)

o 958 (10434) 1097 (9113) 974 (10264) 1115 (9022) 976 (10247) 1115 (8971)



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-1l windows (i.e. 900 nm < A < 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 | focused on the evaluation of QY: for this purpose, an established protocol?3? 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 | 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. Aem > 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 SiO), 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



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.

v" The hexameric (H) and octameric (O) forms of extended benzene-fused
oligo-BODIPYs displayed NIR fluorescence.
v Characterized spectral features included a broad Vis-NIR absorption,
]n a Nutshe” narrow fluorescence main bands, concentration and solvent-dependent
shifts, and QYs = 2-4%.
= - v High photostability and brightness of the NIR fluorescence of H- and O-
dyes could be successfully shown at a remote detection setup.
v' PS and SiO; beads were uniformly coated with the H-oligo-BODIPY and
imaged via NIR microscopy.
v' The intense fluorescence of H-coated beads allowed colocalized
imaging with Vis-labelled actin filaments.
v' Thanks to the high stability of the H-dye emission, fluorescence-based
passive microrheology could be performed in actin networks.
v’ Diffraction-based video particle tracking proved that prolonged excitation
of H-coated PS beads does not lead to significant actin degradation.




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 (CaCuSisO10, 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 (um) 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.’83, 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 patrticle 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 1) 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 nanopatrticles 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 Il) was

driven by the following questions:

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

o Are smaller NS still fluorescent in the NIR?

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

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



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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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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diameters <20 nm and heights down to 1 nm. EB-NS fluoresce at 910 nm and the fluorescence
intensity correlates with the number of Cu2* ions. Furthermore, EB-NS display no bleaching
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demonstrated by in-vivo single-particle tracking and microrheology measurements in Dro-
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structure, function, and dynamics of biological samples!-2.

Imaging in the near-infrared (NIR) spectral range
(800-1700 nm) promises higher tissue penetration, higher con-
trast, and lower phototoxicity due to reduced NIR light scattering
and absorption®=>. However, these approaches are limited by the
scarcity of NIR fluorescent materials. NIR fluorescent organic
dyes such as indocyanine green (ICG) bleach and are therefore
not suitable for long-term imaging®’. In contrast, nanomaterials
provide beneficial photophysical properties such as ultra-high
photostability that would enable tracking in living systems
without time constrains. NIR fluorescent nanomaterials include
InAs quantum dots, lanthanide-doped nanoparticles, or semi-
conducting single-walled carbon nanotubes (SWCNTs)®12. For
example, SWCNTs have been used as building blocks for NIR
imaging and as fluorescent sensors that detect small signaling
molecules, proteins, or lipids!>-!%. They can be chemically tai-
lored and have been used to reveal spatiotemporal release pat-
terns of neurotransmitters from single cells®!1>20-22, However,
most NIR fluorescent nanomaterials often have low quantum
yields, lack biocompatibility, or are restricted to certain emission/
excitation wavelengths. Therefore, there is a major need for novel
NIR fluorescent and biocompatible nanomaterials for sophisti-
cated applications such as long-time single-particle tracking in
organisms or multiscale bioimaging such as stand-off detection in
plants?3-24,

One of the first colored pigments created by mankind is the
calcium copper silicate called Egyptian Blue (CaCuSi O, EB),
which has been synthesized and used as early as 2500 BC in
Ancient Egypt?5. Current ancient works of art decorated with EB
have lost none of their vibrant color, a testimony to the
remarkable chemical stability of this compound. Interestingly,
bulk EB displays NIR fluorescence, which was only recently
identified?6:2” and attributed to a 2B2g—2Blg electronic transition
of the copper ion that ranges from 910 to 930 nm?%28, Bulk EB
shows a remarkable high quantum yield of 10.5% for a NIR
emitter compared with SWCNTs, quantum dots, metal
nanoclusters, and FDA-approved fluorophores such as 1CG>28.
Recently, micrometer-sized monolayer sheets of EB were isolated
by stirring in hot water for several days?»3. However, the
remarkable properties of EB have not been explored for devel-
oping NIR luminescent nanomaterials for bioimaging applica-
tions. The layered structure of EB suggests that exfoliation
procedures known from other two-dimensional (2D) materials
including graphene and transition metal chalcogenides could
efficiently exfoliate it*1-3%. Such 2D materials have been shown to
possess promising optoelectronic properties and are a rich play-
ground for physics and chemistry?>.

Herein, we use a facile tip sonication technique to extoliate
CaCuSi O, (EB) nanosheets (EB-NS). This procedure allows one
to control the nanomaterial size/thickness and retain the unique
NIR fluorescent properties of macroscopic CaCuSi0,;,. We
report the photophysical properties of EB-NS and investigate how
NIR fluorescence scales with nanosheet size. Furthermore, we
demonstrate the use of this material for in-vivo NIR microscopy
and stand-off detection.

Fluorescence imaging provides important insights into the

Results

Exfoliation of Egyptian Blue into nanosheets. The size of a
nanomaterial determines its properties and interactions with the
environment. For fluorescence imaging in cells or whole organ-
isms, fluorophores should be as small as possible to not perturb
the system. Exfoliation into 2D sheets is one step but it is also
important to decrease the lateral size into the nanoscale. There-
fore, we first reduced the size of EB by planetary ball (PB) milling

2 NATURE ¢

and then exfoliated EB-NS via tip sonication, which allowed for
the controlled decrease in height and diameter with sonication
time (Fig. la and Supplementary Fig. 1).

Milling techniques such as PB are routinely employed for
silicates™®, whereas tip sonication is a widely used method to
disperse nanomaterials such as carbon nanotubes®”. Tip sonica-
tion for 6h in isopropanol yielded nanosheets of lateral sizes
between 20 and 300nm, and heights of around 1-13nm
(Fig. 1b—d). Atomic force microscopy (AFM) images (Fig. 1b, c)
indicate that EB height correlated linearly with diameter (Fig. 1d).
The height profiles of EB-NS (Fig. le, f) typically contain a peak,
which can be explained by the convolution through the AFM tip.
The smallest observed height (=1nm) corresponds to the
monolayer of EB bulk material reported in literature?®:3%39
(Supplementary Fig. 2), but the exact height measured with
AFM might vary depending on hydration and underlying
substrate morphology?”. To further purify EB-NS samples, we
typically used syringe cut-off filters (0.20 um/0.45 pm) to remove
the remaining larger particles from the samples.

Photophysical properties of EB-NS. In a next step, we explored
how reducing the size and dimensionality of EB into the nanos-
cale regime affects its luminescence properties relative to mac-
roscopic EB powder?”. Fluorescence quantum yields of one-
dimensional materials such as SWCNTs have been shown to
decrease with size, probably due to exciton diffusion and their
collision with SWCNT ends?. Interestingly, EB fluorescence
spectra did not change/shift with longer sonication times (Fig. 2a)
corresponding to smaller dimensions (Fig. 1). EB-NS are extre-
mely photostable as evidenced by the constant fluorescence
emission intensity over several hours compared with the rapid
bleaching of a typical organic dye (Fig. 2b). These measurements
were performed on an organic dye (Rhodamin B) and on EB-NS,
which were adsorbed on a glass surface under continuous exci-
tation with a 561 nm laser (100 mW total power output) for >2 h.
In addition, EB-NS show no change or shift in fluorescence
emission in the presence of small redox active molecules that are
known to affect the fluorescence of many dyes and fluorescent
nanomaterials (Supplementary Fig. 3). EB-NS fluorescence is
characterized by a large Stokes shift with a single emission
maximum at =910 nm and an absorption maximum at =630 nm,
as shown in the 2D excitation-emission spectrum and in the
reflectance spectrum (Fig. 2c and Supplementary Fig. 4). EB-NS
have a similar zeta potential (—22 mV) to spherical silica nano-
particles, which highlights that they can be dispersed and applied
in aqueous solutions (Supplementary Fig. 5)4L.

To estimate the number of luminescent centers in a single EB-
NS, we performed single-particle fluorescence saturation mea-
surements of EB-NS using scanning confocal microscopy and
pulsed laser excitation (20 MHz pulse rate). Only EB-NS below
the resolution limit were studied (Fig. 2d, Supplementary Fig. 6,
and Supplementary Table 1). Larger single sheets showed higher
fluorescence intensities and could be distinguished from
resolution-limited ones (see also Figs. 3 and 4). This finding
complies with the hypothesis that the number of luminescent
centers changes with the size of EB-NS. To better understand how
fluorescence scales with excitation intensity, the laser power was
stepwise increased and decreased, while fluorescence intensity
was recorded. It was not possible to reach the emission saturation
plateau with the maximum laser intensity. However, the
nonlinear dependence between fluorescence intensity and laser
power allowed us to fit the data with a fluorescence brightness
saturation function (I):
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Fig. 1 Exfoliation of Egyptian Blue (EB) into Egyptian Blue nanosheets (EB-NS). a EB bulk powder (CaCuSi, 040, photograph taken in our lab) is exfoliated
into EB-NS via tip sonication to study their near-infrared (NIR) photophysical properties. These nanostructures are furthermore used for in-vivo NIR
imaging in plants and Drosophila embryos. b Representative AFM image of EB-NS. Scale bar = 1pm. ¢ Corresponding height profiles (highlighted by a white
line in b). d Height and diameter distribution after 6 h of tip sonication. The bars at the axis are histograms. n =78 EB-NS. e, f Height profiles and magnified
images of the smallest and largest nanosheets shown in b. Scale bar =100 nm.

where P, is the excitation power, Py, is the saturation power,
and I, is the nanoparticle luminescence intensity that can be
detected at the saturation excitation power?2,

The obtained saturation values correspond to a fluorescence
emission of 122 x 10% to 1250 x 103 photons s~ L. By taking into
account factors such as the average lifetime of the excited state
(=100 ps; Supplementary Fig. 7), the quantum vield (=0.128) of
bulk EB, the efficiency of the optical setup (see Supplementary
Methods for an accurate calculation and Supplementary Table 1),
it was thus possible to estimate the number of luminescent
centers N (122-1250).

From the crystal structure of EB, it follows that there are 3.8
Cu?t jons nm~2 of a single-layer EB-NS** (Supplementary
Fig. 2). If every Cu?! ion serves as luminescent center, these
numbers would be in agreement with around 6-18 nm large
(squared) single-layer EB-NS. From a resolution-limited EB-NS
image, we cannot derive the lateral size and height directly.
Therefore, these numbers are rather a minimum size that is in
agreement with the experiment. Nevertheless, these data suggest
that a large proportion, if not all, of Cu?* ions act as luminescent
centers. Furthermore, EB-NS showed no change of fluorescence
intensity at different polarization directions (Fig. 2¢) compared

with a typical organic dye (Atto 488). Similar to NIR emitting
lanthanide complexes, bulk EB has a long fluorescence lifetime
ranging from 107 ps to 142 ps at room temperature?®** and this
behavior is retained in EB-NS (Supplementary Fig. 7). The long
fluorescence lifetime is most likely a consequence of the parity-
forbidden nature of the transition, as the local Dy, symmetry of
the Cu* ion in EB features an inversion center?’.

NIR fluorescence imaging of single EB-NS. Larger EB-NS typi-
cally exhibit a layered structure as observed in scanning electron
microscopy (SEM) images (Fig. 3a, b and Supplementary Fig. 8). PB
milling followed by exfoliation via tip sonication enabled us to
continuously control the decrease in size of EB from large macro-
scopic particles to micrometer large structures down to EB-NS.
These large and layered EB-NS can be imaged by a NIR fluores-
cence microscope, but do not show a uniform fluorescence intensity
profile, indicating that differences in thickness or geometry might
affect fluorescence emission intensities. EB-NS smaller than the
resolution limit of light microscopy can also be imaged in the NIR
(Fig. 3¢, d, e). To prove this point, both a Si-based and an InGaAs
camera were employed in a wide-field setup. The laser intensities in
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Fig. 2 NIR fluorescence properties of EB-NS. a Normalized NIR fluorescence spectra of EB-NS after different tip sonication times show no wavelength
shifts. b EB-NS fluorescence (NIR) under continuous laser excitation (561 nm, 100 mW, corresponding to about 1W cm~2) does not bleach. In contrast, the
fluorescent dye Rhodamin B (in the visible) quickly bleaches. € 2D excitation-emission spectrum of EB-NS. d Fluorescence saturation curves of different EB-
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Fig. 3 SEM and NIR imaging of EB-NS. a, b Scanning electron microscopy (SEM) images of a larger EB particle. The blow-up clearly shows the typical
lamellar structure of this material. Scale bar = 200 nm and 50 nm (respectively). ¢, d NIR images of EB-NS taken with a Si-based camera at increasing
magnification show that single EB-NS can be resolved via NIR fluorescence microscopy down to the resolution limit of light microscopy. Excitation
wavelength = 561 nm. Scale bar =5 um and 1 pm (respectively). e NIR images of a single EB-NS with a diameter below the resolution limit (=500 nm) are
captured with an InGaAs camera, optimized for NIR imaging at different frame rates up to 200 fps. The upper traces show the intensity profile of the image
normalized to the maximum value. Excitation wavelength = 561 nm. Scale bar = 500 nm.

this setup corresponded to the left region (<10 pW) in the confocal
setup used for saturation experiments (Fig. 2d). Si-based cameras
have the highest quantum yield in the visible range and not the
NIR, which limits the possible speed of imaging to around 50 fps
(Fig. 3¢, d and Supplementary Fig. 9). In contrast, with an InGaAs
camera, resolution-limited EB-NS could be imaged at video rates up
to 200 Hz (Fig. 3e). These images clearly demonstrate that the NIR
fluorescence properties of macroscopic EB particles are retained in
nanosheets.

Correlation between size and fluorescence intensity of EB-NS.
The previous observations raise the question of how fluorescence
intensity scales with size and if there is a lower limit, which is also

4 IATURE COMMUNICA

relevant for potential bioimaging applications. Unfortunately,
NIR microscopy is not able to directly assess the EB-NS size
below the resolution limit. The resolution limit of light micro-
scopy is described by the Abbe law (A/2 =910 nm/2 = 450 nm)
and an exemplary resolution-limited single EB-NS is shown in
Fig. 3e. The photon counting experiments from Fig. 2d show that
there are many luminescent Cu?t centers in one EB-NS, but
because of the resolution limit it is not possible to assess the
actual size. To provide an unambiguous answer, a correlative
method that measures both size and fluorescence intensity of the
same single nanosheet is required.

To understand whether and how nanomaterial fluorescence
intensity is affected by size, we performed two independent

15] (2020)1:1495 | https:/ /doi.org/10.1038/541467-020-1529%-5 | www.nature com/naturecommunications

83



Chapter 5 — Results

84

Gabriele Selvaggio

ARTICLE

a b
S 4
= 10
w
w 0
st 8
] 10% 4
« .
=
10° . . .
1 10 10% 10°
Diameter/nm

Fig. 4 Correlative measurements of size and fluorescence intensity of EB-NS. a SEM and corresponding NIR images of resolution-limited EB-NS. Scale bar
=200 nm and 1pm (respectively). b Fluorescence intensity as a function of hydrodynamic diameter of EB-NS obtained by the corrected Stokes-Einstein
equation. Mass stands for the total integrated brightness of the particle, and the maximum value along each trajectory was taken. From this analysis, one
notices that even the smallest EB-NS (=10 nm) still fluoresce. The general trend indicates that EB-N5S of larger size are brighter. n =292 EB-NS.

correlative analyses: (1) dual SEM-NIR fluorescence imaging and
(2) single-particle tracking of EB-NS in a viscous glycerol
solution. For the first approach, EB-NS were deposited on a
glass cover slide with a grid. The labeled meshes enabled us to
image the same nanostructures both under our NIR fluorescence
imaging setup and under the SEM. As shown in Fig. 4a, it was
thus possible to further confirm that diffraction-limited particles
<200 nm (long axis) can be imaged with our protocol. Smaller
EB-NS could not be found in the SEM most likely because
the contrast of a thin silicate nanosheet on glass (5i0,) is too low
and the material is non-conducting. However, scanning transmis-
sion electron microscopy (STEM) images showed EB-NS down to
few tenths of nanometer in agreement with the AFM data
(Supplementary Fig. 10).

In the second correlative approach, single EB-NS were imaged
and their fluorescence intensity quantified in a viscous glycerol
solution (chosen to slow down diffusion). This method allowed us
to simultaneously quantify fluorescence intensity and Brownian
motion as a measure of size of the same EB-NS. For this purpose,
the particle trajectories were tracked and the mean square
displacement (MSD, (r?)) determined. We used the maximum
value of the total integrated brightness of the tracked blob along
each trajectory (“mass”) as a measure of fluorescence intensity, to
account for out-of-focus movement or rotations. A size
equivalent can be derived from the trace of the random walk
(Brownian motion) by employing the Stokes-Einstein equation.
In Supplementary Figs. 11 and 12, trajectories and corresponding
MSDs and NIR fluorescence images of exemplary EB-NS are
shown. The trajectories (see Supplementary Fig. 11) show that the
brighter particles move slower, indicating again that fluorescence
intensity depends on size. To further investigate this finding,
MSD curves were plotted and fitted: to estimate the EB-NS size,
the fit was extended up to a certain lag time 7 (25s) and the
diffusion constant (D)

(r*)
D=11 2
. (2)
was calculated. The Stokes radius R is related to the diffusion
constant via the Stokes-Einstein equation:

kT
~emyD’

where # is the dynamic viscosity of the solvent (Supplementary
Fig. 13), T the temperature (Supplementary Fig. 14), and kg the
Boltzmann constant. As EB-NS are rather anisotropic with a large
aspect ratio (Figs. 1 and 3, and Supplementary Fig. 8), one could
assume that diffusion is dominated by the diameter and not the
height similar to a spherical particle. Approximations that correct
the Stokes—Einstein equation for anisotropy have been used, e.g.,

(3)

to analyze carbon nanotube diffusion and length?>. Similarly, we
approximated the EB-NS by a nanometer-sized spheroid, inspired
by the work of Happel et al.%¢, and confirmed the results by
COMSOL simulations (see Supplementary Methods and Supple-
mentary Fig. 15 for details). We calculated a correction factor of
A=149 and corrected the results obtained from the
Stokes-Einstein by this value leading to larger hydrodynamic
radii. Using this method, both fluorescence intensity and
hydrodynamic radii of single EB-NS are accessible (Fig. 4b and
Supplementary Figs. 16 and 17).

The sizes found in Fig. 4b are in agreement with the AFM-
derived sizes in Fig. 1 but represent the (larger) hydrodynamic
radii and not the actual physical particle radii (Supplementary
Fig. 11). The results show again that larger EB-NS are brighter
than smaller ones, indicating that fluorescence intensity correlates
with the number of luminescent Cu?* centers and thus the
volume. The spread of data points along the fluorescence
intensity axis at a given Stokes radius is most likely due to
different layer numbers for sheets of similar diameter (and the
already discussed out-of-focus issue as well). A power-law fit
shows that fluorescence intensity scales with the square root of
the diameter (Supplementary Fig. 16). However, future purifica-
tion approaches that lead to samples of precise layer number and
sheet diameter could increase the experimental accuracy and
further enhance our understanding of how EB-NS fluorescence
scales with dimension. Together with the photon counting
experiments in Fig. 2, these results indicate that even the smallest
EB-NS are fluorescent and fluorescence emission intensity
correlates with the number of Cu2*t ions. Therefore, dimension-
ality does not appear to affect per se fluorescence properties
beyond the change in the number of light-absorbing and
-emitting Cu?* centers.

Single-particle tracking of EB-NS in Drosophila melanogaster
embryos. To demonstrate the potential of EB-NS for bioimaging
applications, we performed single-particle tracking and micro-
rheology measurements of EB-NS in embryos of the fruit fly
D. melanogaster. This fly species is a widely employed model
organism for studies ranging from fundamental genetics to
developmental cell biology. During embryonal development the
nuclei arrange in complex patterns mediated by microtubules and
the actin cortex, but the underlying mechanisms and mechanics
are poorly understood?’. Following fertilization, the embryo
develops as a syncytium®” in which the nuclei arrange in a regular
2D array linked to the actin cortex of the plasma membrane
(Fig. 5a).

The dynamics of the nuclei and their associated centrosomes is
determined by the cortical link and internuclear interactions
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Fig. 5 In-vivo single-particle tracking and microrheology with EB-NS. a Experimental scheme for microinjection of EB-NS into syncytial Drosophila
embryaos. During the syncytial blastoderm stage, the peripheral nuclei are linked to the actin cortex of the plasma membrane (red). b EB-NS (red) inside a
Drosophila embryo during gastrulation stage (stage 6) expressing Histone2Av-GFP (green) that labels the nuclei. Overview and magnified region (orange
rectangle) with GFP (green), NIR EB-N5 (red), and overlay channels are shown. Arrows pinpoint to the two EB-N5 in this field of view. Scale bar =10 pm
(overview) and 5 pm (other channels). € Color-coded trajectories representing the instantaneous velocity of three tracked nanosheets moving in the space
between the nuclei (lag time = 0.1s). Particles #1, #2, and #3 have diameters (measured in the image) of 0.64 um, 0.68 pm, and 0.52 um, and are most
likely resolution-limited. Scale bar = 5 um. d Van Hove histogram of displacements of two subpopulations of injected EB-NS: close to nuclei vs. distant from
nuclei. The distance (Ar) was computed for all points of all trajectories as the minimum distance to the border of any nucleus. @ Van Hove plot of all
tracked EB-NS and Gaussian fit for small displacements (range [~0.03 pm, +0.03 pm]). The tails (see arrows) of the distribution exceed the Gaussian
curve, which indicates the presence of active processes in Drosophila that lead to larger displacements than expected from thermal motion. n = 38 tracked

EB-NS (21 embryos).

mediated by microtubules?®. It has been hypothesized that the
viscoelastic properties and the molecular motors play a key role in
this process*”. To elucidate the micromechanical properties of the
cellular matrix, we introduced EB-NS into Drosophila embryos
and tracked single EB-NS via NIR fluorescence microscopy.
Imaging in Drosophila is challenging due to autofluorescence in
the visible region and its high sensitivity to phototoxicity;
therefore, NIR imaging would be very beneficial.

For assessing the relative location of the EB-NS in Drosophila,
mutants expressing green fluorescent protein (GFP)-labeled
histones in their nuclei were used (Fig. 5b). Using this approach,

6 NATU

we followed the traces of single EB-NS in vivo (Fig. 5b), allowing
long-term imaging without bleaching or developmental abnorm-
alities despite the high temporal resolution with frame rates of
10 Hz. In addition, the low autofluorescence in this spectral range
enabled a higher contrast of the NIR EB-NS image compared to
the visible GFP image (Fig. 5b). These results highlight the great
advantages of a non-bleaching NIR nanoscale fluorophore
compared with typical organic dyes. To further prove the
potential of EB-NS as NIR fluorophore for bioimaging, we were
inspired by recent studies in which NIR fluorescent carbon
nanotubes were used to explore the extracellular space between
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Fig. 6 Stand-off detection of EB-NS fluorescence in plants through low-cost and widely available imaging devices. a Photograph of a plant of Arabidopsis
thaliana placed in a low-cost stand-off imaging system, which consisted of a LED, NIR filters and a Si-CMOS camera. b Visible and NIR fluorescence images
of EB-NS (0.1 mg mL~") compared with other NIR nanomaterials and fluorophores at similar concentration (single-walled carbon nanotubes (SWCNTSs),
indocyanine green (ICG)). Water is used as negative control. ¢ Visible and NIR images of an Arabidopsis plant, which was infused with EB-NS (frame 1),
SWCNTs (frame 2), and buffer only (frame 3). d The NIR fluorescence spectrum of the leaf confirms the presence of EB-NS and its strong emission

compared to the leaf background. Both results demonstrate the high brightness of EB-NS compared to state-of-the-art NIR nanomaterials (SWCNTs) and
that this platform can be applied for stand-off detection using a low-cost optical setup. e The EB-NS emission can even be detected without LED excitation

under room light conditions.

neurons®’. The instantaneous velocity of the injected EB-NS
moving between nuclei was therefore analyzed (Fig. 5¢ and
Supplementary Fig. 18). The goal was to use EB-NS as a probe for
the extracellular space as a function of the distance to nuclei. To
best display our results, established analysis tools such as the Van
Hove histogram of displacements®® were chosen (Fig. 5d). The
analysis revealed two subpopulations. EB-NS closer to nuclei
showed smaller displacements, indicating a denser environment
around the nuclei. EB-NS are likely to probe the mesh-size of the
embryo’s dense cytosol on the nanoscale and report mechanical
properties on a different size scale than typical micrometer-sized
beads used for microrheology?’. Inside the embryo, one can
expect active processes such as flow or motor-driven contractions
(“active matter behavior”). Van Hove histograms provide access
to test if there are such processes (Fig. 5e). The tails of the
distribution go beyond the Gaussian function fit (thermal
motion) and indicate the presence of active processes®’. These
could be, e.g., microtubules and kinesin motors (in the spindle
close to the nuclei) that move the nuclei apart from each other
and thereby lead to larger displacements of nearby EB-NS. Our
results therefore show that EB-NS are powerful probes for studies
of biological systems.

Biocompatibility and stand-off detection in living plants. In the
context of biological applications, toxicity is a major concern and,
e.g, a potential drawback of quantum dots that contain toxic
elements and 2D materials in general®:%2. To evaluate cytotoxi-
city, viability assays with EB-NS exposure to different cell lines
(A549, 3T3, and MDCK-II) were performed. We observed no
significant effects on the viability of these cell lines, highlighting
the biocompatibility of EB-NS (Supplementary Fig. 19). In con-
trast, Cu?t from soluble CuSO, decreased cell viability, which
shows that EB-NS does not release relevant Cu?* ion con-
centrations as expected from a stable silicate. Overall, this study
demonstrates that EB-NS are powerful and biocompatible
nanoprobes in living organisms for single-particle tracking and
microrheology measurements in the transparent NIR window.

Another potential application of NIR fluorescent EB-NS is
non-contact stand-off detection of nanoprobes in living organ-
isms with minimal perturbation. The low autofluorescence in the
NIR region provides a high contrast, but stand-off detection
requires especially bright fluorophores, because only a small
portion of emitted light reaches the detector. Recently, NIR
fluorescent SWCNT sensors enabled plants to report to electronic
devices chemical signaling processes, pollutants in the environ-
ment?, and explosives™. Optical nanosensors are poised to allow
the engineering of smart plants that communicate with and
actuate agricultural and phenotyping devices for improving crop
productivity and resource use?4.

Herein, we developed a low-cost optical setup to image the NIR
emission of EB-NS from a distance >10 cm and compared it with
several other NIR fluorophores. The setup consisted of a white
light LED and a camera (1280 x 1024 pixels) equipped with
NIR (900-920 nm) long-pass filters (Fig. 6a) corresponding to
76 um pixel ~!. The high brightness of EB-NS allowed us to use a
simple CMOS camera (Complementary Metal Oxide Semicon-
ductor, Si-based) instead of expensive electrically or nitrogen-
cooled InGaAs cameras (>40k €), which would have a much
higher quantum yield in this spectral range. Quantum yield of Si-
based cameras decrease with increasing wavelength and therefore
this low-cost setup favors fluorophores with lower emission
wavelength. Therefore, ICG should appear slightly brighter and
SWCNTs slightly dimmer than they really are and EB-NS would
be in the middle. However, the SWCNT sample also contained
(6,4)-SWCNTs that emit at 870 nm. These different experimental
conditions should be taken into account when assessing the
performance of this low-cost setup. In the visible image (Fig. 6b),
one can easily distinguish SWCNTs (black) from ICG (green),
whereas the solution with EB-NS is transparent similar to the
water control.

In contrast, in the corresponding NIR fluorescence image
(Fig. 6b), EB-NS are significantly (2x) brighter than ICG and 10x
brighter than SWCNTs (Fig. 6b and Supplementary Fig. 20).
Interestingly, stand-off detection of the NIR emission of EB-NS is
also possible without LED excitation: room or sunlight alone is
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sufficient to generate detectable NIR fluorescence from EB-NS
(Fig. 6e).

Buffered EB-NS were infused into the leaves of Arabidopsis
thaliana, a well-established plant model system (Fig. 6c, d)*3,
using a standard method for nanomaterial delivery into plant
leaves in-vivo™?. The same approach was used for the infiltration
of SWCNTs in separate leaves in the same plant, which served as
a visual comparison with EB-NS. As it can be observed from the
NIR image in Fig. 6¢, plant leaves are characterized by a
background autofluorescence in this wavelength region that
hinders the visualization of SWCNTs fluorescence (frame 2)
through a Si-based CMOS camera, whereas EB-NS can be
detected with a strong fluorescence signal (frame 1). Similarly,
fluorescence spectra of these leaves (Fig. 6d) show the strong EB-
NS emission compared to the (autofluorescence) background.
These stand-off detection experiments highlight that EB-NS can
be delivered into living organisms with high background
fluorescence such as plants and can be detected using low-cost
and widely available stand-off imaging devices.

Discussion
Our results show that EB-NS have useful properties for NIR
bioimaging applications including ultra-high photostability, high
brightness for NIR fluorophores, and biocompatibility. The
remarkable properties of EB-NS are retained even when the
dimensions of the nanosheets are reduced. Our data indicates that
most if not all copper ions serve as luminescent centers that emit
NIR light. It only affects the absorption cross-section by changing
the number of light-absorbing Cu’t ions. In contrast, the
quantum yield of NIR fluorescent SWCNTs increases with length.
As a consequence, shorter SWCNTs (<100 nm) are much less
bright than longer ones#). Therefore, SWCNTSs cannot be shor-
tened without disadvantages. Although it has been reported that
for bioimaging applications the NIR-II (1000-1700 nm) windows
further improves tissue penetration®, a major advantage of the
EB-NS fluorescence in the NIR-I region (800-1000nm) is the
wide availability of cameras®>%. Instead of expensive (>40k €),
liquid nitrogen-cooled, low-resolution InGaAs-based cameras,
low-cost, (1k €) high-resolution, Si-based cameras can be used for
detection. In the past, (6,4)-SWCNTSs with smaller diameter that
emit in the NIR-I region at 870 nm have been isolated exactly for
this purpose™. Even though the quantum yields of Si-based
cameras rapidly decrease in the NIR (around 5% >900 nm), they
are still able to image EB-NS using a normal microscope or a low-
cost stand-off detection device. Furthermore, there exist (bulk)
pigment homologs Han Blue (BaCuSi,O,,) and Han Purple
(BaCuSi;Og), which have a red-shifted emission spectrum up to
1000 nm, and they can be exfoliated into nanosheets using the
same protocol as for EB (Supplementary Fig. 21). The capability
of imaging EB-NS even with only room light excitation using Si-
based cameras is particularly relevant for commercial applications
beyond the well-equipped research laboratories or biomedical
research, e.g., the engineering of smart plants for high-throughput
phenotyping and precision agriculture. Another major advantage
of EB-NS is their low toxicity, proven by the performed viability
assays on cells (Supplementary Fig. 19). With our study, we add
EB-NS to the library of 2D materials in general and especially
exfoliated silicates and clays®®%®. In the future, EB-NS and their
physicochemical properties could be further investigated to find
non-expected properties as in other 2D materials such as tran-
sition metal dichalcogenide nanosheets®?. In addition, the surface
chemistry could be tailored with biomolecules similar to silica
nanoparticles and silicate-coated core-shell nanoparticles®-62,

In summary, we developed a method to exfoliate the calcium
copper silicate EB into nanosheets (EB-NS) and demonstrated
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that their NIR optical properties are retained at the nanoscale
with copper ions as luminescent centers. We add a promising 2D
material to the class of NIR fluorophores with ultra-high pho-
tostability, high brightness and biocompatibility. EB-NS have a
large potential for demanding biological applications such as in-
vivo imaging in complex biological matrices, including animal
and plant model systems.

Methods

Exfoliation of Egyptian Blue. EB powder was purchased from Kremer Pigmente
GmbH & Co. KG,, and EB-N§ were prepared as follows. If not stated otherwise, a
first milling step was carried out. To produce sufficient amounts of nanoparticles,
we used a PB mill (PB, Pulverisette 7 Premium Line, Fritsch, Germany) equipped
with 20 mL agate beakers and 5 mm agate balls. The milling was performed in
deionized water at 900 r.p.m. for up to 60 min. The resulting grainsize distribution
was analyzed by laser diffraction carried out with a LS13320, Beckman&Coulter
laser particle sizer (Germany). Three runs after a short tip sonication step were
done. PIDS was used and an optical model R.I. 1.6/1 was applied. The so-generated
and characterized EB slurry was afterwards allowed to settle down overnight and
then decanted: only the supernatant portion of the slurry was dried and the so-
obtained powder (visibly brighter, a consequence of the dichroism of EB2%) was
finally processed with a long-tip sonication step. In more detail, 10 mg of EB PB-
milled powder was transferred to a glass vial together with 5 mL of isopropanol
(Fischer Chemical, 99.98%) or milli-Q water. Tip sonication was performed in a
glass vial with a Fisherbrand™ Model 120 Sonic Dismembrator (Fischer Scientific)
in an ice bath for 1-6 h at 60-72 W (if not stated otherwise: typical tip sonication
time and power percentage were 6 h and 60%, respectively). EB dispersions were
stored at room temperature and vortexed prior to use (Vortex Mixer VV3, VWR
International) for 10 s at maximum power (2500 min L 10w,

Atomic force microscopy. For this dataset, no PB milling step prior to tip soni-
cation was performed. The pristine powder was ground with mortar and pestle till
a visible color change could be observed, then it was tip sonicated (in isopropanol)
as described in the previous section. One hundred microliters of EB-NS stock
dispersion (6 h tip sonicated) were diluted 10x with isopropanol and vortexed for
10 5. Ten microliters of EB-NS were spin-coated (G3 Spin Coater, Specialty Coating
Systems, Inc.) on a mica surface. The substrate was kept spinning at 500 r.p.m.
(7 RCF) for 2min (5 s of ramp time, 30s of dwell time). An Asylum Research
MFP-3D Infinity AFM (Oxford Instruments) was employed in AC mode (software
version 15.01.103). Rectangular cantilevers from Opus (160AC-NA, MikroMasch
Europe) were used (aluminum coating, tetrahedral tip, 300 kHz resonance fre-
quency, force constant of 26 N-m™~1). Image analysis was performed with Gwyd-
dion (version 2.51).

NIR fluorescence spectroscopy. The setup consists of a monochromator (MSH-
150, LOT-Quantum Design GmbH) equipped with a xenon arc lamp and a dif-
fraction grating, an Olympus IX73 microscope with a 10x objective (UplanFLN
10:/0.30, Olympus), and a Shamrock 193i spectrograph (Andor Technology, Ltd)
coupled to an array NIR detector (Andor iDUs InGaAs 491). Spectra were recorded
from EB-NS dispersions at an excitation wavelength of 615 nm with an exposure
time up to 5s and a slit width up to 500 pm. The Andor SOLIS software (version
4.29.30012.0) was employed for the acquisition of spectra, which were and further
analyzed with Origin Pro 8.1. For 2D spectra, EB-NS were placed on glass sub-
strates. The excitation wavelength was scanned in 4 nm steps with the mono-
chromator, and at each wavelength a spectrum was recorded with an integration
time of 1 s at a slit width of 10 pm. The 2D spectra were corrected for the quantum
efficiency of the detector and the spectral irradiance of the xenon lamp of the
monochromator using a self-written Python script.

Fluorescence saturation measurements. The main components of the employed
setup were a laser source (Supercontinuum laser SC400-4-20, Fianium), a photo-
detector (single photon avalanche diode PDM series, MPD), and a 60x objective
lens (Apo N, 60x/1.49 numerical aperture (NA) oil immersion, Olympus). For this
dataset, no PB milling step prior to tip sonication was performed. The pristine
powder was ground with mortar and pestle till a visible color change could be
observed, then it was tip sonicated (in isopropanol) as described above. Ten
microliters of the supernatant of a 6 h tip-sonicated EB-NS sample (1:100 diluted in
isopropanol) were spin-coated on a glass cover slide. Spin-coating parameters were
the same ones chosen for AFM measurements. Despite the polydispersity of EB-
NS, scanning them using a confocal microscope through the diffraction-limited
focal spot of 1.49 NA objective allowed us to select only the smallest particles with
sizes estimated to be not exceeding the dimensions of the focal spot. The spot size
of larger EB-NS exceeded the dimensions of a diffraction-limited focal spot, thus
allowing us to distinguish them from smaller particles. After selecting a particle, we
measured its fluorescence intensity at different excitation powers. Excitation of
nanoparticles that have relatively long excited state lifetimes of the order of 100 ps
(Supplementary Fig. 7) with a laser that has high repetition rate (20 MHz) allows
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one to extrapolate saturation of the nanoparticle’s luminescence. The solid circles
in Supplementary Fig. 6a show the dependence between the brightness of the
particle and the excitation power that was measured directly before the objective
lens. The excitation wavelength was 640 nm. The fluorescence intensity values were
normalized to the detection efficiency of the microscope, taking into account the
average collection efficiency of light by the 1.49 NA objective lens (70%, given the
random orientation of the emission transition dipoles), transmissivity of all the
optical elements involved (~50%) and detection efficiency of the single photon
avalanche diode (PDM series, MPD) in the current spectral range (~5%). It is
noteworthy that as a result of the above normalization, luminescence intensity in
Fig. 2d corresponds to the total number of photons emitted by the particle.

The experimental data were fitted with a typical fluorescence saturation
function®?:

PE‘KA:
ey
eXC sat

where Pey is the excitation power, Py, is the saturation power, Ly is the
nanoparticle luminescence intensity that can be detected at the saturation
excitation power. This function yields the values of Py, and I, for every saturation
curve measured. Supplementary Table 1 shows the obtained values.

The obtained saturation luminescence intensity values allow one to estimate the
number of luminescent centers N per particle. Taking into account the average
excited state lifetime 7 (~100 ps, Supplementary Fig. 7) and quantum yield @
(~0.12%), we recalculated the number of emitted photons I, per second into the
number of centers:

N=

L
g

Fluorescence polarization measurements. The setup mainly consisted of a light
source (LED, Lumencor), which emitted unpolarized excitation light, a photo-
detector (EMCCD camera, iXon Ultra DU-897U-C80, Andor) and a 60x objective
lens (Apo N, 60x/1.49 NA oil immersion, Olympus). Measurements were per-
formed by recording fluorescence images of individual EB-NS at different positions
on a linear polarizer, which was placed in front of the camera. The sample pre-
paration steps coincided with the ones performed for fluorescence saturation
measurements. Atto 488, purchased from Atto-Tec, was used as a reference.

NIR fluorescence imaging setup. An Olympus BX53 microscope equipped with
20x (MPlanFL N 20x/0.45, Olympus) and 100x (UPlanSApo 100x/1.35 Sil,
Olympus) objectives was used. A Xeva-1.7-320 NIR camera (Xenics®) and a Zyla
5.5 sCMOS camera (Oxford Instruments) were used to observe the EB-NS fluor-
escence excited by a 561 nm laser (Cobolt JiveT™ 561 nm). Typically, a droplet of
an EB-NS dispersion was put on glass slides, dried and imaged at 10-50 mW
excitation power. To assess bleaching, a solution of Rhodamin B (Sigma-Aldrich)
in isopropanol was prepared and a drop of this solution was put on a glass slide for
imaging. Dried EB-NS were put on a separate glass slide. At a continuous excitation
of 100 mW at 561 nm, images with an integration time of 100 ms were recorded
120 times every 0.5 min in the case of Rhodamin B and every 1 min with an
integration time of 1 s in the case of EB-NS. For Rhodamin B the Zyla camera was
used and for EB the Xenics NIR camera was used. The specified fluorescence
intensity corresponds to the mean gray value of the images.

For video-rate imaging and size-fluorescence correlation experiments, a
modified setup equipped with a Cheetah 640TE3 camera (Xenics NV, Belgium)
was used for NIR detection. Here, the light was passed through a dichroic mirror
(HC BS R785, AHF, Germany) and a long-pass filter (FELH0900, Thorlabs, Inc.,
USA) before reaching the camera's sensor. Images were captured with the 100x
objective.

Video-rate imaging of EB-NS with an InGaAs camera. EB-NS (previously milled
and tip sonicated in isopropanol) underwent a single centrifugation step (240 x g
for 2h) to remove unexfoliated material. Ten microliters of EB-NS sample were
spin-coated onto a #1 glass coverslip with the following settings: 1000 r.p.m. (14
RCF) for 1 min (40 s of ramp time, 20 s of dwell time). The sample was then placed
under the NIR imaging setup and pictures were taken with a 100x objective, laser
power of 500 mW and exposure times in the range from 1 s to 5 ms (corresponding
to frame rates ranging from 1 to 200 fps). Data analysis was performed with Image]
(v. 1.52a) and Origin Pro 8.1 software.

Scanning electron microscopy and SEM-NIR correlation. For a first qualitative
observation of exfoliated EB-N5 (Fig. 3a, b), no PB milling step prior to tip
sonication was performed. The pristine powder was ground with mortar and pestle
till a visible color change could be observed, then it was tip sonicated (in iso-
propanol) as described above. Ten microliters of EB-NS suspension were drop-
casted on a Si wafer. Both gold sputtering and evaporation (=2 nm of gold layer)
were tested on different samples; nevertheless, the best imaging conditions were
met when no gold deposition step was performed at all. Interestingly, EB was
conductive enough to be seen at SEM without gold deposition. This sample was

observed under a LEO SUPRA 35 microscope (Zeiss) with an Inlens detector at
20kV (secondary electrons).

For the SEM-NIR correlation, EB-NS (previously milled and tip sonicated in
isopropanol) were centrifuged (240 x g for 2 h). This way unexfoliated (bulk)
material could be removed. Meanwhile, a #1.5 gridded glass coverslip (Gridded
Glass Coverslips Grid-50, Ibidi, Germany) was stirred for 20 min at 70°C in a 5:
1:1 solution of milli-Q water : hydrogen peroxide: ammonia. Afterwards, the
substrate was dried with a nitrogen gun and, to increase the adhesion of EB-NS on
its surface, plasma treatment (Zepto, Diener Electronic GmbH +Co. KG,
Germany) was performed: this step included 1 min of Os supply and 1 min of
plasma process. After cleaning the substrate as described, 10 pL of EB-NS sample
were spin-coated onto it with the following settings: 1000 r.p.m. (14 RCF) for 1 min
(40 s of ramp time, 20 s of dwell time). The prepared sample was then observed at
the NIR imaging setup (see corresponding section for more info) with a 100x
objective, 15 of exposure time, and 500 mW of laser power. Finally, the substrate
was moved to the Quattro $ SEM setup (Thermo Fisher Scientific, USA) employed
for the size-fluorescence correlation analysis. Typical imaging settings here were:
low vacuum mode, LVD detector (Thermo Fisher Scientific, USA), high voltage =
15kV (secondary electrons), chamber pressure = 1.25 mbar (water), high voltage
= 15kV, and spot size = 3.5. Data analysis was performed with Image] (v. 1.52a)
and Origin Pro 8.1 software.

Correlative size-intensity measurements in glycerol. EB-NS (previously milled
and tip sonicated in water) were size-selected by means of two steps of liquid
cascade centrifugation:**%* in this way, we could get rid of unexfoliated EB and
increase the monodispersity of the pellet obtained after the last step (first cen-
trifugation = 240 x g for 2 h, second centrifugation = 2660 x g for 2 h). Glycerol
(0.5 mL) (Alfa Aesar, 99+4-%) was then added to the dried final pellet (=1 mg) and
the sample was finally tip sonicated in an ice bath for 2 min at 60% to achieve a
homogeneous redispersion. For imaging, 10-20 pL of the glycerol sample were
introduced into a flow chamber (p-Slide VI 0.5 Glass Bottom, Ibidi, Germany) and
placed under our NIR imaging setup. A 100x objective was employed to observe
EB-NS at 8 fps (=50 ms exposure time, 1000 frames) with a laser power of 250 mW,
which, as shown in Supplementary Fig. 14, was not overheating the sample sig-
nificantly during acquisition. Particle tracking and MSD calculations were per-
formed using a self-written Python script based on the Trackpy package"s'“ (v0.4.2
on Python v3.7.357), whereas the final steps of data analysis were performed on
Origin Pro 8.1 software. For identification and linking of particles into trajectories,
the following parameters in Trackpy were implemented: memory = 300, minimum
number of points (ie., trajectory length) = 300, search_range (i.e., maximum dis-
placement between consecutive frames) = 9, diameter (of the tracked blob) = 11.
The tracking of the Brownian motion of an EB-NS yields the trajectory of the
particle as a set of time-dependent x and y positions for N time steps of length 7.
From the x and y positions, the square displacement for the n-th time step r} is
calculated as

P=(xn-1)—x((n—1)-1)" +{¥(n-1) — y((n—1) 7)), (6)

where n ranges from 1 to N. The MSD {r?} is simply the mean over all single time
step values:

I3 l =
() = ;E . (7)
Assuming the diffusion is restricted to two dimensions, the diffusion coefhicient D
and the MSD are linked via the relation
’.1
i
MSD curves were fitted up to a maximum lag time of 25 s, to measure the ditfusion

coefficient of each particle. Finally, from the Stokes-Einstein equation, the Stokes
radius R is calculated as

(8)

R=tol
amyD

(9)

where # is the dynamic viscosity of the solvent (Supplementary Fig. 13), T the
temperature (Supplementary Fig. 14), and kg the Boltzmann constant. The
Stokes-Einstein equation is only strictly valid for spherical particles. Due to the
high anisotropy of EB-NS, we assumed that Brownian motion is dominated by the
diameter of the nanosheets and not the much smaller height.

In-vive microrheology of D. melanogaster embryos. EB-NS (previously milled
and tip sonicated in water) were filtered with a 0.20 um syringe filter. To further
enhance the concentration of the smallest nanosheets in the sample, the filtered

sample vial was placed in a concentrator (Eppendorf® centrifugal vacuum con-

centrator, Eppendorf, Germany) for 45 min at 45 °C and finally bath-sonicated for
10 min to reduce agglomeration. D. melanogaster embryos expressing Histone2ZAv-
GFP® with an age of 0-1 h were collected and dechorionated with hypochlorite for
120 s, washed with water thoroughly, aligned on a piece of agar, transferred to a
coverslip coated with glue and covered with halocarbon oil (Voltalef 10 S, Lehmann
& Voss) after a slight desiccation. An aliquot of suspension in water of the EB-NS
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microscope: the injection volume is calculated according to literature®. After Infrared Fluorescence Imaging. Acc. Chem. Res. 49, 1731-1740 (2016).
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around 30 min of incubation, the sample could be moved to the NIR setup men- 5. Hong, G., Antaris, A. L. & Dai, H. Near-infrared fluorophores for biomedical
tioned above for colocalization experiments. EB-NS were excited with the 561 nm imaging. Nat. Biomed. Eng. 1, 0010 (2017).

laser (up to 500 mW), whereas a fluorescence lamp (X-Cite® 1200Q, Excelitas 6. Carr, ]. A. et al. Shortwave infrared fluorescence imaging with the clinically
Technologies) was used for GFP excitation. Both channels were observed through a approved near-infrared dye indocyanine green. Proc. Natl Acad. Sci. USA 115,
100x objective and recorded with a Zyla 5.5 sCMOS camera. An exposure time of 4465-4470 (2018).

0.1's was chosen and images on both channels were taken for 60s (10 fps). A2x2 7 7hy, §. et al. Molecular imaging of biological systems with a clickable dye in
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were considered separate particles), minimum number of data points = 200, 10. He, . Song, ] ‘Qu ] & Cheng Z. Cl:uc,ial breakthrou:gh of second near-

maximum displacement between frames =9 pixels, and diameter (of the tracked
blob) = 11 pixels. The perimeter of the nuclei was manually measured on Image]
and its coordinates implemented in a self-written Python code which could assess
the minimum distance of each point along a trajectory to the closest nucleus
perimeter. With a separate code, instantaneous velocity plots (lag time = 0.1'5)
could be evaluated and plotted. Van Hove histograms were plotted in Python, too,
inspired by past works in literature™. The overlying Gaussian fit was performed for
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Supplementary Figure 1 NIR fluorescence images of Egyptian Blue (EB) before and after tip
sonication. a EB bulk powder dispersed in isopropanol. b Egyptian Blue nanosheets (EB-NS)
after 6 h of tip sonication. ¢,d EB-NS after 6 h of tip sonication and size-cut-off filtration
(d = 0.45 ym). All samples were drop-casted (10 pL) on glass cover slides before imaging.
Every purification step reduces the overall concentration of particles but increases
monodispersity. Note that the contrast was not adjusted. Therefore, the smaller EB-NS in b-d
are difficult to see (compared to the larger ones) and it looks like there are not many particles
left, but when zooming in they are visible. Scale bar =10 um.

Supplementary Figure 2 Schematic of a monolayer of EB. a Frontal view. b 3D axonometric
projection. For both illustrations, EB neutron powder diffraction data obtained from literature
was usedi. Si, O, Ca and Cu atoms are depicted as gray, red, green and blue spheres,
respectively. Vesta (v. 3.4.4) was employed to draw the structuresa.
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Supplementary Figure 3 Fluorescence response of EB-NS to different analytes of interest
NIR spectra of EB-NS (6 h tip sonication, 10 ug mL-1) in water 10 min after addition of analytes
(100 uM) that are known to affect spectra of other fluorophores. The EB-NS fluorescence did
not display any significant shifts. This result further shows the stable NIR fluorescence of this

hanomaterial.
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Supplementary Figure 4 Absorption (reflection) spectrum of EB powder. Three broad bands
corresponding to different electronic transitions are observed (yellow arrows). The symmetry
species of the orbitals involved in the transition are indicated next to the arrows. The attribution
of the bands to the symmetry species was made according to the model proposed by Accorsi
etal.s.
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Supplementary Figure 5 Zeta potential of EB-NS. Zeta potential of EB-NS in water
(2 mg mL-1). The error bar corresponds to the standard deviation of triplicates.
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Supplementary Figure 6 NIR fluorescence saturation measurements, white light scattering
and confocal scanning fluorescence images of EB-NS. a Fluorescence saturation
measurement of a single EB-NS. Red circles show the data measured upon initial increase of
excitation power, blue circles correspond to the subsequent decrease of the excitation power;
red and blue lines represent the respective fits. The inset shows three images that were
acquired at different excitation powers (corresponding data points are depicted with solid
circles). Scale bar=1 um. The obtained saturation values (Psat) are 276 and 252 uW. The
slightly lower saturation intensity value that was obtained for the process of diminishing
excitation power could be caused by heating of the sample by the excitation light, which affects
the fluorescence lifetime in bulk EBs. The obtained saturation values correspond to a
fluorescence emission of = 1.95 x 106 photons per second. With this number we estimated the
number of luminescent centers in the order of 1950 by taking into account the average lifetime
of the excited state (= 100 pus, Supplementary Figure 7), the quantum yield (= 0.13) of bulk EB,
the quantum efficiency of the photodetector in this spectral region, the parameters of optical
elements of the microscope and the acquisition time of the signal. From the crystal structure of
EB it follows thatthere are 3.8 Cuz+ions nm-2 of a single layer EB-NS4 (Supplementary Figure
2). If every Cuz+ion serves as luminescent center, these numbers would be in agreement with
a 23 nm large (squared) single layer EB-NS. b White light scattering (i) and confocal scanning
fluorescence (ii) images of EB-NS taken from the same area within the same sample. S cattering
intensity appears not to be proportional to fluorescence intensity. The dimmest particles in (ii)
are notvisible in (i) due to their reduced size. Scale bar =1 um.
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Supplementary Figure 7 Fluorescence lifetimes of bulk EB and exfoliated EB-NS. Error bars
correspond to standard deviations (n =100 repetitions performed for each sample).
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Supplementary Figure 8 Scanning electron microscopy (SEM) images of larger exfoliated EB
(nano)sheets. Different samples and preparation techniques are shown. a No gold deposition.
Scale bar =200 nm. b =2 nm evaporated gold. Scale bar =1 um. ¢ =2 nm of sputtered gold
on the surface of the sample. Scale bar =200 nm. d A magnified region from the inset shown
in ¢ indicates the layered structure. Scale bar =20 nm.
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Supplementary Figure 9 Video-rate imaging of EB-NS with a Si-based camera. An EB-NS
was observed with a Si-based camera (Zyla 5.5 sCMOS camera, Oxford Instruments) camera
at 10 fps (= 100 ms), 50 fps (= 20 ms), 90 fps (= 11 ms) and 100 fps (= 10 ms). The quantum
yield of Si-based cameras is high in the visible range, butdecreases quickly in the nearinfrared
region for wavelengths larger than 800 nm. While on one hand the particle is still visible at the
two slower frame rates, it vanishes as soon as values of 90-100 fps are reached, thus
highlighting the benefits of employing an InGaAs camera for NIR imaging. Scale bar =500 nm.

Supplementary Figure 10 Scanning Transmission Electron Microscopy (STEM) images of EB-
NS. a Overview image of EB-NS dispersed in isopropanol and spin-coated on a TEM grid.
Scale bar=500nm. b-e Blow-ups of such images of EB-NS. The EB-NS appear to
agglomerate during the coating/evaporation process as often seen in TEM images. Scale
bar =100 nm.
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Supplementary Figure 11 Trajectories and logarithmic MSD curves of three exemplary EB-
NS in glycerol. The trajectories and log-log MSDs of three particles of differentsizes are shown.
In the case of the largest particles, no complete filtration process was performed so that also
larger particles and not only nanosheets could be present. Diameters were estimated via the
protocol used for the size-fluorescence correlation analysis performed in glycerol (Figure 4). As
a result, the three particles can be classified as having small, medium (< Abbe limit) and large
(> Abbe limit) diameters. The size of the particles assessed (multiple times from different
frames) in Image) (v. 1.52a) presents diameters of 0.501 um, 0.551 um and 0.899 um
(respectively). The Abbe limit of NIR light (900 nm) would be = 450 nm. However, the particles
are freely diffusing and therefore most of the time they are not perfectly in focus; the point
spread functions should thus be typically bigger/distorted. Scale bar =1 um.
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Supplementary Figure 12 Linear MSD curves of three exemplary EB-NS in glycerol. Linear
MSD plots corresponding to the three EB-NS of Supplementary Figure 11 are shown. Scale
bar=1 um.
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Supplementary Figure 13 Temperature sweep curve of EB-NS in glycerol. In order to
independently assess the viscosity of the glycerol samples charged with EB-NS, a rheometer
was used to measure viscosity for different temperatures. An exponential decay fit was chosen
to interpolate the raw data (R2 =0.99994). The sample’s temperature during the NIR imaging
experiments was stable and measured =23.3°C. The corresponding viscosity value
(= 0.35 Pa s) was taken from the plot, as indicated by the orange dashed lines.

i 2
Supplementary Figure 14 IR monitoring during EB-NS tracking in glycerol. A FLIR camera
(FLIR ONE Pro, FLIR Systems, Inc., USA) was employed to observe if EB-NS imaging in
glycerol with a 561 nm laser heats the sample. At a laser power of 250 mW, only negligible
temperature fluctuations could be observed at t=0s (beginning of acquisition), t=66s
(halfway through the acquisition), and t =131 s (end of acquisition). The first image shows a
hand pointing to the sample holder.
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Supplementary Figure 15 Simulation to assess if the (theoretical) correction factor of the
Stokes-Einstein equation for anisotropic particles is correct. a-¢ Spheroid geometry
(d =300 nm), trajectory and MSD of a simulated EB-NS during diffusion in water (T =300 K).
d-f Geometry, trajectory and MSD of a spherical particle during diffusion within the same
environmental conditions. The radius of this spherical particle was set equivalent to the length
of the maximum axis of the EB-NS spheroid, multiplied by the reciprocal of the correction factor
(A) described in the Supplementary Methods (i.e. 1/A =0.67). This correction factor was
derived from theoretical considerations. The MSDs yield diffusion constants (see values in c,f)
which are comparable, thus confirming that the used correction factor is reasonable.
Simulations were performed in COMSOL (see Supplementary Methods).
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Supplementary Figure 16 Brightness vs. size of EB-NS tracked in glycerol. Mass, as defined
by the Trackpy Python packages,s (v0.4.2 on Python v3.7.37), is the total integrated brightness
ofthe tracked blob (i.e. NIR fluorescence ofan EB particle). Forthese plots, the maximum value
along each trajectory was taken to account for the possibility of polarization-dependent
excitation/emission. On the x axis, the hydrodynamic diameter obtained via the Stokes-Einstein
equation (with anisotropy correction factor) is displayed. This plotis based on the same data
as in Figure 4, but mean fluorescence (mass) values are taken from all data points in 0.1 steps
(x-axis) to account for the potential spread in height of sheets of similar diameter. As the
diameter dominates the diffusion process, this approach allows one to get a better idea if there
is a scaling law. The powerlaw fit yields an exponent a= 0.5 (R2 = 0.77396), which would
indicate that fluorescence of EB-NS scales with the square root of particle size. The reported
plot is shown as mean +standard deviation with a step on the x-axis of 0.1. n =292 tracked
EB-NS.
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Supplementary Figure 17 Size distribution of EB-NS in glycerol. The plotted histogram
presents hydrodynamic diameter values, which were obtained by size-fluorescence correlation
analysis performed in glycerol (i.e. Stokes-Einstein with implementation of the correction factor,
see Supplementary Methods). Bin size =20 nm, n =292 tracked EB-NS.
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Supplementary Figure 18 Velocity of EB-NS motion vs. distance to closest nucleus in
Drosophila melanogaster embryos. The mean instantaneous velocity and corresponding
variance of EB-NS injected into Drosophila embryos is shown as a function of the distance to
the closest nuclei encountered during particle motion. The perimeter of nuclei (observable in
the GFP channel) was manually measured in Image]. The instantaneous velocity
(lag time =0.1 s) and the distance of every point along the trajectory to the closest nucleus
were assessed via a custom-written Python script. The data set shows that one can use EB-
NS to probe local velocities, but every EB-NS might have a unique mechanical environment
and therefore there is not a clear trend. Bins width = 2.09 um, n = 38 tracked EB-NS (from 21
different embryos). Tracks for which the nuclei borders could not be clearly depicted were not
taken into account
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Supplementary Figure 19 Cell viability in the presence of EB-NS. Cytotoxicity of EB-NS was
assessed for 3 different common cell lines (A549, NIH 3T3 and MDCK-II) using a standard
assay (see Supplementary Methods). EB-NS did not show significant effects on cell viability,
which indicates a high biocompatibility. As a control we used Cuz+ ions (CuSQa4), which
drastically decreased viability. N =4 independent samples (quadruplicates) for each data point,

error bars correspond to standard deviation.
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Supplementary Figure 20 R elative fluorescence intensity of different NIR fluorophores in the
low-cost stand-off detection setup. Average total emission intensities (i.e. mean grey pixel
values) of three different NIR fluorophores in Eppendorf tubes at similar concentration
(=0.1 mg mL-1). Data were normalized to the water control. EB-NS, ICG and SWCNTs
respectively yielded mean grey values 0f23.7 £1.7,9.8 £2.1 and 2.1 £0.1 (mean £standard
deviation). N = 3 independent samples.
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Supplementary Figure 21 Egyptian Blue (EB), Han Blue (HB) and Han Purple (HP): a family
of NIR fluorophores. a Picture of bulk, pristine powders of EB, HB and HP. b Crystal structures
(designed with Vesta (v. 3.4.4)2) of the three pigments: Ca (Ba for HB and HP) is depicted as
green, Cu as bronze, O as red spheres, whereas Si is represented in its typical tetrahedral
geometry. Colors were chosen according to the CPK color code () mols). ¢ Normalized
absarption (reflection) of bulk EB, HB and HP powders, and 1D fluorescence spectra of EB, HB
and HP nanosheets. d Normalized 2D excitation-emission spectra of EB-NS, HB-NS and HP-
NS.
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Supplementary Table 1 Fluorescence saturation measurements: saturation power, saturation
luminescence intensity and number of luminescence centers per measured particle. Note that
the photon numbers were corrected by the efficiency of the optical system etc. (see
Supplementary Methods).

Particle | Saturation Saturation Number of
number | excitation | luminescence intensity | luminescence
power (Isat,X 103 photons s-1) | centers per

(P sat, WW) particle

1 261 1250 1250

2 387 1135 1135

3 239 1125 1125

4 315 1008 1008

5 294 816 816

6 421 514 514

7 408 445 445

8 347 358 358

9 431 330 330

10 381 293 293

11 219 274 274

12 359 248 248

13 418 215 215

14 312 207 207

15 403 180 180

16 386 155 155

17 209 135 135

18 287 122 122




SUPPLEMENTARY METHODS

Absorption (reflection) spectra of Egyptian Blue (EB), Han Blue (HB) and Han Purple (HP)
bulk powders

Absorption spectra were recorded with an AvaSpec-UV/Vis/NIR two channel broad band
spectrograph (Avantes) containing a balanced deuterium-halogen lamp (AVALIGHT-DH-S-
BAL). Only the signal recorded in the UV/Vis channel is shown, which is equipped with a 2048L
UV/Vis spectrometer with a 25 um slitand a 300 lines mm-1 grid. The Avasoft-Full software was

used for recording.

Zeta potential measurements
A Zetasizer Nano S device (Malvern Instruments) was employed for this experiment. The

obtained dataset was analysed via the Zetasizer software.

Fluorescence saturation measurements

To estimate the number of luminescent centers in a single EB-NS, we did single particle
fluorescence saturation measurements. EB-NS were deposited on the surface of standard
glass cover slides. Scanning the surface with a confocal microscope through the diffraction
limited focal spot of 1.49 NA objective allowed us to select only the smallest particles with sizes
not exceeding the dimensions of the focal spot/resolution limit. Sizes of larger particles clearly
exceeded the dimensions of a diffraction limited focal spot and allowed us to distinguish them
from smaller particles. After selecting a particle, we measured its fluorescence intensity at
different excitation powers. Excitation of nanoparticles that have relatively long excited state
lifetimes of the order of 100 us (Supplementary Figure 7) with a laser that has high repetition

rate (20 MHz) allows one to extrapolate saturation of nanoparticle luminescence. The excitation



wavelength was 640 nm. The fluorescence intensity values were normalized to the detection
efficiency of the microscope, taking into account the average collection efficiency of light by the
1.49 NA objective lens (70%, given the random orientation of the emission transition dipoles),
transmissivity of all the optical elements involved (~50%) and detection efficiency of the single
photon avalanche diode (PDM series, MPD) in the appropriate spectral range (~5%). The

experimental data were fitted with a typical fluorescence saturation functiona:

[ =, —xc (1)

S (Pexc+Psat) '
where Pexc is the excitation power, Psat is the saturation power, lsat is the nanoparticle
luminescence intensity that can be detected atthe saturation excitation power, yields the values
of Psat and lsat for every saturation curve measured. Supplementary Table 1 shows the obtained
values. The obtained saturation luminescence intensity values allow one to estimate the
number of luminescent centers N per particle. Taking into account the average excited state
lifetime 7 (~100 ps, Supplementary Figure 7) and gquantum vyield @ (~0.13), we calculated the

number of emitted photons Isat per second into the number of centers:

= fsar (2)

o1
Laser source: Supercontinuum laser SC400-4-20, Fianium
Photodetector: single photon avalanche diode PDM series, MPD

Objective lens: Apo N, 60x%/1.49 NA oil immersion, Olympus

Fluorescence lifetime measurements

Lifetime measurements (frequency domain) were conducted in a well-plate using a Firesting
oxygen meter from Pyroscience (Aachen, Germany) at room temperature. The excitation
wavelength was setto 620 nm. An excitation frequency of 4 kHz and an LED intensity of 40%

were employed.



Video-rate imaging of EB-NS with a Si-based camera

EB-NS (previously milled and tip sonicated in water) were filtered with a 0.2 ym syringe filter
(Sartorius AG, Germany). To further enhance the concentration of the smallest nanosheets in
the sample, the sample vial was placed in a concentrator (Eppendorf® centrifugal vacuum
concentrator, Eppendorf, Germany) for 90 min at50 °C and finally bath sonicated for 20 min to
reduce agglomeration. 10 uL were then imaged at the fluorescence microscopy setup on a #1
glass slide with the following settings: 100x objective, 500 mW of 561 nm laser, exposure times

and resulting frame rates as specified in the caption of Supplementary Figure 9.

Scanning Transmission Electron Microscopy (STEM) on EB-NS

EB-NS (previously milled and tip sonicated in water) were filtered with a 0.45 ym syringe filter
(Sartorius AG, Germany) to remove the largest particles from the sample. 10 pyL of the so-
prepared dispersion were then drop-casted on a TEM grid (ultrathin C film supported by a Lacey
carbon film on a 400 mesh Cu grid, Ted Pella Inc, USA) and imaged undera Quattro S (Thermo
Fischer Scientific, USA) device with the following settings: working distance =11.2 mm,

horizontal field width = 2-7 um, 30.00 kV, STEM3+ detector, 8-9x10-s mbar.

Correlative size-intensity measurements in glycerol

EB-NS (previously milled and exfoliated/tip sonicated in water) were size-selected by means of
two steps of liquid cascade centrifugationioai: in this way we could get rid of unexfoliated EB
and increase the monodispersity of the pellet obtained after the last step
(1st centrifugation =240g for 2 h, 2nd centrifugation =2660g for 2 h). 0.5 mL of glycerol (Alfa
Aesar, 994+%) were then added to the dried final pellet (= 1 mq), and the sample was finally tip
sonicated in an ice bath for 2 min at 60% to achieve a homogeneous redispersion. Forimaging,

10-20 uL of the glycerol sample were introduced into a flow chamber (u-Slide VI 0.5 Glass



Bottom, Ibidi, Germany) and placed under our NIR imaging setup. A 100x objective was
employed to observe EB-NS at 8 fps (= 50 ms exposure time, 1000 frames) with a laser power
of 250 mW, which, as shown in Supplementary Figure 14, was not overheating the sample
significantly during acquisition. P article tracking and MSD calculations were performed using a
self-written Python scriptbased on the Trackpy packages,s (v0.4.2 on Python v3.7.37), whereas
the final steps of data analysis were performed on Origin Pro 8.1 software. For identification
and linking of particles into trajectories, the following parameters in Trackpy were implemented:
memory = 300, minimum number of points (i.e. trajectory length) = 300, search_range
(i.e. maximum displacementbetween consecutive frames) =9, diameter (of the tracked blob) =
11. The tracking of the Brownian motion of an EB-NS vyields the trajectory of the particle as a
setof ime-dependent x and y positions for N time steps of length r. From the x and y positions,
the square displacement for the n-th time step r2 is calculated as

r2 = (x(n -T) — x((n -1) 'T))z + (y(n- T) —y((n -1) -T))z, (3)
where n ranges from 1 to N. The mean square displacement (r?) (MSD) is simply the mean

over all single time step values:
(r3) =34, 2. (4)
Assuming the diffusion is restricted to two dimensions, the diffusion coefficient D and the MSD

are linked via the relation:

MSD curves were fitted up to a maximum lag time of 25 s in order to measure the diffusion
coefficient of each particle. Finally, from the Stokes-Einstein equation, the Stokes radius R is

calculated as:

_ kgT ) (6)

~ 6mnD




where n is the dynamic viscosity of the solvent (Supplementary Figure 13), T the temperature
(Supplementary Figure 14) and ks the Bolzmann constant. The Stokes-Einstein equation is
only strictly valid for spherical particles. Due to the high anisotropy of EB-NS, one could assume
that Brownian motion is dominated by the diameter of the nanosheets and notthe much smaller

height. However, all hydrodynamic radii were corrected to account for anisotropy (see below).

Bulk viscosity measurements of EB-NS in glycerol

In order to robustly evaluate the bulk viscosity of the glycerol samples, a stress-controlled
rheometer (MCR 501, Anton Paar, Austria) that can be operated in oscillatory and rotational
mode was used. For a uniform shear rate across the sample, a cone and plate geometry
(diameter =25 mm) was used and the temperature was controlled with a Peltier element.
Viscosity of the sample (75 pL) was determined at a constant rotational shear stress of
dy/dt =50 s-1 and the temperature was changed from 15 °C to 30 °C atan incrementof 1 °C.
To ensure reproducibility, the temperature ramp was applied three times starting at 15 °C going

to 30 °C, then the reverse order, and finally again from 15 °C to 30 °C.

Estimation of the hydrodynamic radius of EB-NS
To account for the (non-spherical) asymmetry of EB-NS, a correction factor A was applied to

the general Stokes-Einstein equation:

_ kT _ kgT
6TIUT A 6muh ' (7)

where h is the length of the main axis of the particle and r is the hydrodynamic radius of a
sphere of equivalent diffusivity. To estimate the correction factor, the theoretical framework of
Happel et al. was usediz. In short, the geometry of a given EB-NS was approximated with the
shape of a nanometer-sized spheroid containing two symmetric long axis h (particle width) as

well as a short axis a (particle height). By calculating the resistance of such a particle within a



fluid of unidirectional flow parallel or perpendicular to the particle’s symmetry axis, one is able

to derive an expression for the hydrodynamic radius R of a sphere with equivalent diffusivity

by:

R =

8h 1

3 —w?
29 201-2¢%) Jl ¢
192 (1-g2)3/2 )

R = 8 1
L7 ?[_ L _ﬂsin—l( fl_(pz)
1-9Z (1-2)3/2

(parallel to symmetry axis) (8)

and

] (perpendicular to symmetry axis) , (9)

with ¢ delineating the axis ratio ¢ = a/h. For ¢ we utilized the height/width values gained from
our AFM-measurements for EB-NS (see Figure 1). A linear fit yields ¢ =0.035 or R =0.85h
and R, =0.58h, respectively. Finally, the factor A could be calculated by taking the mean of all

axis values:

Rooun = R_+32m _ 085+2058 , %h S A=149 (10)

3

The actual hydrodynamic diameters of the measured EB-NS are therefore larger than expected

from the pure Stokes-Einstein equation.

3D simulation of EB particle diffusion

Simulations of diffusive EB particles were performed with COMSOL (v 5.5). For this purpose,
the Fluid-Structure-Interaction (fsi) package was used to create a 500 x 500 x 500 ums sized,
cubic water box (T =300 K, p =0.001 Pas, p =997 kg m-3, free wall boundary conditions) in
which

e.g. a spheroidic “EB" particle (h =300 nm, a =10.44 nm, p = 8960 kg m-3) was placed in its
center to mimic Brownian motion. Consequently, we implemented stochastic forces applied
from the fluid on the particle’'s surface (Fmean = 1 N m-2, approximated from test simulations to
match the Stokes-Einstein relation) and started the simulation process by setting the solver

step size (frame rate) to At =0.1 s. The motion of the particle was then tracked by analyzing its



center of mass in each step size and the traces were used to calculate the MSD and the
particle’s respective diffusion coefficient. This process was compared to particles of different
geometry e.g. forr =300/A =201 nm spheres (corresponding to the correction factor expected

from the theory above).

Cytotoxicity tests of EB-NS
A549, NIH 3T3 and MDCK Il cell lines were employed in this study.
e A549 cell line and NIH 3T3 cell line: D10F+ (DMEM +4.5 g L-1 glucose with L-glutamin
(4 mM), 10% fetal bovine serum and 100 pg mL-1 Pen-Strep), trypsin/EDTA
(0.05/0.05%) solution;
e MDCK Il cell line: M10F + (EMEM with Earle’s salts with L-glutamin (2 mM), 10% fetal

bovine serum and 100 pg mL-1 Pen-Strep), trypsin/EDTA (0.25/0.05%) solution.

The cell viability (MTS) assay was performed using CellTiter 96 ® AQueous One Solution Cell
Proliferation Assay (Promega, G3580). 2 mL (= 4 mg) of a 6 h-tip sonicated sample of EB-NS
in water (2 mg mlL-1) was centrifuged (10 min, 13100 RCF). The supernatant was removed and
the so-obtained pellet was re-dispersed in 400 uL, in order to reach a concentration of
=10 mg mL-1 of EB-NS. The sample was diluted to 5% (0.5 mg mL-1), 2% (0.2 mg mL-1), 1%

(0.1 mg mL-1) and 0.5% (0.05 mg mL-1).

A 13 mg mL-1 (i.e. 52 mM) water solution of CuS04:5H20 (98%, ] &K Scientific) was used as a
reference to assess the maximum sensitivity of the cells to Cuz+ ions. 0.2% (100 uM)
corresponds to the copper amount in 2% of the 2mgmLa1 EB-NS dispersion
(i.e. 0.04 mg mL-1 of EB-NS). Therefore 2.5% (1.3 mM), 1% (520 uM), 0.5% (260 uM) and
0.25% (130 uM) correspond to the EB-NS concentrations of 0.5 mg mL-1, 0.2 mg mL-1,
0.1 mg mL-1, 0.05 mg mL-1, respectively. The Cuz2+ concentrations for this experiment have

been shown to cause varying degrees of cytotoxicity in literatureis. 2% (v/v) deionized water



was employed as positive control. Cells were initially incubated in a 96-well plate at
1.2x10s3 cells per well for 24 h in M10F-Media at 37 °C and 7.5% COz (MDCK Il), orin D10F-
Media at 37 °C and 5% CO2 (A549 and NIH 3T3). A suspension of EB-NS was diluted to the
different concentrations in appropriate media and added to the cells to be incubated for 1, 6 or

24 h. Viability of the cell samples was determined by MTS-assay.

1D and 2D fluorescence spectra of EB, HB and HP

6 h-tip sonicated EB, HB and HP samples in isopropanol were centrifuged for 2 h at 240g to
remove unexfoliated bulk material. 200 yL of each supernatant were then placed in a 96-well-
plate and the excitation wavelength of the monochromator was set at 615 nm for all samples.
For the acquisition of 2D spectra, the following parameters were employed: excitation
wavelength range =400-800 nm, steps =5 nm, integration time =3 s. 2D Spectra were
normalized to the maximum intensity and corrected for the quantum efficiency of the detector
as well as the spectral irradiance of the xenon lamp of the monochromator using a self-written

Python script.
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5.2.3 Publication Synopsis

Manuscript Il 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 (1) was not fully investigated in this work, preliminary acquisitions indicated that 1
values were still in the ys 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 nanomaterials#271.233.234 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 Il
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 = Aem/ 2 = 450 nm. As the emission peak falls in the wavelength range of Aem = 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 (Cu?*) 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-



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 values23® 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 Il 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
displacements?36, 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-I1I) demonstrated that EB-NS are biocompatible materials. Finally, Manuscript Il 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 (A > 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 (SWCNTSs) 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 (BaCuSisO10, HB) and Han
Purple (BaCusSi>Os, 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



three materials will be focused on in the following section, where the work that followed Manuscript Il will

be described (Section 5.3, Manuscript IlI).

v' Egyptian Blue (CaCuSisO19, EB) was exfoliated into nanosheets (EB-
NS) via wet ball milling and tip sonication.

v' EB-NS retained the bright NIR fluorescence of the bulk material and
could be easily imaged with both Si-based and InGaAs cameras.

]n a Nutshc”... v The NIR emission of EB-NS was extremely stable with regards to

e o photobleaching, fluorescence polarization and redox active molecules.

v’ Size-correlation studies demonstrated that EB-NS down to few tenths of
nm in size were still fluorescent.

v Cytotoxicity assays confirmed the biocompatible nature of EB-NS.

v 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.

v" Analogously to EB, Han Blue (BaCuSisOi0, HB) and Han Purple
(BaCuSi»06, HP) were exfoliated into NS which preserved the bulk
spectral features, i.e. broad excitation range and bright NIR
fluorescence.




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 Il (Section 5.2.2). Here, more focus was set on the photophysical properties of
nanosheets of Egyptian Blue (CaCuSisO10, EB-NS), Han Blue (BaCuSisO19, HB-NS) and Han Purple
(BaCusSi20s, 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 HP82, For example,
the fluorescence has been assigned to a low energy electronic transition of the shared copper ion (Cu?*)
in square planar coordination geometry. Furthermore, the symmetrically prohibited nature of this electronic
transition leads to particularly long excited state lifetime values (r) which lie in the range of several ys 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 centuries75206237-239 " A Jong fluorescence lifetime as the one owned by these

materials can, however, find immediate application also in other fields, e.g. the biomedical sector?2,

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 Il (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 Il, 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 artifacts'’>-

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 Ill)

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?



How do these exfoliated NS look like with regards to morphology, size distribution and
photophysical properties?

Are resolution-limited NS still fluorescent for all three materials (as proven for the case of EB-NS
in Manuscript 11)?

How does the lifetime change after exfoliation?

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 11)?



5.3.2 Photophysical Properties and Fluorescence Lifetime Imaging of Exfoliated
Near-Infrared Fluorescent Silicate Nanosheets (Manuscript 1)

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 Nif3ler,

Ingo Mey, Volker Karius, Jorg 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

# IFQOYAL SOCIETY

Nanoscale
PN OF CHEMISTRY

Advances

View Article Online

View Journal

Photophysical properties and fluorescence lifetime
imaging of exfoliated near-infrared fluorescent
silicate nanosheetsy

[ '.) Check for updates |

Cite this: DOI: 10.1039/d1na00238d

Gabriele Selvaggio, ©3° Milan Weitzel,® Nazar Oleksiievets,® Tabea A. Oswald,?
Robert Niler, 2 Ingo Mey,® Volker Karius,® Jérg Enderlein,“" Roman Tsukanov®
and Sebastian Kruss (£ *ab9

The layered silicates Egyptian Blue (CaCuSisO1p, EB), Han Blue (BaCuSisO10, HB) and Han Purple (BaCuSizOs,
HP) emit as bulk materials bright and stable fluorescence in the near-infrared (NIR), which is of high interest for
(bio}photenics due to minimal scattering, absorption and phototoxicity in this spectral range. So far the optical
properties of nanosheets (NS} of these silicates are poorly understood. Here, we exfoliate them into
monodisperse nanosheets, report their physicochemical properties and use them for (bio)photonics. The
approach uses ball milling followed by tip sonication and centrifugation steps to exfoliate the silicates into
NS with lateral size and thickness down to = 16-27 nm and 1-4 nm, respectively. They emit at = 927 nm
(EB-NS), 953 nm (HB-NS) and 924 nm (HP-NS), and single NS can be imaged in the NIR. The fluocrescence
lifetimes decrease from = 30-100 ps (bulk) to 17 ps (EB-NS), 8 ps (HB-NS) and 7 ps (HP-NS), thus enabling
lifetime-encoded multicolor imaging both on the microscopic and the macroscopic scale. Finally, remote
imaging through tissue phantoms reveals the potential for bicoimaging. In summary, we report a procedure
to gain monodisperse NIR fluorescent silicate nanosheets, determine their size-dependent photophysical
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Introduction

Two-dimensional (2D) nanomaterials have attracted consider-
able interest in light of their exceptional photophysical prop-
erties and their potential for multiple applications.”™ Following
graphene, other 2D materials such as transition metal dichal-
cogenides (TMDs) have been explored."® Single layers of 2D
TMDs possess a bandgap and show versatile chemistry."*7*
Because of the very high surface area displayed by these nano-
structures, TMD nanosheets (NS) have been employed in
catalysis, energy storage, sensing, and electronics.»*>7**
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properties and showcase the potential for NIR photonics.

Bottom-up synthetic techniques for 2D materials (eg
chemical vapor deposition (CVD), epitaxial growth, or wet
chemical methods™) enable fabrication of large-area, ultrathin
and uniform layers but at high expenses.”** An alternative is
top-down exfoliation (or delamination), which presents several
advantages. Liquid-phase exfoliation (LPE) promises scalability,
subsequent chemical modification as well as simple deposition
on diverse surfaces."®'* With ultrasonication, NS sizes of few
hundred nanometers are achievable.” Scalable high shear pro-
cessing techniques such as wet ball milling are also known to
yield monodisperse samples and are commonly employed tools
for all kind of layered materials e.g. sheet silicates.**¢

A novel class of 2D materials are (phyllo)silicates such as
Egyptian Blue (CaCusSi,0,,, EB), which is as (exfoliated) nanosheet
a promising fluorophore for photonics.”** This calcium copper
tetrasilicate is regarded as the most ancient artificial pigment
made by mankind and dates back to Ancient Egypt (= 2500 BC),
where it was employed in artwork.” EB's tetragonal crystal
structure (space group P4/ncc) consists of parallel layers of silicate
tetrahedra weakly held together by the presence of interlayer
calcium ions in an eight-fold coordination geometry.* The copper
ions are placed in a square planar coordination geometry and are
most likely the reason for the photophysical properties of this
material. It was reported that pristine EB emits in the near-
infrared (NIR) region at = 910-930 nm, with a broad excitation
spectrum at green-red wavelengths.** EB fluorescence is
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characterized by a very high quantum yield (= 11%) compared
to typical NIR fluorescent dyes** and a long lifetime (t =~ 100-
150 ps).®** Theoretical investigations into electronic and
magnetic properties of bulk and monolayer EB have suggested
that EB could turn into a direct band-gap semiconductor if its
thickness is reduced down to the monolayer regime (= 1
nm).****** The exfoliation of EB into pm-sized nanosheets (EB-NS)
is possible by stirring in hot water over several days.**~*

There are also homologues of EB such as Han Blue
(BaCuSi;049, HB) and Han Purple (BaCuSi,Os, HP). While the
former presents a crystal structure identical to EB's (except for
the substitution of Ca** with Ba**), the latter is less rich in silica
and presents a chemically labile Cu-Cu bond, which is likely the
explanation behind a weaker stability of this compound
towards weak acids.****** HB and HP are also fluorescent in the
NIR, and this can be attributed to the Cu®' ions and rationalized
by ligand-field theory.** The interesting photophysical proper-
ties of EB, HB and HP have so far been mostly exploited to
classify and assess the origin of ancient artwork.***3! Never-
theless, applications have been proposed as ink, fingerprint
dusting powder, scaffold for selective enrichment of phospho-
peptides or luminescent solar concentrators.*”*** Recently, it
was shown that EB nanosheets (EB-NS) keep their NIR fluores-
cence properties and can serve as NIR fluorophore.'”
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In general, fluorescence methods using the NIR (800-1700
nm) benefit from reduced scattering, absorption and photo-
damage, leading to better image contrast and, in biological
applications, to better tissue penetration." " Moreover, photo-
toxicity is also lower compared to other wavelengths.*!*%
Unfortunately, there exist only few NIR fluorophores, and most
are photolabile, possess low quantum yields, or have biocom-
patibility issues. In contrast to organic fluorophores (e.g.
indocyanine green (ICG)), nanomaterials such as InAs quantum
dots, lanthanide-doped nanoparticles, or semiconducting
single-walled carbon nanotubes (SWCNTs) offer an enhanced
photostability and a handle for chemical functionalization.*-*
Especially for SWCNTs, chemical concepts have been developed
to conjugate a broad range of biomolecules, which is required
for molecular recognition.'** Nevertheless, there is a large
demand for novel NIR fluorophores with better or comple-
mentary properties.

Here, we exfoliate EB, HB and HP into nanosheets (EB-NS, HB-
NS and HP-NS) via a mixed approach of planetary ball milling
(PB) and tip sonication (TS) in water. This route enables us access
to NS of defined size distribution, of which we report properties
including fluorescence spectra and lifetimes. Finally, we show
the potential of these materials for biophotonic applications such
as lifetime-encoded imaging or deep-tissue imaging.
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Fig. 1 Exfoliation of layered silicates into nanosheets. Bulk Egyptian Blue (CaCuSisOip, EB), Han Blue (BaCuSisO;q HB) and Han Purple
(BaCuSi;Og, HP) are exfoliated into nanosheets (EB-NS, HB-NS and HP-NS). The bulk crystals are first reduced in size by a planetary ball mill (PB)
in water. Via centrifugation larger particles are removed, then the supernatant is tip sonicated (6 h). An additional centrifugation step is performed
to further increase monodispersity. These NS are colloidally stable and their properties such as the near-infrared (NIR) fluorescence are char-

acterized and used for (bio)photonics.
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Results and discussion
Exfoliation process and size distribution

To gain access to nanosheets of defined height and lateral size,
we developed a multi-step exfoliation procedure, which was
optimized for EB, HB and HP (Fig. 1).

The first step of this protocol uses planetary ball milling in
water, which is frequently employed to crush minerals down to
few pm-sized crystallites.'™™ In a second step, the obtained slurry
was centrifuged to remove larger particles. The supernatant (pH
= 10-11), which already showed an increased colloidal stability
in water (Fig. S1 and S2{), contained pm-sized objects as
measured by laser diffraction (Fig. S3-56f). Next, the milled
supernatant was tip sonicated to further decrease lateral size and
height. Finally, the sample was centrifuged to improve mono-
dispersity and to mainly obtain the smallest NS. The final
concentration of the EB-NS, HB-NS and HP-NS was = 0.5g L'
and, compared to the bulk counterparts, all samples were
colloidally stable up to several days (pH = 8-9, Fig. S7f).
Furthermore, we observed that the colloidal stability of these NS
was not significantly affected by acidic conditions and ionic
environments such as physiological buffers (Fig. S8-S11f).
Atomic force microscopy (AFM) and scanning electron micros-
copy (SEM) were used to assess size distribution and morphology
of the NS. The exfoliated EB-NS, HB-NS and HP-NS show lateral
sizes of few tenths of nm and heights ranging from monolayers to
multilayers (Fig. 2 and S12a-ft). The data furthermore showed
(Fig. S12g-if) that lateral size increases linearly with thickness. As
expected from the fragmentation of crystal structures like sili-
cates undergoing sonication and/or milling, a log-normal func-
tion can best describe the overall trend of both lateral size and
thickness of EB-NS, HB-NS and HP-NS.* Scanning electron
microscopy (SEM) revealed additional insights into particle
morphology (Fig. S13 and S14a-ct). This was also evaluated via
scanning transmission electron microscopy (STEM, Fig. S147). As
indicated by AFM, SEM and STEM (Fig. $14d-ft), the exfoliation
yields small NS with varying morphology, which could be
attributed to the mechanical stress applied during milling and
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tip sonication. Nevertheless, we also observed NS with very
regular geometry (Fig. S14d-f, S15 and S16).

NIR spectroscopy and imaging

During transition from bulk to the nanoscale material, one
could imagine that the NIR fluorescence might be damaged/
destroyed. We therefore studied the NIR fluorescence of the NS.

All three bulk starting materials showed a broad absorption
in the green-red region of the visible spectrum (Fig. 3 and S$177).
Similarly, the NIR fluorescence of EB, HB and HP showed the
known NIR emission features, with HB displaying a red-shifted
fluorescence (up to 1000 nm).**** This shift to longer wave-
lengths (Fig. 3b, e and S181) opens possibilities in the field of
e.g. biological imaging. Both excitation and emission features
remained unaltered (Fig. 3d-f) in the NS, thus demonstrating
that the exfoliation process of EB, HB and HP does not signif-
icantly alter the photophysics of these NIR fluorophores.

The fluorescence of these NS can also be detected/imaged on
the single particle level in a custom-built NIR fluorescence
microscope. Imaging experiments showed that the NS are
relatively monodisperse, with a size below the resolution limit
(d < 500 nm) of light microscopy (Fig. 4). Furthermore, all NS
displayed no photobleaching during 2 h-long laser illumination
(= 200 mW effective laser power) and imaging (Fig. S197).
However, some of the NS were so bright that they saturated the
local pixels and looked ‘larger’ than the resolution limit. This
finding could be explained by either differences in size (see AFM
data) or agglomeration of multiple NS within resolution-limited
(500 x 500 nm?) regions. The question of how fluorescence
scales with size is still not well understood but it likely increases
with volume and requires further investigations.””

Fluorescence lifetime measurements in the time and
frequency domains

As discussed above, bulk EB presents a high quantum yield and
a long fluorescence lifetime (7), which is the consequence of
a parity-forbidden electronic transition of the copper ion.*****
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Fig. 2 Size and height of exfoliated silicate nanosheets. Exfoliated nanosheets were spin-coated on mica and imaged with atomic force
micrascopy (AFM) in intermittent contact mode. A representative image (a) and the respective height traces (b} and histograms with log-normal
fits (c) of EB-NS are shown. The results indicate that lateral size scales linearly with height (linear fit = red line in (c)). The diameter/height values
corresponding to the log-normal distributions’ maxima are 47.0 nm/9.0 nm, with R? values of the linear fit of 0.924. n = 245 measured NS. The
exfoliation of HB-NS and HP-NS yielded similar outcomes (Fig. S127). Scale bar = 200 nm.
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Fig.3 Excitation—emission spectra of exfoliated silicate nanosheets. Normalized 2D excitation—emission spectra of bulk (a—c) and exfoliated (d—
f) EB, HB and HP. The exfoliation procedure and decrease of size/layer number has nearly no influence on the emission spectra. Absorption is
maximal at = 630 nm (EB-NS), = 620 nm (HB-NS) and = 580 nm (HP-NS). These 2D spectra as well as 1D spectra (Aaye = 561 nm, Fig. S18%)
confirm emission maxima at = 930 nm (EB-NS), = 950 nm (HB-NS) and = 920 nm (HP-NS).

To better understand what affects fluorescence lifetimes, they setup (MicroTime 200, Picoquant) (Fig. 5a-d). We noticed that
were measured with complementary methods. First, we used a single-exponential decay did not well describe TCSPC curves
time-correlated single-photon counting (TCSPC) in a confocal for all NS types (Fig. S201). We therefore attributed the shorter
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Fig. 4 Near-infrared (NIR) imaging of single silicate nanosheets. Fluorescence images of EB-NS, HB-NS and HP-NS (4¢,. = 561 nm) in the NIR (>
900 nm). Most nanosheets appear as resolution-limited spots (Abbe limit = Jemi/2). Note that some NS are so bright that they saturate the
detector and appear to be larger than the resolution limit, but the AFM data proves otherwise (Fig. 2). Both normal (a—c) and inverted (d—f) grey
scales are shown for better clarity. Scale bar = 1 um.
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Fig. 5 Fluorescence lifetimes of silicate nanosheets. (a) Schematic of the confocal time-correlated single-photon counting (TCSPC)-based
measurements of fluorescent lifetimes of single NS diffusing freely in a solution. (b—d) Exemplary decay curves of EB-NS (b), HB-NS (c) and HP-
NS (d), and the corresponding bi-exponential fits. Note that the short lifetime component corresponds to the instrument response function. Fit

residues are given below the plot.

component to the laser pulses (Instrument Response Function,
IRF). The (longer) fluorescence lifetimes were determined to be
16.5 = 0.25 ps, 8.25 £ 0.15 ps and 9.91 £ 0.06 ps for EB-NS, HB-
NS and HP-NS, respectively.

This decrease in fluorescence lifetime from bulk (EB = 130
ps, HB = 60 ps, HP = 25 ps) to NS was in agreement with
frequency-domain measurements (Fig. S21t). An explanation
for the observed decrease could be that defects or changes in
symmetry either enable non-radiative decay pathways or
increase the radiative rate constants.

Microscopic and macroscopic fluorescence lifetime imaging
(FLIM) of nanosheets

Fluorescence lifetimes are very sensitive measurements for the
environment and can also be used for multiplexing. The ps
lifetimes of silicate NS are an interesting property because they
are orders of magnitude longer than typical organic fluo-
rophores (which are in the nanoseconds range).

Therefore, we built a setup for frequency-domain fluores-
cence lifetime imaging microscopy (FLIM).**” This combina-
tion of FLIM and wide-field microscopy allows for fast FLIM

© 2021 The Author(s). Published by the Royal Society of Chemistry
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with variable optical magnification. In short, the laser excitation
is modulated, and from the delay of the fluorescence signal one
can infer the lifetime. This way one can directly receive a fluo-
rescence lifetime image in contrast to scanning methods that
have to measure lifetimes pixel by pixel. However, the necessary
time-gated camera for frequency domain measurements
required a careful calibration using samples with known life-
time values. Therefore, an independent measurement of single
NS lifetime was required. For calibrating the frequency domain-
based lifetime camera, we used lifetime values of EB-NS ob-
tained with the TCSPC-based method described above (Fig. 5b),
and imaged a drop-casted EB-NS in a homogeneous layer on top
of a glass coverslip. Then, we imaged non-homogeneous layers
of all NS types (Fig. 6 and S221).

Furthermore, due to different lifetimes of EB-NS and HP-NS,
we could identify the NS type (border) based on a lifetime image
of a region with both EB-NS and HP-NS (Fig. 6d-f). This iden-
tification was performed by using the corresponding phasor
plot (see Materials and methods}). A phasor plot represents
frequency-domain lifetime data using the measured phase

MNanoscale Adv.
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Fig. 6 Fluorescence lifetime imaging of nanosheets. (a) Fluorescence intensity image of an EB-NS solution drop-casted on a glass coverslip.
Scale bar = 5 um. (b) Frequency-domain fluorescence lifetime imaging microscopy (FLIM) of the same region as in (a), but with a color-coding
that shows two sub-populations of different lifetime. Scale bar = 5 pm. (c) Corresponding phasor plot highlighting the two populations and the
color-coding in (b). Species with longer lifetime appear in a light blue color and the ones with the shorter lifetime appear in a dark blue color. (d)
Fluorescence intensity image of the border of stripes made from EB-NS and HP-NS. Scale bar = 5 um. (e) FLIM image of the same region as in (d),
but with a color-coding that shows the different NS according to their lifetime values. Scale bar = 5 um. (f) Phasor plot highlighting the color-
coding of the lifetimes in (e): EB-NS (longer lifetimes, blue color) and HP-NS (shorter lifetimes, purple). (g) Schematic of the macroscopic
frequency-domain FLIM setup. (h) Intensity image of concentrated NS drop-casted on paper showing the logo of the Ruhr-Universitat Bochum
(RUB). Scale bar = 5 mm. (i) FLIM image of the same piece of paper as in (h), but with lifetime-encoded colors of EB-NS, HB-NS and HP-NS. Scale
bar =5 mm.

angle (¢) and the modulation ratio (M), calculated for each lifetimes of all NS types deduced from the lifetime images are:

single camera pixel and defined as: 17.6 + 2.4 us, 7.8 + 1.5 ps and 4.5 £ 0.7 ps for EB-NS, HB-NS and
HP-NS, respectively. Moreover, we noticed that, for each NS
Im = M x sin(g), (1) type, aggregates and particles with larger size exhibit slightly

different lifetimes (Fig. 6a-c, S22 and S23%). In addition to
microscopic FLIM, the high brightness of NS enabled macro-
scopic lifetime imaging (Fig. 6g). Indeed, drop-casting of
ethanol dispersions of EB-NS, HB-NS and HP-NS on paper
enabled us to detect their fluorescence (Fig. 6h), and to clearly
distinguish them according to their uncalibrated phase lifetime
(Fig. 6i). In this way, by using the NS as an ink we could encode

Re = M x cos(¢). (2)

In our case, on such a phasor plot we could highlight two
sub-populations of NS (blue and purple ovals in Fig. 6f). Then,
we applied a color selection to the FLIM image (Fig. 6e). When
only using the intensity image, it was not possible to identify the
border between EB-NS and HP-NS (Fig. 6d). The average
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Table 1 Fluorescence lifetime values of EB-NS, HB-NS and HP-NS
measured using confocal TCSPC-based technique®

Sample Trosee [1S)

EB-NS 16.50 £ 0.25
HB-NS 8.25 £+ 0.15
HP-NS 6.91 &+ 0.06

“ Mean =+ standard deviation (N = 3-4 measurements).

the letters of the logo of the Ruhr-University Bochum (RUB) as
lifetimes. These experiments show the huge potential for NIR
FLIM and how it drastically improves the contrast, which is
desirable for many imaging applications.

The lifetime values obtained using TCSPC were in good
agreement with the lifetime values measured by frequency-
domain FLIM (Tables 1 and S1f). Furthermore, the lifetime
values measured with a simple fiber-optic sensor were in the
same range, too (Table S1f). Therefore, the ps fluorescence
lifetimes of these NS can be detected by methods of different
complexity and potential.

Remote imaging through tissue

In a next step, we explored the potential of the NS in remote
(stand-off) imaging through a tissue phantom. In such experi-
ments, NS are imaged in a distance > 10 cm without a sophis-
ticated optical setup or microscope (Fig. S241). It mimics the
requirements e.g. for image-guided surgery or remote imaging
of fluorescent barcodes. We observed that the NS displayed

Nanoscale Advances

a strong fluorescence sufficient for stand-off detection (Fig. $25-
5281). Furthermore, by monitoring the fluorescence intensity of
NS solutions after addition of salts or lowering the pH, we
noticed no significant decrease in the fluorescent signal
(Fig. S8-S117). Proven that these NS possess a robust and stable
fluorescence, we performed a proof-of-principle experiment for
biological imaging e.g. of vessels, by introducing EB-NS, HB-NS
and HP-NS into glass capillary tubes (Fig. 7a and b).

Their intense fluorescence can be detected without a laser, i.e.
with a simple LED (equipped with a 700 nm short-pass filter) and
with a 900 nm long-pass filter in front of the NIR InGaAs camera.
Next, we performed tissue phantom experiments, a standard test
routinely performed in biomedical imaging (Fig. 7a and S29-
$317). The goal of this experiment was to assess the brightness of
the sample through tissue slices of different thickness. Multiple 1
mm-thick chicken phantom tissues were therefore placed on top
of NS-containing capillary tubes, and NIR pictures were taken
(Fig. 7b and c). For each image, the intensity within a selected
region of interest (ROI) was evaluated after every addition of a 1
mm-thick tissue slice. The fluorescence intensity of all silicate NS
showed a similar trend (EB-NS seemed to display a slightly better
performance) and was intense enough to be detected through up
to 4-5 mm of tissue (Fig. 7d and e). Higher light intensities e.g.
a laser illumination could further increase the tissue penetration.
These results, together with the robustness of the fluorescence
against biological analytes and pH ranges, and the high
biocompatibility of EB-NS, HB-NS and HP-NS (Fig. S32-5347),
clearly demonstrate the potential of these NIR nanomaterials for
biomedical imaging applications.

1.44
1.2-
1.0
0.8
0.6
0.44
0.2
0.0

0 1 2 3 4 5 6 7
Tissue Phantom / mm

Normalized Mean Gray Value

Fig.7 Remote NIR imaging of nanosheets under tissue. (a) Picture of the NIR remote (stand-off) detection system. Capillary tubes (containing NS
in water) under chicken tissue phantoms were imaged as shown in the image. (b—d) NIR image of capillary tubes filled with EB-NS under
a chicken tissue of a certain thickness. Scale bar = 10 mm. () Normalized mean gray value of a region of interest within each image vs. tissue

phantom thickness. Error bar = standard deviation, normalized over the maximum value of mean pixel intensity within a ROl (area = 19 = 1 mm

from one image.
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Conclusions

In this work, we developed a robust protocol to exfoliate the
layered silicates EB, HB and HP via a combination of planetary
ball milling, tip sonication, and multi-step centrifugation,
obtaining nanosheets of high monodispersity (lateral size = 16-
27 nm and height = 1-4 nm). Thorough characterization via AFM
and SEM allowed a complete description of the morphology of
these NS. In the future, the exfoliation could be further improved
by using surfactants that facilitate faster exfoliation and reduction
of the required mechanical forces (milling/tip sonication).

Most importantly, EB-NS, HB-NS and HP-NS retained the
absorption (= 550-650 nm) and emission (= 850-1000 nm)
properties of the non-exfoliated material. Therefore these NS
are an addition to the library of NIR fluorescent nanomaterials
beyond ICG, InAs quantum dots, lanthanide-doped nano-
particles and SWCNTs."™* The fluorescence of all three NS is
very bright, and single nanosheets can be easily imaged with
a NIR fluorescence microscope. Therefore, single nanoparticle
fluorescence applications such as microrheology or, in the
future, chemical sensing®™***® should be possible.

Interestingly, the fluorescence lifetimes decrease in compar-
ison to bulk silicates, especially for EB-NS. This result indicates
that lifetimes of these nanomaterials can be tailored and be used
for lifetime-encoded imaging."” Microscopic fluorescence lifetime
imaging can result in increased contrast, considering that short-
lived background fluorescence can be easily removed. Further-
more, FLIM presents several advantages over standard fluores-
cence intensity imaging including independence from
fluorescence intensity, fluorophore concentration or bleaching.
Additionally, the fluorescence lifetime can be sensitive to envi-
ronmental factors, which could facilitate the monitoring of func-
tional changes in biological systems.** Macroscopic fluorescence
lifetime imaging experiments demonstrated an additional benefit
of working with such bright and robust materials, Le. that they can
be clearly detected and unambiguously distinguished even when
using non-optimized home-built stand-off devices. The ps fluo-
rescence lifetimes do indeed not require complicated setups as
normally needed for ps- to ns-long lifetimes of other typical NIR
fluorophores (e.g. SWCNTs). For this reason, the successful
application of such NS for barcoding e.g. banknotes but also
biological materials or even cells is within reach. The advantage of
the NS' intense fluorescence was also shown by stand-off detection
experiments with tissue phantoms. Considering their high
biocompatibility, these NS have large potential for bioimaging.

In summary, exfoliated EB-NS, HB-NS and HP-NS possess
versatile NIR fluorescence properties and pave the way for novel
fluorescence (lifetime) bioimaging applications
photonics in general.

and for

Experimental

Exfoliation of Egyptian blue (EB), Han blue (HB) and Han
purple (HP) bulk powders into nanosheets (EB-NS, HB-NS and
HP-NS, respectively)

EB, HB and HP powders (respectively < 120 pm, < 40 um and <
40 pm qualities) were purchased from Kremer Pigmente GmbH
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& Co. KG. For each powder, exfoliation was performed as
follows.

In the milling step, 3 g of powder were introduced into
a 20 mL agate beaker together with 5 mm agate balls. Deionized
water was added until a slurry consistency was reached. The so-
prepared agate beaker was then placed in a planetary ball mill
(PB, Pulverisette 7 Premium Line, Fritsch), which was run at
900 rpm for 1 h (3 cycles of 20 min each, 5 min pause). Aliquots
of the resulting milled slurry were removed from the beaker and
their grain size distributions were measured by means of a laser
diffraction particle sizer (LDPS, model LS13320, Beck-
man&Coulter). For each measurement, three runs were per-
formed, PIDS was used, and an optical model R.I. 1.6/1 was
applied. To visualize the grain size distribution, the number of
particles within an individual grain size class was plotted as
percentage of all particles against the central diameter of the
class. In this way, the very small number of bigger particles that
was present in the system does not dominate the distribution
curve, as it would instead happen if volume percentages were
displayed.

Following the milling step, an aliquot was poured into
a Nalgene® centrifuge tube (Thermo Fisher Scientific) and
water was added until an overall volume of 150 mL (dilution
factor = 3) was reached. Then, a first centrifugation step
(Heraeus Multifuge X3R, Thermo Fisher Scientific) was per-
formed: T'= 20 °C, 800 rpm (150 x g}, 9 min 41 s, 5 s acceler-
ation ramp, 5 s deceleration ramp, 5 cycles. These parameters
were calculated from the Stokes equation (corrected for centri-
fugation®®) in order to remove particles of diameter d > 1 pm:

18 x 7 r

= In —. 3
(p, — py) x 4m? xfgxdlx " ro (3)

I

In eqn (3), ¢ is the settling time [s], n the temperature-dependent
dynamic viscosity of water [kg m~* s'], p the grain density
[kg m?], p, the temperature-dependent water density [kg m ™),
fthe rpm [s '], d the previously mentioned grain (equivalent)
diameter [m], r the distance between the rotor's fulcrum and the
sediment’s height [em], and r, the distance between the rotor's
fulerum and the suspension's surface [ecm] (the last two
parameters are dependent on the geometry of the employed
centrifuge). At the end of each cycle, the supernatant was dec-
anted and new water was added up to the initial volume; finally,
the so-obtained supernatant dispersion (pH = 10-11) was
collected in a glass jar and stored at room temperature. New
LDPS measurements were performed to check the efficiency of
the described centrifugation step in terms of the size distribu-
tion. Aliquots of each supernatant of each of the three milled
pigments were taken, dried and weighed, yielding the following
concentrations: EB = 2.2¢L ', HB = 1.4gL 'and HP = 0.6 g
L. While EB proved to be stable for up to = 2 days already at
this stage, milled HB and HP particles settled after a few
hours.

The supernatant vials were vigorously shaken and specific
volumes of them were withdrawn for the following steps. More
precisely, in order to carry out the second exfoliation procedure
of each silicate in a total volume of 50 mL with comparable
concentrations, sample aliquots were diluted with additional
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Milli-Q water until the lowest concentration among the three
samples (i.e. HP = 0.6 g L") could be reached in all systems.
Typically, a so-diluted milled supernatant was then poured into
a 50 mL glass vial and subjected to tip sonication (Fish-
erbrand™ Model 120 Sonic Dismembrator, Fisher Scientific) in
an ice bath for 6 h at 60% amplitude (i.e. 72 W).

A second and last centrifugation step followed, necessary to
remove metal residues from the previous tip sonication step.
Typically, the sample was introduced into a 50 mL Falcon tube,
which was then centrifuged under the following conditions: T =
20 °C, 1500 rpm (526 x g), 4 min 12 s, 9 s acceleration ramp, 7 s
deceleration ramp, 1 cycle. While most of the sample's volume
could be efficiently decanted in this way, an additional step at
3000 rpm (2103 x g) for 1 min was performed on its last fraction
in the Falcon tube (<5 mL), where the removal of the supernatant
from the sediment was typically more challenging. Here also,
parameters were optimized to remove particles larger than 1 pm.

The so-generated samples (EB-NS, HB-NS and HP-NS) had
a pH = 8-9, concentration of = 0.5 g L', measured by drying
aliquots of known volume. The final sample vials were in
conclusion stored at room temperature. Further characteriza-
tion steps were always preceded by either vortexing (Vortex
Mixer VV3, VWR International) at maximum power or by bath
sonication (Branson 1800 Cleaner, Sonics Online) for 10 min.
Unless explicitly stated otherwise, measurements described in
this paper were performed in the same way for EB-NS, HB-NS
and HP-NS, which are therefore referred to as “NS”.

Atomic force microscopy (AFM)

A typical NS sample was vortexed and bath sonicated for 10 min,
then 5-10 pL of undiluted solution were spin-coated (G3 Spin
Coater, Specialty Coating Systems, Inc.) onto a previously
Scotch-tape exfoliated mica surface according to the following
parameters: 10 s of ramp time, 2000 rpm, 150 s of dwell time. An
Asylum Research MFP-3D Infinity AFM (Oxford Instruments)
was employed in AC mode (software version 15.01.103). Rect-
angular cantilevers from Opus (160AC-NA, MikroMasch Europe)
were used: these were characterized by aluminum coating,
a tetrahedral tip, 300 kHz resonance frequency, and a force

constant of 26 N m™ !

. For the statistical analysis, sample
regions with sizes of 5 x 5 pm® were measured at 1.03 Hz and
with 512 points per line (which corresponds to 9.8 nm of pixel
size). High resolution AFM images were, on the other side,
acquired on sample regions of 1 x 1 pm?, at 0.85 Hz and with
1024 points per line (977.5 pm of pixel size). Image analysis was
carried out with the software Gwyddion (version 2.51). For size
distribution estimations, the mean diameter (i.e. mean radius
Ry x 2 = Dp,) and the maximum height (z,,,) obtainable in
Gwyddion after height and slope thresholding were considered.
Python scripts based on the module scipy.stats were run for the
fitting of histograms and scatter plots: the former class of fits
are log-normal distribution functions, typical for fragmentation
phenomena like the ones endured by our NS with our proto-
cols,” whereas the latter is represented by linear fits. The
parameters of the histograms were calculated using a maximum
likelihood estimation method.
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Scanning electron microscopy (SEM) and scanning
transmission electron microscopy (STEM)

For SEM imaging (Quattro S SEM, Thermo Fisher Scientific),
highly-oriented pyrolytic graphite (HOPG, grade ZYB, Bruker) were
used as substrates. HOPGs were plasma-treated (Zepto Diener
Electronic GmbH +Co. KG, 1 min of O, supply, 1 min of plasma
process) in order to clean their surfaces and increase their hydro-
philicity. Next, a typical NS sample was vortexed and bath sonicated
for 10 min. 10 pL of undiluted sample were spin-coated with the
same parameters employed for AFM measurements. For each NS
sample, the so-prepared HOPG was either imaged at the SEM as s,
4 nm-thick gold layer was evaporated (Baltec MED-020,
Baltec) onto it to decrease surface charging and, thus, increase
imaging contrast. The HOPG was then placed into the SEM
chamber and imaged in the following conditions: high vacuum
mode, voltage = 5.00 kV, spot size = 3.0, working distance = 10.0
mm, Everhart-Thornley Detector (ETD) for secondary electrons,
Circular Backscatter Detector (CBS) for backscattered electrons.
STEM measurements were carried out on the same device.

ora =

Typically, undiluted 5 pL of previously vortexed and bath soni-
cated NS were deposited and dried onto formvar-coated copper
grids, stabilized with evaporated carbon film (FCF300-CU,
Electron Microscopy Sciences). The parameters are the same
as for SEM imaging, except for the employed detector (STEM3+).

Near-infrared (NIR) imaging at microscopy setup

The imaging setup consists of a 561 nm laser (Cobolt Jive™ 561
nm), an Olympus IX53 microscope equipped with a 100x
(UPlanSApo 100x/1.35 Sil, Olympus) and a 20x (MPlanFL N
20x/0.45, Olympus) objectives, and a NIR camera (Cheetah TE1,
Xenics). Along the light path leading from the microscope to the
camera, a dichroic mirror (VIS/NIR, HC BS R785 lambda/5 PV,
F38-785S, AHF) and a 900 nm long-pass filter (FELH0900,
Thorlabs) are installed. NS droplets were imaged directly after
drying on a #1 glass coverslip.

For simple characterization images, a 5 L droplet (= 0.5 gL ")
of heavily vortexed NS was drop-casted on the imaging substrate;
acquisition was performed with the 100x objective, an integration
time of 0.5 s and the laser was set at an excitation power of
250 mW.

To investigate whether NS can be bleached, a long imaging
session with continuous excitation was performed on 10 uL of
NS sample. Acquisition settings were the following: objective =
20x, laser set power = 500 mW, measured power out of the
objective = 180 mW, acquisition time = 2 h, exposure
time = 0.5 s, frame rate = 0.3 fps.

Data acquisition was controlled by the Xenics software (v.
2.6), whereas data analysis was carried out in Image] (v. 1.52a)
and on Origin Pro 8.1. Background subtraction (i.e. subtraction
of dark regions within the original images) was also performed
in Image], but was only applied to Fig. 4.

Near-infrared (NIR) 1D and 2D spectroscopy

The spectroscopy setup presents two different light sources:

a laser (Gem 561, Laser Quantum, Novanta) and
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a monochromator (MSH-150, LOT-Quantum Design GmbH,
equipped with a xenon arc lamp and a diffraction grating).
While the former was employed for the study of 1D emission
profiles, the latter was used for acquisition of 2D spectra. The
microscope is an Olympus 1X73 with a 10 objective (UplanFLN
10x/0.30, Olympus), whereas the spectrometer is a Shamrock
193i spectrograph (Andor Technology Ltd.) coupled to an array
NIR detector (Andor iDUs InGaAs 491). NS (300 pL, undiluted)
were introduced into a 96-well-plate, positioned above the
setup's objective; = 1-3 mg of bulk (pristine) silicate powders
were dispersed in the same Milli-Q water volume and measured,
too. Fluorescence data was acquired via the Andor SOLIS soft-
ware (version 4.29.30012.0).

For the 1D dataset, the exposure time was set to 1 s, the laser
power to 100 mW, and the input side slit width to 500 pm. Data
analysis and plotting were performed by means of the software
Origin Pro 8.1; more precisely, the peak positions were evaluated
via 1% derivative method with Savitzky-Golay smoothing (Peak
Analyzer-Integrate Peaks, polynomial order = 2, points of window
= 20). Full widths at half maximum (FWHM) were automatically
assessed by the software at the end of this procedure.

For acquisition of 2D spectra, the monochromator light
source was scanned with steps of 5 nm over a wavelength range
of 400-700 nm; during a single measurement, a spectrum was
recorded with an integration time of 4 s and 10 s for bulk and NS
samples, respectively (input side slit width = 500 pm). The
plotting as well as the correction for the quantum efficiency of
the detector and for the spectral irradiance of the xenon lamp
were performed using a self-written Python script.

Fluorescence lifetime measurements with time-correlated
single-photon counting device

Confocal fluorescence lifetime measurements (Fig. 5a) were
performed using the commercial confocal setup Microtime 200
(PicoQuant GmbH). The system is based on an Olympus IX-71
inverted microscope (Olympus Deutschland) with a side-port
on the right side. The excitation unit consists of a pulsed
diode laser (A = 640 nm, LDH-D-C-640, PicoQuant GmbH)
with a repetition rate of 80 MHz. To ensure enough excitation
efficiency, 100 pulses were sent together consecutively within
a time of 1.25 us with a subsequent laser-off time of 48.75 ps,
during which emitted photons were collected. The total acqui-
sition time for each measurement was 10 min. The laser power
was maintained at 20 uW in the back-focal plane of the objective
lens. A high-NA objective (UApoN 100x oil, 1.49 NA, Olympus)
was used to focus the light inside the sample and at the same
time to collect the emission photons. Collected emission light
was passed through the dichroic mirror (Di01-R405/488/561/
635, Semrock) and focused through a pinhole (diameter = 100
um) for confocal detection. After the pinhole, the light was
refocused onto an avalanche single photon diode (t-SPAD,
PicoQuant) using two achromatic lens doublets. A long-pass
filter (647LP, Semrock) was used to block backscattered excita-
tion light. Signals from the detector were processed by a multi-
channel picosecond event timer (Hydraharp 400, PicoQuant)
with 16 ps time resolution.
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Analysis of fluorescence lifetime decays was performed using
a custom-written MATLAB routine. First, photon arrival times
were read from the raw.hdd data files with MATLAB functions
provided by PicoQuant. Single- and double-exponential decay
functions were then used to tail-fit the TCSPC curves, within
a time window from 2.6 ps till 50 ps after excitation pulse
(Fig. 20t and 5b-d).

Fluorescence lifetime measurements with fiber-optic oxygen
sensor

The chosen fiber-optic oxygen sensor (FireSting O,, PyroScience
GmbH) is equipped with a fluorophore (REDFLASH indicator)
which is excitable at orange-red wavelengths = 610-630 nm and
displays an oxygen-dependent luminescence at = 760-790 nm.
It was used for measurements in the frequency domain
(Fig. S21at) to determine fluorescence lifetimes. Measurements
were performed on dry samples: while the bulk powders were
measured without prior treatment, 10 mL of NS counterparts
were freeze-dried over 2 days, yielding = 10-15 mg of powder.
Typically, the FireSting optical probe was lowered into a Falcon
tube where few mg of sample powder were positioned; the fiber
was then mechanically fixed at a distance from the sample which
could result in the desired signal value (intensity = 14 mV,
constant for all samples) with our settings (v = 4000 Hz, LED
intensity = 60%, amplification factor = 400x). Each measure-
ment took 10 min, while data points were acquired every second;
signal (and calculated lifetime) values were showing a neglect-
able fluctuation, thus leading to a low standard deviation (not
observable by eye in Fig. S21bf). However, given the overall low
signal strength when measuring with this device, the TCSPC
values should be regarded as the gold-standard.

Microscopic frequency-domain fluorescence lifetime imaging

Measurements were performed using a custom-built optical
setup (Fig. $357). Light of an excitation laser with 638 nm
wavelength (PhoxX+ 638-150, Omicron) was modulated with
square-shaped pulses at 8 kHz frequency. Gating signal was
sent by a camera to laser in order to switch it off during the
camera readout time. A clean-up filter (CUF) (ZET 640/10,
Chroma) was used to reject undesired wavelengths. A variable
neutral density filter (ND) (NDC-50C-4-A, Thorlabs) was used for
adjusting the laser power. Afterwards, the laser light was
coupled into a single-mode optical fiber (SMF) (P1-460B-FC-2,
Thorlabs) with a typical coupling efficiency of 50%. After exit-
ing the fiber, the light beam was expanded by a factor of 3.6
using two telescopic lenses (TL1 and TL2). The collimated laser
light was focused into the back focal plane of the objective
(UAPON 100x oil, 1.49 NA, Olympus) using lens L1 (AC508-180-
AB, Thorlabs). For reducing back-reflections of the excitation
light, the illumination angle on the sample was varied slightly
by mechanically shifting the collimated beam with a translation
stage TS (LNR50M, Thorlabs) perpendicular to the optical axis.
A high-performance two-axis linear stage (M-406, Newport)
ensured smooth lateral sample positioning. An independent
one-dimensional translation stage (LNR25/M, Thorlabs) was
equipped with a differential micrometer screw (DRV3, Thorlabs)
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to move the objective along the optical axis for focusing.
Collected fluorescence was spectrally separated from the exci-
tation path using a multi-band dichroic mirror (DM) (Di03
R405/488/532/635, Semrock) that guided the fluorescence light
towards the tube lens L2 (AC254-200-A-ML, Thorlabs). Lenses L5
(AC254-100-A, Thorlabs) and L6 (AC508-150-A-ML, Thorlabs) re-
imaged the fluorescence from the image plane located after the
tube lens onto the chip of an emCCD camera (iXon Ultra 897,
Andor). Alternatively, lenses L3 (AC254-100-A, Thorlabs) and L4
(AC508-075-A-ML, Thorlabs) re-imaged the light onto the chip of
a lifetime camera (PCO.FLIM, PCO AG). For switching the light
between the two cameras, a dielectric mirror (BB1-E02, Thor-
labs) was positioned on a magnetic base plate MB (KB50/M,
Thorlabs) with a removable top. A band-pass filter BP (Bright-
Line HC 692/40, Semrock) was used to reject scattered excitation
light in the emCCD detection path. Alternatively, a long-pass
filter LPF (647 nm EdgeBasic, Semrock) was used for the
frequency domain-based lifetime camera path. The magnifica-
tion for imaging with the emCCD was 166.6, resulting in an
effective pixel size in sample space of 103.5 nm. The magnifi-
cation for imaging with the lifetime camera was 83 x, so that the
effective pixel size in sample space was 84 nm. The total
acquisition time for a single frame with lifetime information
was 3.2 s and consisted of 16 consecutive sub-frames with
exposure times of 200 ms each. Careful calibration was required
in order to obtain absolute lifetime values using the frequency
domain-based lifetime camera. The sample with an homoge-
neous layer of EB-NS drop-casted on top of a glass coverslip was
used for calibration. The lifetime value used as a reference for
calibration was obtained using a confocal TCSPC-based
measurement of the same EB-NS sample. The excitation laser
power was in the range of 20-30 mW.

Macroscopic frequency-domain fluorescence lifetime imaging

The macroscopic lifetime imaging setup (Fig. 6g) consists of the
above mentioned PCO.FLIM camera, a lime-colored LED, and
a custom-built stage to hold the sample in place. The camera is
positioned at a distance of = 30 ¢m from the sample, and is
equipped with a fixed focal length objective (f = 16 mm/F1.4,
Thorlabs), an 800 nm long-pass filter (FEL0800, Thorlabs), and
a 920 nm band-pass filter (FB920-10, Thorlabs). The LED illumi-
nates the sample from a distance of = 15 em with a power below
1 W (M565L3, Thorlabs). The light beam is collimated by an
aspheric condenser lens (ACL2520U-A, Thorlabs) and controlled
by an LED Driver (LEDD1B, Thorlabs). During data acquisition,
the LED was modulated by the camera with a sine wave of 5 kHz
frequency and was not turned off during pixel readout. To achieve
the best possible image quality, an increased exposure time of 5 s
for each of the 16 sub-frames was used and a median filter with
a kernel size of 5 was applied to reduce salt-and-pepper-noise. No
calibration was performed prior to the acquisition.

NIR imaging at stand-off detection setup

Our NIR custom-made stand-off detection setup' consists of
a NIR InGaAs camera (XEVA, Xenics), a Kowa objective (f = 25
mm/F1.4), and a white light source (UHPLCC-01, UHP-LED-
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white, Prizmatix). The latter is equipped with a 700 nm short
pass filter (FESH0700, Thorlabs) for excitation. Furthermore,
a 900 nm long pass filter (FEL0900, Thorlabs) is mounted on the
camera.

For imaging of EB, HB and HP water dispersions in glass
vials, an exposure time of 3 s at maximum lamp intensity was
employed.

Concerning sample preparation for tissue phantom experi-
ments, 1 mL of NS batch was concentrated (Concentrator 5301,
Eppendorf) for = 2 h, yielding a volume of = 0.1 mL with
concentration of = 5 g L', After = 5 min of bath sonication,
a capillary tube (ringcaps® 25 pL, Hirschmann Laborgeriite
GmbH & Co. KG) was dipped into the NS vial, and NS were thus
sucked into the glass tube due to capillary forces. For each class
of silicates, a so-prepared capillary tube was positioned onto the
setup's stage at = 6 cm and = 13 cm away from the excitation
lamp and the detection camera, respectively (Fig. S2471). Initial
reference images were acquired with 0.5 s of exposure time at
maximum excitation intensity. Afterwards, = 1 mm-thick
chicken slices were step-wise laid on top of the capillary tube,
and new images with the same settings were taken after every
layer's deposition.

Colloidal stability experiments were performed in cuvettes
on sample volumes of = 2 mL. EB-NS, HB-NS and HP-NS had
a starting pH value in the range of = 8-9. Prior to imaging, NS
were bath sonicated for 5 min. Then, buffer solutions of pH 4
and 7 were added to some NS cuvettes in the volumes necessary
to reach pH 5 and pH 7, respectively. To study the impact of ions
on the colloidal stability of the NS, 200 pL of a solution of NaCl
(9 g L™" a typical blood concentration) were added into other
cuvettes. The effect of phosphate-buffered saline (PBS) was also
evaluated by adding 200 pL of 10x PBS into separate cuvettes,
leading to a final 1x PBS concentration in the samples. Finally,
control samples consisted in the addition of 200 uL of H,0.
Imaging was started shortly after the introduction of the
mentioned aliquots in the cuvettes. Acquisition settings were:
exposure time = 2 s, frame rate = 0.067 fps, LED excitation
power = 50%, acquisition time = 60 min, LED-cuvette
distance = 18 cm, camera-cuvette distance = 20 cm. To assess
the fluorescence intensity over time, the mean signal intensity
in a central region of interest of each cuvette was measured (and
normalized to the starting frame).

Except for colloidal stability experiments, background
subtraction (i.e. subtraction of a background reference image)
was performed on the acquired dataset. Data analysis of the
obtained NIR pictures was carried out in Image] (v. 1.52a) and
Origin Pro 8.1.
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EB EB(MC) HB  HP EB (MC) EB HB H

Figure S1. Colloidal stability of planetary ball (PB)/McCrone (MC) milled and
centrifuged Egyptian Blue (EB), Han Blue (HB) and Han Purple (HP) a Picture of EB, HB
and HP dispersions in water obtained after milling and centrifugation step #1. In addition to the
standard PB technique, MC milling was also tested on EB. b Pictures of the same samples taken
3 days later to check the colloidal stability: while EB supematants were still stable, HB and
especially HP had started to settle down.

a b
EB (MC+PB) EB HB HP EB (MC+PB) EB HB HP

Figure S2. Colloidal stability of PB+MC/MC +PB milled and centrifuged EB, HB and HP
Before choosing the planetary ball mill (PB) as best compromise for the milling step of EB, HB
and HP, other techniques were tested. These included McCrone milling (MC) and mixed
approaches (PB+MC, MC+PB). a Picture of EB, HB and HP dispersions in water obtained after
mixed approaches of milling, followed by centrifugation step #1. For this dataset, MC+PB was
performed only on EB. b Pictures of the same samples taken 1 day later to check the colloidal
stability: while EB supernatants were still stable, HB and especially HP had started to settle
down.
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Figure S3. Size distribution of planetary ball milled (PB) EB, HB and HP after
cenirifugation step #1 (i.e. prior to tip sonication) Milled and centrifuged samples measured
via laser diffraction particle sizer (LDPS). For EB, HB and HP alike, the efficiency of the
centrifugation step is shown by the cut-off seen at = 1 um. All samples display a trimodal

distribution, which is less pronounced in the case of HP. N = 1 independent sample per category,
n =3 measurement runs.
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Figure S4. Effect of tip sonication (TS) on the size distribution of planetary ball milled
(PB) EB Laser diffraction particle sizer (LDPS)-based analysis of only milled and milled + tip
sonicated EB is presented. The former (milled) sample was centrifuged and its supernatant
decanted before measurement, as described in the main manuscript text. The latter, on the other
side, underwent a tip sonication step in addition to the milling one, and is then measured directly
after exfoliation (as a whole, i.e. without centrifugation). When plotted in the form of
histograms (number % vs. particle diameter), the LDPS dataset shows that the trimodal
distribution is less pronounced after tip sonication, and its lowest extremes are shifted to lower

diameter values, indicating a further size reduction. N =1 independent sample per category,
n = 3 measurement runs.
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Figure S5. Monitoring of size distribution of Han Purple nanosheets (HP-NS) during tip
sonication Laser diffraction particle sizer (LDPS)-based analysis shows the effect of tip
sonication on the size distribution of a HP sample over time (1 h - 3 h - 6 h). When plotted in
the form of histograms (number % vs. particle diameter), the LDPS dataset shows that the
trimodal distribution gets less and less pronounced in time, and its lowest extremes are shifted
to lower diameter values, indicating a further size reduction. N =1 independent sample per
category, n = 3 measurement runs.
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Figure S6. C omparison of exfoliation efficiency of different milling techniques Histograms
(number % vs. particle diameter) obtained from a laser diffraction particle sizer (LDPS) show
the obtained size distributions of EB (a), HB (b) and HP (c). Before measurement, all samples
were centrifuged and the supernatant decanted. The efficiency of the employed centrifugation
step is proven by the very low amount of particles larger than = 1 um. For EB, while the
population’s extremes seem to be consistent with all tested techniques, the trimodal distribution
is more evident in the PB case. HB displays a much clearer difference between the tested PB
and PB+MC; here, the former approach yields smaller particles and, thus, results more optimal.
Finally, the HP sample does not show a pronounced difference between the previous two
techniques. N =1 independent sample per category, n = 3 measurement runs.

EB-NS HB-NS HP-NS

Figure S7. PB milled, tip sonicated and centrifuged EB-NS, HB-NS and HP-NS Self-taken
photograph of the fully exfoliated samples, i.e. the final NS batches that underwent complete
morphological and photophysical characterization.
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Figure S8. Colloidal stability of EB-NS, HB-NS and HP-NS in acidic conditions a Stand-
off NIR fluorescence images of NS samples in cuvettes at pH 5. M easurements were taken over
1 h to assess the effect of acidic pH on the stability, i.e. the fluorescence of a central region of
interest within the cuvette. Control =addition of H20 (instead of buffer solutions). Scale
bar =1 cm. b Corresponding mean fluorescence intensity, normalized to the first frame. HB-
and HP-NS performed worse than EB-NS. Nevertheless, all NS displayed a signal decrease not
lower than 15%, thus proving to be significantly stable in such conditions. Error bars = standard
deviation, N = 2 independent samples.
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Figure S9. Colloidal stability of EB-NS, HB-NS and HP-NS at neutral pH a Stand-off NIR
fluorescence images of NS samples in cuvettes at pH 7. Measurements were taken over 1 h to
assess the effect of neutral pH on the stability, i.e. the fluorescence of a central region of interest
within the cuvette. Control = addition of H20 (instead of buffer solutions). Scale bar =1 cm.
b Corresponding mean fluorescence intensity, normalized to the first frame. All NS displayed
a neglectable signal decrease, thus confirming their stability in such conditions. Error
bars = standard deviation, N = 2 independent samples.
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Figure S10. Colloidal stability of EB-NS, HB-NS and HP-NS in ionic environment a Stand-
off NIR fluorescence images of NS samples in cuvettes in the presence of sodium chloride
(NaCl). Measurements were taken over 1 h to assess the effect of ions (9 g/L NaCl, a typical
concentration in blood) on the stability, i.e. the fluorescence of a central region of interest within
the cuvette. Control =addition of H»O (instead of NaCl solution). Scale bhar=1 cm.
b Corresponding mean fluorescence intensity, normalized to the first frame. HB- and HP-NS

performed slightly worse than EB-NS. Nevertheless,

all NS displayed a signal decrease not

lower than 15%, thus proving to be significantly stable in such conditions. Error bars = standard

deviation, N =2 independent samples.
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Figure S11. Colloidal stability of EB-NS, HB-NS and HP-NS in buffer solution a Stand-off
NIR fluorescence images of NS samples in cuvettes in the presence of buffer (phosphate-
buffered saline, PBS). Measurements were taken over 1 h to assess the effect of PBS (1x) on
the stability, i.e. the fluorescence of a central region of interest within the cuvette.
Confrol =addition of H20 (instead of buffer). Scale bar =1 cm. b Corresponding mean
fluorescence intensity, normalized to the first frame. EB-NS performed slightly worse than HB-
and HP-NS. Nevertheless, all NS displayed a signal decrease not lower than 15%, thus proving
to be significantly stable in the presence of PBS. Error bars =standard deviation, N =2

independent samples.
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Figure S12. Size and height of exfoliated silicate nanosheets Exfoliated nanosheets were
spin-coated on mica and imaged with atomic force microscopy (AFM) in intermittent contact
mode. Representative images (a-c), height traces (d-f) and histograms with log-normal fits (g-
i) of EB-NS, HB-NS and HP-NS. The results indicate that lateral size scales linearly with height
(linear fit =red line in g-i). The diameter/height values corresponding to the log-normal
distributions’ maxima are 47.0 nm /9.0 nm for EB-NS, 51.5nm / 10.3 nm for HB-NS, and
44.4 nm / 10.4 nm for HP-NS. R? values of the linear fits are 0.924 (EB-NS), 0.755 (HB-NS)
and 0.779 (HP-NS). Scale bar =200 nm. n =245, 308 and 530 for EB-NS, HB-NS and HP-NS,

respectively.
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EB-NS HB-NS HP-NS

Figure S13. Scanning Electron Microscopy (SEM) images of gold-coated small NS NS with
sizes comparable/smaller than the optical resolution limit for optical microscopy (4 = 500 nm,
in our case) show a slightly improved contrast after the evaporation of gold on their surfaces.
Scale bar =500 nm.

EB-NS HB-NS HP-NS

e f
\
&
- B

Figure S14. Morphology of nanosheets Scanning electron microscopy (SEM) and scanning
transmission electron microscopy (STEM) were used to assess NS morphology. a-c EB-NS,
HB-NS and HP-NS spin-coated on a graphite substrate. Scale bar =5 pm. d-f Magnified images
of the same samples to highlight the presence of particles close to/lower than the resolution
limit of optical microscopy. In the lower-right window, clear 2D nanosheet structures could be
observed in STEM mode. Scale bar =500 nm.
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Figure S15. Scanning Transmission Electron Microscopy (STEM) images of small EB-NS
a-b EB-NS with sizes slightly larger than Abbe’s resolution limit (4 = 500 nm) and displaying
the lamellar morphologies typically yielded by fragmentation of thicker EB particles. ¢ A thin
EB-NS with lateral sizes in the range of the optical resolution limit. d Example of an EB-NS of
diameter below 500 nm. Scale bar =500 nm.

-

Figure S16. Scanning Electron Microscopy (STEM) images of regular 2D structures in
HP-NS Regular 2D structures of HP-NS were noticed, both in SEM and STEM mode. Scale
bar =500 nm.
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Figure S17. Absorption spectra of bulk, ball milled and fully processed nanosheets of EB,
HB and HP A bsorbance spectra show impact of processing. First of all, HB is the only powder
to show a blue-shift after milling. The main peak position of the other samples is not altered.
However, all milled powders lose some features on both the left and right shoulder of the main
peak. Features on the right-handed side of the main peak of milled and milled + tip sonicated
samples can still be noticed, even if they are not as pronounced as in the bulk counterpart.
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Figure S18. 1D Fluorescence Spectra of NS Normalized NIR fluorescence spectra of EB-NS,
HB-NS and HP-NS are plotted. Aexc = 561 nm, laser power = 100 mW and exposure time =1 s.
Aemi, EB-NS = 927.3 nm (FWHM =~ 115.3 nm); Aemi, HB-NS = 953.4nm (FWHM = 146.6 nm);
Aemi, Hp-Ns = 923.9 nm (FWHM ~ 123.7 nm). A slight discrepancy compared to our 2D dataset
is likely the result of data correction for the quantum efficiency of the detector and for the
spectral irradiance of the xenon lamp, which was here not performed; additionally, spectra
normalization and background subtraction might be responsible for further slight shifts, too.
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Figure S19. Photobleaching experiments at the microscopic NIR imaging setup a NS were
drop-casted and dried on a glass coverslip before a prolonged (t >2 h) imaging session at an
effective output power of = 180 mW. Scale bar =20 pm. b Corresponding mean fluorescence
intensity, normalized to the first frame, showing absence of bleaching for all NS. N =1
independent sample.
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Figure S20. Characterization of the NS fluorescence lifetimes using confocal time-
correlated single-photon counting (T CSPC)-based technique Exemplary TCSPC curves of
EB-NS, HB-NS and HP-NS with the correspondent single- (a-c) and double-exponential (d-f)
fits. The fit outputs are given on the plots. The fit residues are shown below the fit to guide the

eye.
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Figure S21. Characterization of fluorescence lifetimes of NS in the frequency domain
a Schematic describing fluorescence lifetime measurements in the frequency domain. 74 and ru
represent the lifetime values obtainable from the phase (¢) and the modulation (M), respectively.
b Frequency domain measurements of bulk and corresponding NS samples of EB, HB and HP
performed with a FireSting oxygen sensor device. A decrease in 7 is observable for all exfoliated
silicates, especially EB-NS. tep = 128.89 £0.45 ps, teB-Ns =27.22 £0.05 ps,
u = 62.60 £0.21 ps, tup-ns =21.55 £0.05 ps, wap =24.85 £ 0.14 ps, mapns =14.14 £0.04 ps.
Error bars (not visible by eye) = standard deviation. N =1 independent sample.

Gabriele Selvaggio



Chapter 5 — Results Gabriele Selvaggio

o] h i
1 1 1 1
0.9 0.9
0.8 0.8
0.7 07 3
0.6 06 @
Eos 3g 22 05 ¢
0.4 . 0.4 ¢
0.3 03 &
0.2{"Y . o 0.2
- 0 [re, ametgil SR 0.1
. o) 0 T w® e 22 0
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
Re Re Re

Figure S22. Fluorescence lifetime imaging (FLIM) of the three different NS types using
the frequency domain FLIM images of NS drop-casted in a high concentration on top of a
glass coverslip: EB-NS (a), HB-NS (b) and HP-NS (c). In a, b and c the intensity images are
shown. In d, e and f, the corresponding FLIM images are presented. The colors correspond to
a division into the sub-populations displayed in the phasor plots (g, h and i, respectively). Scale
bar =5 pm.
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Figure S23. Lifetime-size dependency of EB-NS particles a FLIM image showing the
fluorescence intensity of EB-NS drop-casted on top of a glass coverslip. b FLIM image of the
same sample region in a, but with color scheme corresponding to the division of EB-NS into
lifetime subpopulations: NS with lifetimes in the range of 15-27 ps appear in dark blue color,
the ones in the range of 27-70 ps in light blue color. ¢ Phasor plot illustrating the selection of
the color scheme in b. d FLIM image of the same sample region in a and b, but differently
divided into sub-populations: NS with lifetimes in the range of 15-27 ps appear in dark blue
color, the ones in the range of 27-40 ps in light blue color and the ones in the range of 40-70 pus
in yellow color. e Phasor plot illustrating the selection of the color scheme in d. Scale
bar =5 pm.
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Figure S24. Schematic of home-built stand-off setup a Photo of the home-built stand-off
NIR setup, configured for tissue phantom experiments. b Corresponding schematic showing
the employed devices and filters, as well as the typical working distances.

VIS NIR

Figure S25. Stand-off imaging of PB milled and centrifuged EB, HB and HP Visible and
NIR images acquired at our stand-off setup and showing samples in the exfoliation stage prior
to the tip sonication step. The supernatants presented different concentrations, nevertheless
they all displayed a clearly detectable fluorescence signal.
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VIS NIR

Figure S26. Stand-off imaging of MC milled and centrifuged EB Visible and NIR images
acquired at our stand-off setup and showing a MC milled and centrifuged EB sample. The
supernatant presented different concentrations compared to other (e.g. PB milled) batches,
nevertheless the fluorescence signal was clearly detectable.
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Figure S27. Stand-off imaging of PB+MC milled and centrifuged EB, HB and HP Visible
and NIR images acquired at our stand-off setup and showing silicate dispersions obtained via a
mixed milling approach followed by a centrifugation step. The supernatants presented different
concentrations, nevertheless they all displayed a clearly detectable fluorescence signal.




VIS NIR

EB

Figure S28. Stand-off imaging of MC +PB milled and centrifuged EB Visible and NIR
images acquired at our stand-off setup and showing an EB dispersion obtained via a mixed
milling approach followed by a centrifugation step. The supermatant presented different
concentrations compared to other (e.g. PB milled) batches, nevertheless the fluorescence signal
was clearly detectable.

Figure S29. Tissue phantom experiments of EB-NS A concentrated solution of EB-NS

(= 5 g/L) was sucked into capillary tubes and imaged in a stand-off detection setup. Pictures
show NIR fluorescence emitted from the NS under visible excitation (white light source with
a 700 nm short-pass filter). The emission signal managed to reach the NIR camera through

multiple 1 mm-thick chicken phantom tissues, which were positioned on top of the capillary
glass. A background image was subtracted in each image. Scale bar =10 mm. N =1 sample.
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Figure S30. Tissue phantom experiments of HB-NS A concentrated solution of HB-NS
(= 5 g/L) was sucked into capillary tubes and imaged in a stand-off detection setup. Pictures
show NIR fluorescence emitted from the NS under visible excitation (white light source with a
700 nm short-pass filter). The emission signal managed to reach the NIR camera through
multiple 1 mm-thick chicken phantom tissues, which were positioned on top of the capillary
glass. A background image was subtracted in each image. Scale bar = 10 mm. N =1 sample.

Figure S31. Tissue phantom experiments of HP-NS A concentrated solution of HP-NS

(= 5 g/L) was sucked into capillary tubes and imaged in a stand-off detection setup. Pictures
show NIR fluorescence emitted from the NS under visible excitation (white light source with
a 700 nm short-pass filter). The emission signal managed to reach the NIR camera through
multiple 1 mm-thick chicken phantom tissues, which were positioned on top of the capillary
glass. A background image was subtracted in each image. Scale bar =10 mm. N =1 sample.
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Figure S32. Cytotoxicity tests with cell line 3T 3 Different concentrations of EB-NS, HB-NS
and HP-NS were dispersed in cell medium and incubated with cell lines of type 3T3 for 1 h,
6 h and 24 h. NS-induced cytotoxicity was assessed via a cell proliferation assay whose
absorbance at 490 nm is directly proportional to the number of living cells in the culture
(expressed in the figure as % cell viability). Only at 0.1 mg/mL (0.05 mg/mL for HB-NS) cell
viahility decreased slightly. The biologically more relevant lower concentrations showed no
effect on viability. Average values calculated from quadruplicates of each sample are plotted.
Eror bars = standard deviation.
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Figure S33. Cytotoxicity tests with cell line A 549 Different concentrations of EB-NS, HB-
NS and HP-NS were dispersed in cell medium and incubated with cell lines of type A 549 for
1h, 6h and 24 h. NS-induced cytotoxicity was assessed via a cell proliferation assay whose
absorbance at 490 nm is directly proportional to the number of living cells in the culture
(expressed in the figure as % cell viability). Only at 0.1 mg/mL cell viability decreased slightly.
The biologically more relevant lower concentrations showed no effect on viability. Average
values calculated from quadruplicates of each sample are plotted. Error bars = standard
deviation.
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Figure S34. Cytotoxicity tests with cell line MDCK-II Different concentrations of EB-NS,
HB-NS and HP-NS were dispersed in cell medium and incubated with cell lines of type MDCK -
II for 1 h, 6h and 24 h. NS-induced cytotoxicity was assessed via a cell proliferation assay
whose absorbance at 490 nm is directly proportional to the number of living cells in the culture
(expressed in the figure as % cell viability). Only at 0.1 mg/mL cell viability decreased slightly.
The biologically more relevant lower concentrations showed no effect on viability. Average

values calculated from quadruplicates of each sample are plotted. Error bars = standard
deviation.
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Figure S35. Microscopic fluorescence lifetime imaging (FLIM) on a home-built setup

Schematic of the custom-built optical setup for FLIM imaging of NS samples using a frequency
domain-based lifetime camera.
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Table S1. Comparison of fluorescence lifetime values of EB-NS, HB-NS and HP-NS
measured using different experimental techniques: confocal TCSPC, microscopic
PCO.FLIM lifetime imaging and oxygen sensor For TCSPC measurements, the mean value
and standard deviation were calculated from at least three separate measurements performed on
the same samples (N = 3-4 measurements). For FLIM imaging, the lifetime values of each pixel
of the acquired image were histogrammed and fitted with the single Gaussian fit; the mean
lifetime and standard deviation were taken from the fit (N = 1 measurement). For the modulated
LED dataset, the error bar simply corresponds to the standard deviation of the acquisition
(N =1 measurement).

TTCSPC TFLIM imaging Tmodulated LED
[ps] [ps] [us]
EB-NS | 16.50 £0.25 | 17.6 £2.4 | 27.22 £0.05
HB-NS | 8.25+0.15 | 7.8 +1.5 |21.55 £0.05
HP-NS | 6.91 £0.06 | 4.5+0.7 | 14.14 £0.04

Sample




SUPPLEMENTARY EXPERIMENTAL SECTION

Absorption (Reflection) Spectra of Egyptian Blue (EB), Han Blue (HB) and Han Purple (HP)
Bulk and Exfoliated Powders: Bulk powders were analyzed with no prior processing. Aliquots
of the milled supematants were positioned on a watch glass under the lab hood and left to dry
in air over several days. Aliquots of the fully exfoliated NS (milled and tip sonicated
supernatants) were instead freeze-dried for a couple of days, due to the lower concentrations of
this batch of samples. To record absorption spectra, an AvaSpec-UV/Vis/NIR two channel
broad band spectrograph (Avantes) equipped with a balanced deuterium-halogen lamp
(AVALIGHT-DH-S-BAL) was employed. For our purposes, only the signal recorded in the
UV /Vis channel is relevant, therefore the NIR one is not shown; more precisely, the settings of
the 2048L UV /Vis spectrometerincluded a 25 pm slit and a 300 lines/mm grid. Data acquisition

and analysis were performed with the A vasoft-Full and Origin Pro 8.1 software, respectively.

Planetary Ball (PB), McCrone (MC) and Mixed Milling Approaches: EB, HB and HP powders
(respectively <120 pm, <40pm and <40 pm qualities) were purchased from Kremer
Pigmente GmbH & Co. KG. The standard milling procedure for the first phase of exfoliation
was planetary ball (PB) milling, which was performed as follows. 3 g of powder were
introduced into a 20 mL agate beaker together with 5 mm agate balls. Deionized water was
added until a slurry consistency was reached. The so-prepared agate beaker was then placed in
a planetary ball mill (PB, Pulverisette 7 Premium Line, Fritsch, Germany), which was run at
900 r.p.m. for 1 h (3 cycles of 20 min each, 5 min pause). Aliquots of the resulting milled slurry
were removed from the beaker and their grain size distributions were measured by means of a
laser diffraction particle sizer (LDPS, model LS13320, Beckman&Coulter). For each

measurement, three runs were performed, PIDS was used, and an optical model R.I. 1.6/1 was



applied. To visualize the grain size distribution, the number of particles within an individual
grain size class was plotted as percentage of all particles against the central diameter of the
class. In this way, the very small number of bigger particles present in the system does not
dominate the distribution curve, as it would instead happen if volume percentage were displayed.
Following the PB milling step, an aliquot was poured into a Nalgene® centrifuge tube (Thermo
Fisher Scientific) and water was added until an overall volume of 150 mL (dilution factor = 3)
was reached. Then, a first centrifugation step (Heraeus Multifuge X 3R, Thermo Fisher
Scientific) was performed: T =20°C, 800 r.p.m. (150 x g), 9 min 41 s, 5 s acceleration ramp,
5 s deceleration ramp, 5 cycles. These parameters were calculated from the Stokes Equation

(corrected for centrifugation!") in order to remove particles of diameterd > 1 um:

_ 18 %7 r
T Grpw <amiafizaz lnro ' (S1)

In Equation (S1), t is the settling time [s], # the temperature-dependent dynamic viscosity of
water [kg m™ s'], px the grain density [kg m>], pw the temperature-dependent water density
[kg m?], f the r.p.m. [s!], d the previously mentioned grain (equivalent) diameter [m], r the
distance between the rotor’s fulcrum and the sediment’s height [cm], and rp the distance
between the rotor’s fulcrum and the suspension’s surface [cm] (the last two parameters are
dependent on the geomeiry of the employed cenirifuge). At the end of each cycle, the
supernatant was decanted and new water was added up to the initial volume; finally, the so-
obtained supematant dispersion was collected in a glass jar and stored at room temperature.
New LDPS measuremenits were performed to check the efficiency of the described
centrifugation step in terms of the resulting size distribution. Aliquots of each superatant of
each of the three milled pigments were taken, dried and weighed, yielding the following
concentrations: EB = 2.2 g/L., HB = 1.4 g/L. and HP = 0.6 g/L. While EB proved to be stable for

up to =~ 2 days already at this stage, milled HB and HP particles settled after a few hours.



To understand whether better resulis (i.e. smaller grain size and higher monodispersity) could
be obtained via techniques other than PB milling, also McCrone (MC) and a mixed milling
approach were tested with some of the mentioned powders. With regards to the former, 2 g of
bulk EB were added into MC beakers together with 48 agate cylinders and =7 mL of
demineralized water; 2 consecutive milling cycles of 30 min each were performed (XRD-Mill
McCrone, Retsch), then the slurry was washed out of the beaker to yield = 45 mL of total slurry
volume.

Concerning the mixed approaches, instead, the starting material was represented by the settled
parts of PB and MC centrifugations (i.e. the sediment, which had been collected and dispersed
in demineralized water): according to the order these millings were executed in, the samples
were named “PB+MC” or “MC+PB”. The former ones were prepared by loading a total volume
of 10 mL of sediment slurries into the MC mill for 30 min: after washing steps, a final volume
of = 45 mL was collected. For “MC+PB” samples, instead, MC sediment slurries were first

centrifuged according to the following settings: T =20°C, 3000 r.p.m. (2103 X g), 5min, 55

acceleration ramp, 5 s deceleration ramp, 1 cycle. Next, the so-obtained volume of sediment
(= 8 mL) was placed in PB beakers and milled as described above: after washing steps, a final
volume of = 45 mL could be collected.

For MC and mixed milling techniques alike, samples were diluted and centrifuged to produce
the supematant slurries, analogously to how described for the (reference) PB approach. For all
exfoliation routes, size distribution measurements of “whole” and “centrifuged” samples were

carried out by means of LD PS before and after the centrifugation step.

Scanning Electron Microscopy (SEM) and Scanning Electron Transmission Microscopy
(STEM): For SEM imaging (Quattro S SEM, Thermo Fisher Scientific), highly-oriented

pyrolytic graphite (HOPG, grade ZY B, Bruker) were used as substrates. HOPGs were plasma-



treated (Zepto Diener Electronic GmbH +Co. KG, 1 min of Oz supply, 1 min of plasma process)
in order to clean their surfaces and increase their hydrophilicity. Next, a fypical NS sample was
vortexed and bath sonicated for 10 min. 10 pL of undiluted sample were spin-coated with the
same parameters employed for AFM measurements. For each NS sample, the so-prepared
HOPG was either imaged at the SEM as it is, or a = 4 nm-thick gold layer was evaporated
(Baltec MED-020, Baltec) onto it to decrease surface charging and, thus, increase imaging
contrast. The HOPG was then placed into the SEM chamber and imaged in the following
conditions: high vacuum mode, voltage =5.00 kV, spotsize = 3.0, working distance =10.0 mm,
Everhart-Thomley detector (ETD) for secondary electrons, Circular Backscatter Detector
(CBS) for backscattered electrons.

STEM measurements were carried out on the same device. Typically, undiluted 5 pL of
previously vortexed and bath sonicated NS were deposited and dried onto formvar-coated
copper grids, stabilized with evaporated carbon film (FCF300-CU, Electron Microscopy
Sciences). The parameters are the same as for SEM imaging, except for the employed detector

(STEM3+).

Photobleaching Experiments at the Near-Infrared (NIR) Imaging Microscopic Setup: The
imaging setup consists of a 561 nm laser (Cobolt JiveTM 561 nm), an Olympus IX53
microscope equipped with a 20x (MPlanFL N 20x/0.45, Olympus) objective, and a NIR camera
(Cheetah TE1, Xenics). Along the light path leading from the microscope to the camera, a
dichroic mirror (VIS/NIR, HC BS R785 lambda/5 PV, F38-785S, AHF) and a 900 nm long-
pass filter (FELH0900, Thorlabs) are installed. To investigate whether NS can be bleached, a
long imaging session with continuous excitation was performed on 10 pL. of NS sample,
previously drop-casted and dried on a #1 glass coverslip. Acquisition settings were the

following: laser set power =500 mW, measured power out of the objective = 180 mW,



acquisition time =2 h, exposure time =0.5s, frame rate = 0.3 fps. Data acquisition was
controlled by the X enics software (v. 2.6), whereas data analysis was carried out in Image] (v.

1.52a) and on Origin Pro 8.1.

NIR Imaging at Stand-Off Detection Setup: Our NIR custom-made stand-off detection setup(?
consists of a NIR InGaA s camera (XEV A, Xenics), a Kowa objective (f =25 mm/F1.4), and a
white light source (UHPLCC-01, UHP-LED-white, Prizmatix). The latter is equipped with a
700 nm short pass filter (FESH0700, Thorlabs) for excitation. Furthermore, a 900 nm long pass
filter (FEL0900, Thorlabs) is mounted on the camera.

For imaging of EB, HB and HP water dispersions in glass vials, an exposure time of 3 s at
maximum lamp intensity was employed.

Colloidal stability experiments were performed in cuvettes on sample volumes of = 2 mL. EB-
NS, HB-NS and HP-NS had a starting pH value in the range of =~ 8-9. Prior to imaging, NS
were bath sonicated for 5 min. Then, buffer solutions of pH 4 and 7 were added to some NS
cuvettes in the volumes necessary to reach pH 5 and pH 7, respectively. To study the impact of
ions on the colloidal stability of the NS, 200 pL of a solution of NaCl (9 g/L, a typical blood
concentration) were added into other cuvettes. Finally, control samples consisted in the addition
of 200 mL of H20. Imaging was started shortly after the introduction of the mentioned aliquots
in the cuvettes. Acquisition settings were: exposure time =2 s, frame rate =0.067 fps, LED
excitation power =50%, acquisition time = 60 min, LED-cuvette distance = 18 cm, camera-
cuvette distance =~ 20 cm. The acquired images were processed as is, i.e. without background
subfraction. To assess the fluorescence intensity over time, the mean signal intensity in a central
region of interest of each cuvette was measured (and normalized to the starting frame).
Concerning sample preparation for tissue phantom experiments, 1 mL of NS batch was

concentrated (Concentrator 5301, Eppendorf) for = 2 h, yielding a volume of = 0.1 mL with



concentration of = 5 g/L. After = 5 min of bath sonication, a capillary tube (ringcaps® 25 pL,
Hirschmann Laborgerdte GmbH & Co. KG) was dipped into the NS vial, and NS were thus
sucked into the glass tube due to capillary forces. For each class of silicates, a so-prepared
capillary tube was positioned onto the setup’s stage at = 6 ecm and =~ 13 cm away from the
excitation lamp and the detection camera, respectively. Initial reference images were acquired
with 0.5 s of exposure time at maximum excitation intensity. Afterwards, = 1 mm-thick chicken
slices were step-wise laid on top of the capillary tube, and new images with the same settings
were taken after every layer’s deposition.

Forall acquired datasets (unless explicitly mentioned), background subtraction (i.e. subtraction
of background reference image) and data analysis of the so-obtained NIR pictures were carried

out in Image] (v. 1.52a) and Origin Pro 8.1.

Cytotoxicity Tests: Cells were initially seeded in a 96-well plate at 1.2 > 103 cells per well for

24 h in EMEM with Earle’s salts with GlutaMAXTM (Gibco) and 10% FCS (BioWest) at 37°C
and 7.5% CO3 (MDCK II), orin DMEM with L-Glutamine (4 mM) and 10% FCS (BioW est)
at 37°C and 5% CO2 (A549 and NIH 3T3). Freeze-dried EB-NS, HB-NS and HP-NS were
dissolved at 10 mg/mL in the appropriate media for each cell line with 100 ng/mL Penn-Strep
(Biochrom). Different concentrations were subsequently added to the cells and incubated for 1,
6 or 24 h. Viability of the cell samples was determined by MTS-assay using CellTiter 96
A Queous One Solution Cell Proliferation A ssay (Promega); for each sample, the absorption at

490-650 nm was measured.
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5.3.3 Publication Synopsis

The exfoliation protocol described in Manuscript Il consisted in an optimization of the approach reported
in the previous work on the NS topic (Manuscript Il, 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 ym. 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 Il: 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 Il 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 7 through a double-exponential fitting, resulting in the
following data: Teg.ns = 17 WS, Thens = 8 s and Tup-ns = 7 US. These values, which were in agreement with
the frequency-domain investigations, indicated a clear decrease compared to the bulk counterparts
(ree = 130 ps, i = 60 us and 1up = 25 Ps). Nevertheless, the fact that both bulk and NS lifetimes lied in

the us range represented a further confirmation for the robustness of NS fluorescence.

Towards the last part of Manuscript Ill, 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



example, border regions of EB-NS and HP-NS could be clearly identified based on the diverse 1 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 Ill.
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 Il, 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) 7 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 Il, 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 um.

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 (7) after exfoliation, even
though the NS values still lied in the us 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.



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 I, Manuscript lll) have outlined with clear proof-of-principle applications how
promising Egyptian Blue nanosheets (EB-NS) are for multiple technological fields, above all bicimaging
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 interest?3. 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-
covalent?'® or not optimal for further biomedical uses??12?2 (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 engineering?*®. 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 strategy?*1. 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 studies?34242-247  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 application?4>248, Within this scenario, an
approach that stands out for its simplicity, robustness and versatility is the one reported by Moitra et al.?4®
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-NS'74177.2255 Manuscript IV therefore describes the
application of the protocol of Moitra et al.?*® to EB-NS. The points that were addressed in this study were

the following:



What analytical tools can be used to robustly prove that this functionalization approach was
successful?

Are the promising photophysical properties of EB-NS retained after functionalization and/or are
some new features unlocked?

Is it possible to use this approach to bind functional groups of biological relevance on the surface
of EB-NS?

Can a proof-of-principle experiment of targeted bioimaging with the so-functionalized EB-NS be
performed?
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Covalently Functionalized Egyptian Blue Nanosheets for Near-
Infrared Bioimaging

G. Selvaggio™?', N. Herrmann?', B. Hill}, R. Dervisoglu?, S. Jung!, M. Weitzel?, M. Dinarvand'?,
D. Stalke?, L. Andreas?, S. Kruss236

Fluorophores emitting in the near-infrared (NIR) wavelength region present optimal characteristics for photonics and
especially bioimaging. Unfortunately, only few NIR fluorescent materials are known and even fewer are biocompatible. For
this reason, the scientific interest in designing novel NIR fluorophores is very high. Egyptian Blue (CaCuSiaO1g, EB) is a NIR
fluorescent layered silicate that can be exfoliated into fluorescent nanosheets (EB-NS). So far, its surface chemistry has not
been tailored but this is crucial for colloidal stability and biological targeting. Here, we demonstrate covalent surface
functionalization of EB nanosheets (EBfunc) via Si-H activation using hydrosilanes with variable functionalities. EB-NS were
first grafted with the visible fluorescent pyrene (Pyr) moieties to prove conjugation by colocalization of the Vis/NIR
fluorescence on the (single) EB-NS level. The same procedure was performed and validated with carboxyl group (COOH)-
containing hydrosilanes. These groups can serve as generic handle for further (bio)functionalization of the EB-NS surface.
Finally, folic acid (FA) was conjugated to these COOH-functionalized EB-NS to target folic acid receptor-expressing cancer
cells. These results highlight the potential of this surface chemistry approach to modify EB-NS and enable targeted NIR

imaging for biomedical applications.

Introduction

After the discovery of graphene, two-dimensional (2D)
nanomaterials have become an emerging class in sciencel=3.
They provide numerous opportunities for electronics, catalysis,
optics and (gas) storage on the nanoscale and beyond!-®.
Furthermore, their use in biomedical applications is a main
focus for researchers'®15, Classes of 2D nanomaterials which
have proven successful in biomedicine include graphene,
transition metal dichalcogenides (TMDs), layered double
hydroxides (LDHs), silicate clays, transition metal oxides
(TMOs), hexagonal boron nitride (hBN) and many morel6-18,
Hydrophobicity and the chemical inertness of most 2D
nanomaterials challenges especially for biological
applications, in aqueous environments. Especially inorganic
materials e.g. metal sulfides, chalcogenides and silicates require
additional surface chemistry for example to guarantee colloidal
stability. The tailoring of surface functionalization therefore
plays a role of paramount importance for the achievement of
enhanced colloidal stability, longer circulation times and
improved biocompatibility. The possibility of decorating these
nanomaterials with (bio)molecules of interest could
furthermore allow therapeutic treatment, sensing and imaging
applicationsis,

Egyptian Blue (CaCuSisO1q, EB) is the most ancient pigment in
the history of mankind, having its origins dated back to Ancient
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Egypt (= 2500 BC)22.2L, This calcium copper tetrasilicate displays
a layered crystal structure which allows to prepare nanosheets
(NS) via simple stirring in hot water22-27, Most interestingly, it
has been shown that the bright, stable and long-lived near-
infrared (NIR) fluorescence of the bulk material (Aem =910-
930 nm)2>-30 s preserved in exfoliated NS down to just few
tenths of nm in size31.32, The biocompatible nature of this class
of layered silicates has been demonstrated by cell viability
assays and in vivo studies3l, Among them, an increasing number
of publications has proven the high potential of EB-NS in the
biomedical field as multi-functional platform for bioimaging31.32,
sensing33, photothermal therapy (PTT)34:35,
engineering3®37 and more. Especially as novel NIR fluorophore,
EB-NS appears of extreme interest. Fluorophores that emit in
the NIR window (NIR-I: A =750-1000 nm; NIR-II: A= 1000-
1700 nm) present optimal characteristics for bioimaging due to
reduced phototoxicity, scattering, absorption and
autofluorescence of biological samples at these wavelengths33-
41, Although organic dyes (e.g. indocyanine green®?, modified
boron dipyrromethenes*3—46, etc.) and nanomaterials (e.g.
quantum dots??, silicon nanocrystals?s, single-walled carbon
nanotubes?®-35, etc.) have been successfully implemented for
numerous biological studies, their number is quite limited and
in most cases they are affected by low quantum vyield, low
photostability and/or biocompatibility issues?0:42,47.56-5%  For
these reasons, the interest in novel NIR materials is very high.
Although the potential of EB-NS as NIR fluorophore has already
been recognized 3132, the next important step in this direction
is tailoring of its surface chemistry. So far, the few publications
which have described functionalization procedures on EB-NS
have focused on lipophilic coatings. These were bond to the
silicate surface either through electrostatic interactions (with
e.g. the cationic surfactant cetyltrimethylammonium bromide,
CTABS%) or covalently vig silanization (with trimethylsilyl
chloride, TMSCI51.62), Due to the non-covalent nature of the
former, dynamics in the biological environment represent a
challenge. The latter, on the other side, is covalent but also
hydrophobic and inert, thus limited for biological applications.
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Therefore, versatile chemical surface chemistry is crucial to use
EB-NS e.g. for bioimaging.

Silicon-based nanoparticles (MPs) and materials have found
several applications in the biomedical field®3-%9. These materials
benefit from a well-established surface chemistry. For example,
in the case of silica NPs, reactive functional moieties including
the hydroxyl (-OH), carboxyl (-COOH), amine (-NHz), azide (-N3)
and alkyl halogen groups can be covalently introduced either vig
co-condensation or by post-synthesis surface modification
(“grafting”). While the former vyields
distribution of functional groups, the Ilatter does not
significantly affect the size distribution and morphology of the
silica NPs. The grafting procedure, which can be applied to
diverse silica substrates, consists in the condensation of

a more uniform

functionalized organosilicon compounds (typically silanes) with
the accessible silanol groups (Si-OH) present on the surface of
the silica-based material’®. The most employed leaving groups
in silanes are alkoxy groups (RaSiXs.,, X=0R’), but also
alternatives such as halides, acyloxy and amino groups
(X = halide, OCOR’ and NR’; in R;SiXs.,) have been extensively
reported. In this way, silane chemistry can robustly install
strong bonds between the particle surface and (bio)molecules
of interest, e.g. small organic molecules, fluorophores, nucleic
acids, peptides, proteins, enzymes, antibodies, gold NPs,
etc.1964-69 However, the main issue with traditional alkoxy-
(e.g. trialkoxysilane), halo- (e.g. chlorosilane), amino- (e.g. (3-
silane, APTES) and acyloxysilanes
coupling agents is that they are highly reactive and moisture
sensitive, therefore purification steps can be challenging. A
versatile alternative are hydrosilanes. These molecules are
easily accessible, highly stable against moisture and allow

aminopropyl)triethoxy

simple purification. By choosing hydrosilanes as precursors and

EB-NS

L
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the strong Lewis acid tris(pentafluorophenyl)borane (B(CgFs)s3)
as catalyst, Moitra et al.”* have reported a promising method
for surface maodification of silica. This Si-H activation process,
which has also later been adapted by Sweetman et al.’? to
porous silicon (pSi), can be performed at room temperature, is
fast (reaction time = 5 min), can be confirmed by naked eye
(hydrogen release), and allows covalent binding of diverse
groups.

In this work we report covalent functionalization of EB-NS vig
Si-H activation of hydrosilanes, followed by conjugation of EB-
NS with different functional groups including folic acid (FA). We
establish covalent (bio)functionalization of EB-NS and
demonstrate targeted imaging of cancer cells (Fig. 1).

Results

Functionalization (EBfunc) of Egyptian Blue Nanosheets (EB-
NS) With Pyrene (Pyr)

Previous works have demonstrated that silanol groups are
indeed accessible in significantly high numbers as a
consequence of both synthesis and exfoliation
procedures?2.3573, Qur goal was to first demonstrate that this
chemistry works in general and then to use it to bind biologically
relevant molecules to EB-NS. To optimize the reaction
conditions and to prove that this experimental procedure works
on EB-NS, pyrene (Pyr) was chosen as the functional group (R).
Its well-known fluorescence”75 acts as a visible control for the
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Figure 1: Surface functionalization of Egyptian Blue nanosheets for bioimaging. a Procedure to graft hydrosilanes (R-Sil) onto the
surface of Egyptian Blue nanosheets (EB-NS) via Si-H activation is illustrated. As R groups of the hydrosilanes, pyrene (Pyr) and an
alkyl carboxylic acid for further conjugation were chosen. The NIR emission of EB-NS and the visible (Vis) fluorescence of Pyr are
used to investigate the functionalization via colocalization. For clarity, only a small section of an EB-NS crystal with only one Si-OH
on its surface is depicted. b EBfunc with folic acid (FA) is used to target and image FA receptors on cancer cells. Structures and

objects are not to scale for better clarity.



success of the grafting reaction. Therefore, 1-
(dimethylsilyl)jpyrene (Pyr-Sil) was synthesized from 1-
bromopyrene and chlorodimethylsilane using a method known
from literature?! (Fig. $1). The resulting silane was then reacted
with EB-NS using (CsFs)sB as catalyst. The addition of the
catalyst resulted in hydrogen evolution (Fig. $2), as expected
from the Si-H activation process and as reported in literature?.
This observation represents a first visual indication that
functionalization has been successful. After vigorous washing
with dichloromethane (DCM) and hexane, the emission at
visible wavelengths of the material (EBfunc) was investigated
using fluorescence spectroscopy. The pyrene emission76-78 was
detected even after intense washing, thus excluding that only
physisorption happened (Fig. 2a). Without catalyst (noCAT) no
visible fluorescence after the same washing procedure was
observed, ruling out strong non-covalent binding between Pyr-
Sil and EB-NS (Fig. S3). Additionally, we examined whether the
fluorescence of the visible- and NIR-emitting moieties (Pyr and
EB-NS, respectively) changes. It is known that both radiative
and non-radiative energy transfer between pyrene and other
fluorescent molecules can happen if conditions such as close
mutual distance and spectral overlap are met7573.80,
Interestingly, neither the Pyr (Fig. 2a, Fig. $3) nor the EB-NS (Fig.
2b) signals showed any significant difference compared to the
starting materials3132, This result shows that there is no energy
transfer maybe because of the non-overlapping spectra.
Nevertheless, the unchanged excitation and emission features
of EB-NS once more underline the photostability of this silicate
nanomaterial.
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To prove functionalization on the single particle level and gain
spatial information microscopy has to be used. The previously
described EBfunc and noCAT powders were analyzed at a
confocal laser scanning microscope (CLSM) to assess
colocalization (Fig. 3, Fig. 54-55). With this method, successful
functionalization can be deduced if the same particles are
simultaneously observable in the bright field (BF) and in the
visible fluorescence (PL) channel, meaning that fluorescent Pyr
is present on the surface of the imaged nanostructure. EB-NS
“as is” was chosen as one of the controls: considered that this
represents pristine EB-NS which did not undergo any surface
reaction and had thus no contact to pyrene, no fluorescence
signal was expected here. Indeed, this control only yielded a
very weak signal in the PL channel, likely determined by slight
cross-talk of the CLSM optical path (Fig. $5d,h). Analogously to
the fluorescence spectroscopy dataset, the “noCAT” control
sample was measured as well. In this case, the PL counts were
slightly higher compared to the unprocessed EB-NS, yet the
overall signal was very dim and colocalization was neglectable
(Fig. S5¢,g). When measuring EBfunc, on the other side, a
significantly stronger fluorescence intensity was observed over
the entire sample. Furthermore, a high degree of colocalization
could be measured for both larger and smaller NS structures
(Fig. 3, Fig. S5a,e). Indeed, the colocalization analysis indicated
a comparable colocalization degree for the EB-NS and noCAT
controls, whereas = 2x higher values were calculated for EBfunc
(Fig. S5i). This dataset thus represents a further proof that Pyr
is bound covalently in high number, while NS in the noCAT
sample display at most a small amount of physisorbed pyrene.
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Figure 2: Proof of conjugation by absorbance and fluorescence spectroscopy. a Pyrene has characteristic absorption features

between 200-350 nm and fluorescence features between 370-400nm which are observable

in the synthesized 1-

(dimethylsilyl)pyrene (Pyr-Sil). These emission features are also present in pyrene-functionalized EB-NS (EBfunc), even after several
washing steps, which proves successful conjugation. b 2D excitation-emission spectrum of EBfunc. It is not changed by the surface
modification compared to EB-NS, thus highlighting on one side the robustness of EB-NS fluorescence, on the other side the absence

of energy transfer between EB-NS and pyrene.



In addition to the fluorescence studies described above, solid-
state magic-angle spinning NMR analysis (MAS NMR) was
performed on the previously defined EBfunc, noCAT and Pyr-Sil
samples (Fig. 4). Here, the signals of the 1-(dimethylsilyl)pyrene
have been considered. We assigned the corresponding 13C shifts
of 0 ppm to the methyl and 120-140 ppm to the aromatic
groups. EBfunc displayed a significant change of about +4 ppm
in the chemical shift of the 0 ppm methyl groups. Furthermore,
the aromatic peaks of Pyr-Sil were detected as well. Finally, no
such signals were observed in the noCAT control. These findings
directly prove attachment between the Si end of the Pyr-Sil and
the Egyptian Blue surface. Hence, the 13C MAS NMR data
indicates a successful surface chemistry.

Functionalization (EBfunc) of Egyptian Blue Nanosheets (EB-
NS) with Carboxyl Groups (COOH)

Next, we moved to more versatile reaction partners. 4-

(dimethylsilyl)butanoic acid (COOH-Sil) was synthesized via a
Grignard reaction from the corresponding chloro compound

BF

PL

and carbon dioxide (Fig. S6-S7). COOH-Sil was then added to EB-
NS and the catalyst as previously described for Pyr-Sil, yielding
in this case COOH-functionalized EB-NS (EBfunc). The grafting
reaction led again to bubbling (i.e. hydrogen evolution), thus
providing a first proof of successful covalent functionalization.
When the reaction was repeated without the presence of the
catalyst for the noCAT control sample, no bubbling could be
observed. In a next step, after the usual washing and drying
steps, zeta potential values of the EBfunc, noCAT and
unprocessed EB-NS samples were measured (Table 1). Acidic
groups tend to dissociate in water at pH = 7: although the
surface of unmodified EB-NS is already negatively charged, we
therefore expected the presence of carboxylic acid groups on
EBfunc to further increase the amount of negative surface
charges3181, These can be robustly assessed via measurements
of zeta potential, i.e. the electrical potential at the slipping plane
of the investigated object. Indeed, the zeta potential of EBfunc
(= -40 mV) decreased compared to noCAT and EB-NS (both
= -20 mV) suggesting the presence of grafted carboxyl groups
on the surface of EBfunc. Furthermore, zeta potential is known
to be a commonly employed tool to assess colloidal stabilitys2.
According to the well-established DVLO theory®3.84, the sum of
van der Waals attractive and electrical double layer repulsive

interactions between (nano)particles determines the

Merged

Figure 3: Proof of conjugation by optical colocalization. Confocal laser scanning microscopy (CLSM) images of pyrene-
functionalized EB-NS (EBfunc). The bright-field (BF, a,d), fluorescence (PL, b,e) and merged channels (c,f) of EBfunc imaged at a
CLSM are shown. For both um-sized and nm-sized EB-NS a high degree of colocalization is observed, which proves functionalization.
Scale bar = 100 um for overview images. Scale bar = 10 um for blow-ups.
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stability of a colloidal system. In order for it to be stable and
thus avoid the formation of aggregates, repulsive forces must
prevail. Considered that the degree of particle repulsion is
known to increase with higher absolute values of the zeta
potential, this dataset also highlights a better colloidal stability
of EBfunc. This lower tendency of agglomeration is of
paramount importance for applications of these NS in biological
systems.

Table 1: Zeta potentials of EB-NS, COOH-functionalized EB-NS
(EBfunc) and folic acid-conjugated EB-NS (FA-conjugated
EBfunc). To verify the presence of carboxyl groups on the NS
surface, zeta potential measurements on aliquots of EBfunc, the
corresponding catalyst-free control sample (noCAT) and the
unmodified EB-NS were performed. To confirm the conjugation
of EBfunc with FA, zeta potential values of FA-conjugated EBfunc
and the corresponding control were acquired. For both datasets,
samples were dispersed in water and pH values were adjusted
before measuring. N = 1 independent sample, n =5 technical
replicates.

Gabriele Selvaggio

Conjugation of Folic Acid (FA) onto COOH-

Functionalized EB-NS (EBfunc)

With this functional carboxyl handle on the surface of EB-NS,
classical conjugation chemistry can be used. Similar chemistries
have been extensively performed for e.g. silica nanoparticles?®.
One interesting biomolecule is folic acid (vitamin B9, FA). This
non-immunogenic, cost-efficient and stable molecule shows
high affinity (Ks=0.1-1 nM&586) to the folate receptor (FR),
which tends to be up-regulated in a wide range of human
cancers. For this reason, tumor-specific treatments with high
selectivity are envisioned, as demonstrated by the targeting of
the most widely expressed isoform FRa by means of organic
molecules, antibodies and nanoparticles®*8, Although the
COOH group in the y position on the FA core scaffold is most
often used as handle for covalent attachment, other protocols
exist which target amino groups instead, without compromising
the binding strength of FA to FRa86:8%-92_|nspired by one of these
procedures®’, we therefore conjugated FA to COOH-
functionalized EBfunc. As a control, the same reaction but
without the addition of N,N’-dicyclohexylcarbodiimide (DCC)

Sample Zeta Potential + Standard Deviation / mV pH and N-hydroxysuccinimide (NHS) was repeated. The success of
EBfunc 4142 6.83 the conjugation protocol was first assessed by means of zeta
noCAT 21+1 6.31 potential (Table 1): the more negative values for EBfunc
EB-NS 201 6.77 compared to the control indicated a higher presence of
FA-conj. 3843 6.42 negatively charged FA on the EBfunc surface. This outcome
EBfunc - indicates successful conjugation beyond mere physisorption.
Control 33+2 6.11
H
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Aromatics ‘O‘G ’ t
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Figure 4: Proof of conjugation by solid-state nuclear magnetic resonance (ssNMR). 1H-13C cross-polarization {CP) magic-angle
spinning (MAS) solid-state nuclear magnetic resonance (ssNMR) spectra of the 1-(dimethylsilyl)pyrene (Pyr-Sil), the pyrene-
functionalized EB-NS (EBfunc) and the control sample without catalyst (noCAT) are reported. In Pyr-Sil, the peak at around 0 ppm
belongs to the methyl groups attached to the Si atoms, whereas the 120-140 ppm peaks belong to the aromatic carbons of the
pyrene moiety. Peaks denoted with triangles are spinning side bands. In EBfunc, the 4 ppm 13C chemical shift belongs to the methyl
groups and the 120-140 ppm to the aromatics from Pyr-Sil. The catalyst-free control sample shows no presence of the pyrene-silane

either attached to the surface of EB-NS or free.
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Next, this novel FA-EBfunc conjugate was employed for tumor-
selective targeting of Hela cancer cells. These are epithelial cells
from a cervical carcinoma which have been extensively used in
biological studies and are known to express FRa in high
amounts85.89.91.93 FA-conjugated EBfunc was introduced to
these cell samples, which were then imaged at our home-built
NIR microscopy setup. Here, colocalization experiments of the
cells (phase contrast mode) and the FA-conjugated EBfunc (NIR
fluorescence) were carried out (Fig. 5). For the estimation of the
degree of cell targeting displayed by FA-conjugated EBfunc, the
positions of its NS relative to nearby cells were analyzed
(Fig. S8). In order to distinguish specific binding from simple
physisorption, control EBfunc samples were prepared as
mentioned above. Although non-specific binding events
occurred, FA-conjugated EBfunc showed a higher degree of
colocalization. This “background” looks different from the
background one would expect from organic dyes because of the
“particle” nature of EB-NS. It indicates a certain level of
physisorption of non-functionalized EB-NS on cells.

Nevertheless, this result suggests the presence of ligand-
events,

receptor binding which would be

a

FA-conjugated
EBfunc

Control
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expected from the interaction between FA and the
corresponding FRa receptors expressed by Hela cells. In this
way not only the conjugation chemistry performed on EBfunc
was further confirmed, but the potential of functionalized EB-
NS for bioimaging was also showcased.

Discussion

In this work a simple, robust and versatile protocol for the
covalent functionalization of Egyptian Blue nanosheets (EB-NS)
was described for the first time. The chosen approach, based on
Si-H activation of hydrosilanes and adapted from the work of
Moitra et al.”!, enables a large degree of freedom in terms of
available R groups. We first demonstrated the applicability of
this method on EB-NS by choosing a pyrene-bearing silane (Pyr-
Sil) as precursor. A first proof of successful functionalization was
given by hydrogen evolution, which could be easily observed by
eye during the reaction. Next, we could exploit the visible
fluorescence of pyrene to confirm its grafting onto the EB-NS
surface via spectroscopic and imaging methods. As a final

50+

Colocalization Degree / %

FA-conj. EBfunc

Control

Sample

Figure 5: Targeted imaging of Hela cells with folic acid (FA)-conjugated EBfunc. a-c Exemplary merged microscopy images of
Hela cells (phase contrast, Vis channel, grayscale) incubated with FA-conjugated EBfunc (a-b) and EB-NS without FA (c)
(fluorescence, NIR channel, red color). Scale bar = 50 um. d The average colocalization highlights that EBfunc binds to a higher
degree to FA expressing cells even though there is a background of non-specific adsorption. The cell labelling performance was
evaluated by classifying NS particles according to their position relative to nearby cells. Data was normalized to the total number
of NS present in the imaged region. Error bars = standard deviation. n = 4-5 analyzed regions of interest.
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characterization step, solid-state nuclear magnetic resonance
(ssNMR) was chosen: by means of 1H-13C cross-polarization (CP)
magic-angle spinning (MAS) measurements, the relevant signals
of Pyr-Sil could be detected in the functionalized (EBfunc)
sample. The versatility of this functionalization approach
allowed us then to choose moieties of higher interest for e.g.
bioimaging purposes. By following the same procedure, we
explored the grafting reaction with a carboxylic acid-bearing
silane (COOH-Sil). The covalent bonding of the carboxyl groups
(COOH) onto the surface of EB-NS could be once more
confirmed by the naked eye due to hydrogen evolution.
Furthermore, zeta potential measurements clearly indicated an
increased negative charge on the surface of COOH-
functionalized EBfunc, which also led to an improved colloidal
stability. Within the frame of biological applications, such
features can result in e.g. an increased biocompatibility and a
longer circulation time of EB in vivo. Finally, folic acid (FA) was
linked to COOH-functionalized EBfunc vig classical conjugation
chemistry. This additional functionalization step, confirmed by
zeta potential measurements, allowed NIR fluorescent labeling
of cancer cells bearing folate receptors. Other NIR fluorescent
nanomaterials such as SWCNTs have been successfully used for
bioimaging and sensing4356, A key to all these applications is
versatile non-covalent and recently covalent surface
chemistry33.94.95 |t enabled imaging of neurotransmitters?6-100,
reactive  oxygen polyphenolsiog
markers33.53.109.110 and many other important analytes and
biological targets. Translated to EB-NS, the versatile surface
chemistry presented by us in this work will enable similar
applications.

species101-107, disease

Conclusions

The NIR fluorescence of EB-NS offers many opportunities for
biomedical applications and especially biophotonics. This work
introduces a new covalent surface chemistry on EB-NS, which
now provides access to numerous (bio)conjugation reactions
for COOH-functionalized nanoparticles?. In combination with
the highly promising chemical and photophysical properties of
EB-NS21, it represents an important step forward to establish
EB-NS as robust and versatile fluorophore platform for NIR
imaging.
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Figure S1: Synthesis of 1-(dimethylsilyl)pyrene (Pyr-Sil). a Ice-cooling of the reaction round-bottom
flask (RBF) containing a stirring mixture of 1-bromopyrene, dry diethyl ether (Et,0), dry tetrahydrofuran
(THF) and n-butyllithium ("BuLi, dissolved in hexane). The latter had been added dropwise to the other
compounds. b Stirring of the mixture in a at room temperature for 2 h after the addition of
chlorodimethylsilane. ¢ Detection of the visible fluorescence of pyrene within the mixture in a after
quenching, work-up and drying steps. d The crude product after removal of the solvent by means of a
rotary evaporator. @ Recognition of the product-containing fraction during silica chromatography thanks
to the visible emission of pyrene.
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Figure S2: Preparation of pyrene-functionalized EB-NS (EBfunc). a Milled Egyptian Blue nanosheets
(EB-NS) under nitrogen flow in the reaction round-bottom flask (RBF). The powder had previously
undergone a prolonged drying step under vacuum to remove adsorbed water molecules. b Hydrogen
evolution after addition of the catalyst tris(pentafluorophenyl)borane (CAT) to a stirring mixture of the EB-
NS in a, 1-(dimethylsilyl)pyrene (Pyr-Sil) and anhydrous dichloromethane (DCM). ¢ The final EBfunc
sample after the grafting reaction and the following vacuum-filtration, washing and drying steps.
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Figure S3: Fluorescence spectra of pyrene-functionalized EB-NS (EBfunc) and its control sample
prepared without catalyst (noCAT). After vigorous washing, the typical fluorescence features of pyrene
are retained only in the EBfunc sample, whereas they are gone in noCAT. This result indicates the
presence of covalent bonds in EBfunc and, thus, proves the successful outcome of the functionalization
protocol.
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Figure S4: Confocal laser scanning microscopy (CLSM) images of pyrene-functionalized EB-NS
(EBfunc). The bright-field (BF), fluorescence (PL) and merged channels of EBfunc imaged ata CLSM are
shown. At both larger and smaller scales of view, a high degree of colocalization can be easily observed
for um- and nm-sized EB-NS alike. Scale bar =100 um for overview images, scale bar =10 um for blow-
ups.
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Figure S5: Confocal laser scanning microscopy (CLSM) images of pyrene-functionalized EB-NS
(EBfunc) and its controls. CLSM fluorescence (PL, a-d) and bright-field (BF, e-h) channels of pyrene-
functionalized EB-NS (EBfunc), pyrene-silane (Pyr-Sil), no catalyst control (noCAT) and unmodified EB-
NS are shown. Yellow rectangles indicate the regions of interests (ROI) chosen for the colocalization
analysis. Scale bar =100 um. (i) Mean signal intensity resulting from the colocalization analysis. Data is

normalized to the maximum pixel brightness of the thresholded bright-field image of the corresponding
ROI. Error bars =standard deviation.
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Figure S6: Synthesis of (3-chloropropyl)dimethylsilane (COOH-preSil). a Overview picture showing
the employed moisture-free Schlenk setup for the synthesis of COOH-preSil. The round-bottom flask
contains 100 mL of a solution of anhydrous diethyl ether (Et,0) and lithium aluminum hydride (LiAIHa).
b Room temperature drop-wise addition of chloro(3-chloropropyl)dimethylsilane to the Et0-LiAlH4
solution, which leads to a weak reflux and to the formation of a milky dispersion. ¢ After silane addition,
the system is lowered into a pre-heated bath (T =48°C) and kept stirring for 30 min. d White precipitates
are observable when the system is cooled down and the stirring stopped after reaction time. e 3A-type
molecular sieves are added to the final product for sample storing.
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Figure S7: Synthesis of 4-(dimethylsilyl)butyric acid (COOH-Sil). a Formation of white foam
symbolizing the correct start of the Grignard reaction. To keep it running, a mixture of (3-
chloropropyl)dimethylsilane (COOH-preSil) and 1,2-dibromoethane (DBE) were added to the flask, where
an aliquot of the same mixture had been heated up to reaction temperature (T =70 °C) with an oil bath.
b Appearance of the reaction volume after 2 h of stirring at 70 °C. ¢ Picture of the reaction flask after the
removal of the supernatant (3-(dimethylsilyl)propylmagnesium chloride, i.e. the Grignard reagent): the Mg
turnings reacted almost completely. d Intense bubbling of CO, through the Grignard reagent: the needle
was connected to a pressurized CO; tank. e Formation of a white phase after = 15 min of vigorous CO;
bubbling through the Grignard reagent. f Connection of a CO; balloon to the Grignard flask for the 24 h-
stirring step. g Picture of the final crude product after work-up, drying steps and removal of the solvent
with a rotary evaporator.
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FA-conjugated EBfunc

Control

Figure S8: Targeted imaging of HeLa cells with folic acid (FA)-conjugated EBfunc. Exemplary
merged images from fluorescence microscopy experiments with HeLa cells (phase contrast, Vis channel,
grayscale) and NS samples (fluorescence, NIR channel, red color) are shown. The latter are FA-
conjugated EBfunc (a-b) and the corresponding control (c-d). NS that were analyzed for colocalization are
color-coded based on their position relative to nearby cells (b,d): colocalized (yellow) or free-standing
(blue). White labels indicate NS which were excluded from statistics due to the interfering presence of
biological material from cell medium. Scale bar =50 ym.
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MATERIALS AND METHODS

General considerations

All reactions were performed in standard glassware. Either nitrogen or argon were used as protection gas.
Normal Schlenk procedures were followed for moisture- and air-sensitive reactions. All chemicals were
bought from commercial suppliers (Sigma Aldrich, TCI, Acros Organics, VWR, Fisher, Carl Roth, | &K
Scientific) and used as received unless stated otherwise. Thin layer chromatography was performed with
pre-coated plastic sheets (0.2 mm, Polygram® Sil G/UVzss, Macherey-Nagel). Column chromatography
was performed with silica (230-400 mesh, Aldrich 717185, technical grade). NMR measurements were
performed in standard 5 mm NMR glass tube on a Bruker Avance Ill HD 300, a Bruker Avance 1l 400 or
a Bruker Avance Neo 600 machine. The residual proton or the *C signal of the employed NMR solvents
were used for internal calibration (*H and 3C NMR). High resolution electron ionization mass spectrometry
(EI-MS) was performed on an AccuTOF (] eol). High resolution electrospray ionization (ESI-MS) was
instead measured on a micrOTOF (Bruker Daltonik) with diethyl ether (Et,0) as solvent.

Synthesis of 1-(dimethylsilyl)pyrene (Pyr-Sil)

Br Si

1) "BuLi
9@ 2) Cveapsi 9@
OO Et,O, THF, -5°C — RT, 2.5h OO

The reaction was performed under the exclusion of moisture and oxygen using nitrogen. 1-Bromopyrene
(839 mg, 3.00 mmol, 1.00 eq.) was dissolved in a mixture of dry Et,0 (25 mL) and dry THF (5 mL). The
solution was coaoled to -5 °C and "BuLi (1.6 M solution in hexane, 1.9 mL, 3.0 mmol, 1.0 eq.) was added

dropwise (Fig. S1la). The resulting mixture was stirred for 30 min at -5 °C, then chlorodimethylsilane
(340 mg, 400 uL, 3.60 mmol, 1.20 eq.) was added. The reaction mixture was stirred for 2 h at room
temperature (Fig. S1b). After the addition of HCI (10% in H20, 20 mL), the mixture was extracted with
dichloromethane (DCM, 25 mL). The organic layer was washed with brine (25 mL), dried with anhydrous
sodium sulfate (Na>S 04, Fig. S1c) and the solvent was removed under reduced pressure to yield the crude
product (Fig. S1d). Column chromatography (Si02, hexane) was performed, and the product-containing
fraction was detected by its blue-green fluorescence under UV irradiation (Fig. S1e). In this way a colorless
solid (620 mg, 80%) was isolated.

R¢=0.46 (hexane)



IH NMR (600 MHz, CDCls) & [ppm]: 8.40 (CHary, d, ] =9.1 Hz, 1H), 8.22 (CHay, d, ] =7.5 Hz, 2H), 8.20
(CHay, d,] =7.6 Hz, 1H), 8.17(CHary, d, ] =7.5 Hz, 1H), 8.15 (CHary, d, ] =9.1 Hz, 1H), 8.08 (CHary, d, |
=9.0 Hz, 2H) 8.02 (CHary, t, ) =7.6 Hz, 1H), 5.10 (SiH, h, ] =3.8 Hz, 1H), 0.62 (CH3, d, | =3.8 Hz, 6H).

13C NMR (75 MHz, CDCls) & [ppm]: 135.8, 133.1, 132.4, 131.4, 130.9, 128.1, 127.6, 127.6, 127.3, 126.0,
125.4,125.3, 125.1, 125.0, 124.6, 124.3, -2.8. The two acetone signals can be attributed to the washing
of the NMR tube prior to use.

These values are in accordance with the literature®2.
2Si INEPT NMR (79 MHz, CDCls): -19.5 (s).
EI-HRMS: calc.: 260.1016 g mol! (C1sH16S1i), found: 260.1015 g molL.

Another signal with m/z =202.0773 g mol* is found, matching pyrene (C1sH10). This can be explained with
an 1,2-ipso H-shift taking place in the molecular cation®.

Synthesis of (3-chloropropyl)dimethylsilane (COOH-preSil)**

Na TN LiA|H4 No NS
. ’_ .
CI,E‘lxl Cl Et,0 H,E‘|:| Cl
RT --= 50 °C, 30 min

The reaction was performed with oven-dried glassware under dry argon using Schlenk techniques to
exclude the presence of moisture and oxygen.

LiAlH4(4 M in Et;0, 7.65 ml, 30.6 mmol, 1.0 eq.) was diluted in diethyl ether (93 ml) (Fig. S6a). Chloro(3-
chloropropyl)dimethylsilane (5.0 ml, 5.2 g, 30.6 mmol, 1.0 eq.) was added dropwise at a rate sufficient to
keep the system at weak reflux. A milky dispersion started forming as soon as the injection began,
accompanied by the precipitation of white agglomerates (Fig. S6b-d). After complete addition, the mixture
was heated to 50 °C for 30 min before cooling it down to room temperature. An ice-cooled mixture of
hydrochloric acid (4 M, 60 mL) and E:O (40 mL) was added to the system. The organic phase was
separated and the aqueous layer was extracted with dichloromethane (DCM, 4x50 mL). The combined
organic extracts were dried over Na;S04, and the Na,S0O4 residues were washed with 3x50 mL of DCM.
Finally, the solvent was removed under reduced pressure and the transparent-slightly yellowish crude
product (i.e. (3-chloropropyl)dimethylsilane, COOH-preSil) was stored in the fridge over molecular sieves
of pore size =3 A (Fig. S6e) and used without further purification.

IH NMR (300 MHz, CDCls) 5 [ppm]: 3.88 (Si-H, hept, ] =3.5 Hz, 1H), 3.52 (CH,, t,J =6.9 Hz, 2H), 1.88 —
1.75 (CH2, m, 2H), 0.70 (CH,, td, ] =8.5, 3.4 Hz, 2H), 0.10 (Si-CHs, d, ) =3.6 Hz, 6H).

These values are in accordance with the literature?.



Synthesis of 4-(dimethylsilyl)butyric acid (COOH-Sil)'>

- 1.) Mg 2.) CO, -
H,S|i/v\CI — > H,S‘i/\\/\COOH
RT --> 70 °C, 24 h

The reaction was performed with oven-dried glassware under dry argon using Schlenk techniques to
exclude the presence of moisture and oxygen. Anhydrous tetrahydrofuran (THF) was prepared by drying
over sodium-potassium alloy (NaK) and collected via vacuum sublimation.

A modified version of the protocol reported by Moitra et al.* was performed.

A solution of COOH-preSil (1.37 g, 10.0 mmol, 1.00 eq.) in THF (8 ml) and DBE (few drops) was added
dropwise to activated Mg (turnings, 376 mg, 15.5 mmol, 1.54 eq.) while stirring at 70 °C. At the end of the
reaction time, a light greyish dispersion was obtained (Fig. S7b). The supernatant was transferred to a
glass flask via cannula and the carbon dioxide (CO:) was allowed to bubble through the collected
supematant while stirring at room temperature. This step was performed with a CO tank connected to the
RBF content via a needle (Fig. $7d). To prevent moisture from entering the system, an empty syringe
filled with cotton and the drying agent phosphorous pentoxide (P;0s) was fixed along the CO3; line. The
system was left stirring attached to a CO; balloon for 24 h (Fig. S7f).

The reaction mixture was quenched with hydrochloric acid (10% HCI, 100 mL) and extracted with diethyl
ether (Et;0, 3x100 mL). The organic layer was then washed with 1x100 mL of water, 1x100 mL of brine
(NaCl) and dried over Na;S04, whose residues were washed with 3x50 mL of Et;0. The solvent was
removed under reduced pressure and the transparent-slightly yellowish crude product (i.e. 4-
(dimethylsilyl)butyric acid, COOH-Sil) was stored in the fridge (Fig.S7g) and used without further
purification.

'H NMR (400 MHz, DMS0-ds) & [ppm]: 11.97 (br, 1H), 3.83 (s, 1H), 2.22 (q, ] =6.7 Hz, 2H), 1.52 (s, 2H),
0.67 —0.36 (m, 2H), 0.05 (d, ] =5.5 Hz, 6H).

13C NMR (101 MHz, CDCls) & 178.27, 37.12, 20.08, 14.00, -4.46.

The proton spectra’s integrals are broadened. Both NMR spectra show additional peaks and residual THF
solvent. As column chromatagraphy was not possible, the crude product was used for grafting.

ESI-HRMS (neg. mode): calc.: 145.0690 g mol? (CsH13025i) [M-HT, found: 145.0673 g mol.



Exfoliation of Egyptian Blue (EB) into nanosheets (EB-NS)

EB bulk powder (3 g, <120 um, Kremer Pigmente GmbH & Co. KG) were introduced into an agate beaker
(20 mL) together with agate balls (80 x 5 mm). Deionized water was added until a slurry consistency could
be reached. The so-prepared agate beaker was then placed in a planetary ball mill (PB, Pulverisette 7
Premium Line, Fritsch), which was run at 900 r.p.m. for 1-2 h (cycles of 20 min each, 5 min pause). The
so-prepared slurry was then allowed to settle for 24 h, then the supernatantwas removed and the sediment

was dried and stored at room temperature.

Preparation of pyrene-functionalized EB-NS (EBfunc)!

Grafting of 1-(dimethylsilyl)pyrene (Pyr-Sil) onto Egyptian Blue nanosheets (EB-NS) was performed in
standard glass-ware under the exclusion of moisture and oxygen using nitrogen. EB-NS and Pyr-Sil were
prepared as described in the corresponding sections. Anhydrous dichloromethane (DCM, 99.8%, over
molecular sieves) was used as received.

In order to remove adsorbed water molecules on its surface, milled EB-NS powder (336 mg) was dried
overnight under vacuum at 180°C-200°C in a 25 mL round-bottom flask (RBF). The system was then
cooled down to room temperature in nitrogen atmosphere (Fig. S2a), and anhydrous DCM (3 mL) was
added. Next, Pyr-Sil (264 mg, theoretical 260 mg, corresponding to 1 mmol) was introduced into the RBF,
and the mixture was stirred for a couple of minutes. Immediately after the addition of CAT (6 mg, theoretical
5 mg, corresponding to 0.01 mmol) and for =5 min, abundant hydrogen evolution could be observed
(Fig. S2b). 10 min after the introduction of CAT, the mixture was left stirring at room temperature for
2 days. After the addition of DCM (5 mL) to disperse and wash the content of the RBF, the sample mixture
was vacuum-filtered using a fritted glass funnel with pore size P4 (i.e. 10-16 um). Following rigorous
washing steps with DCM (3x5 mL) and hexane (3x5 mL), necessary to exclude physisorbed Pyr-Sil, a
vacuum step of 20 min was performed to dry the sample. Finally, the functionalized EB-NS powder
(EBfunc, 246 mg, 73% of starting material) could be collected and stored at room temperature (Fig. S2c).

The control sample without catalyst (noCAT) was performed as above, with the only difference that the
addition of CAT was replaced with the introduction of 3 mL of anhydrous DCM. The system was then left
stirring for 1 h, and the filtering, washing and vacuum steps were done as above, yielding the noCAT
powder (269 mg, 82% of starting material).

Preparation of COOH-functionalized EB-NS (EBfunc)!

Grafting of 4-(dimethylsilyl)butyric acid (COOH-Sil) onto Egyptian Blue nanosheets (EB-NS) was
performed with oven-dried glassware under dry argon using Schlenk techniques to exclude the presence



of moisture and oxygen. EB-NS and COOH-Sil were prepared as described in the corresponding sections.
Anhydrous dichloromethane (DCM) was prepared by distillation from calcium hydride and stored over
molecular sieves (pore size =3 A).

In order to remove adsorbed water molecules on its surface, milled EB-NS powder (100 mg) was dried
overnightunder vacuum at 180°C in a 10 mL round-bottom flask (RBF). The system was then cooled down
to room temperature in argon atmosphere, and anhydrous DCM (3 mL) was added. Next, COOH-SIl
(87 mg, theoretical 73 mg, corresponding to 0.5 mmol) was introduced into the RBF, and the mixture was
stirred for a couple of minutes. After the addition of CAT (4.3 mg, theoretical 2.6 mg, corresponding to
0.005 mmol), hydrogen evolution could be observed. Next, the mixture was left stirring at room
temperature for 1 h. After the addition of DCM (20 mL) to disperse and wash the content of the RBF, the
sample mixture was vacuum-filtered using a fritted glass funnel with pore size P4 (i.e. 10-16 um). Following
rigorous washing steps with DCM (3x5 mL) and hexane (3x5 mL), necessary to exclude physisorbed
COOH-SIil, a vacuum step of 2 h was performed to dry the sample. Finally, the functionalized EB-NS
powder could be collected and stored at room temperature.

The control sample without catalyst (noCAT) was performed as above, with the only difference that the
addition of CAT was replaced with the introduction of 3 mL of anhydrous DCM. The system was then left
stirring for 1 h, and the filtering, washing and vacuum steps were done as above, yielding the noCAT
powder,

Solid-State Nuclear Magnetic Resonance (ssNMR)

Characterization via solid-state nuclear magnetic resonance (ssNMR) was performed on 5 samples: the
pristine Egyptian Blue (EB) powder directly from the supplier’s vial, the milled EB nanosheets (EB-NS),
the pyrene-functionalized EB-NS (EBfunc), the catalyst-free counterpart of EBfunc (noCAT) and the
pyrene-silane (Pyr-Sil).

'H-13C CP MAS NMR experiments were performed on a 14.1 T BRUKER magnet with an Avance Ill HD
spectrometer utilizing a 4 mm HXY DVT MAS BRUKER probe. The solid samples were packed in a form
of powder into the 4 mm zircania rotors capped with vespel drive caps and no spacers were used. Rotors
were spun at 12.5 kHz spinning frequency at the magic angle of 54.7° with the magnetic field. Various
recycle delays were tested as the Egyptian Blue is a paramagnetic material and has, thus, a direct effect
on the relaxation of NMR signals. The recycle delay for the pure Pyr-Sil and the control sample was 4 s,
and the one for attached Pyr-Sil to EB-NS was 0.5 s. While we used 10240 (10k) number of scans for the
pure and cantrol samples, we employed 51200 (50k) number of scans for the functionalized sample. We
used 83.3 kHz H and 62.5 kHz 3C radio frequency pulses where the CP condition was met with 58.4 kHz
13C and 64kHz H ramped 90% to 100% power on 'H with a duration of 1.5 ms. During the *C channel
acquisition, SPINAL64 decoupling on the 'H channel with 83 kHz power was applied.



Confocal Laser Scanning Microscopy (CLSM)

Sample preparation for confocal laser scanning microscopy (CLSM) was typically performed as follows. A
small aliquot of sample powder was dispersed in isopropanol (= 500 uL) by means of a short round of
vortexing. = 100-200 uL of the so-obtained dispersion were then drop-casted onto a glass-bottom petri
dish, and imaging was started after the sample had dried. Measurements were carried out with a 20x
objective (UPLSAPO20x NA 0.75) mounted in a FV1000 CLSM (Olympus), and DAPI filters
(Aexc =405 nm, Aem =461 Nnm) were chosen to enable suitable excitation of pyrene and detection of its
fluorescence. Images were acquired with the device software (Fluoview FV1000, v. 4.2.1.20) and
processed in Fiji (v. 1.53f51)8.

The colocalization analysis (Fig. $5) was performed on Fiji and its results were plotted with OriginPro 8.1
SR3 (v8.1.34.90). First, 10 regions of interests (ROIs) within the captured CLSM images were chosen in
such a way that a significantly high amount of small and not agglomerated particles could be included
within such areas for all measured samples, i.e. the pyrene-functionalized EB-NS (EBfunc), the pyrene-
bearing silane (Pyr-Sil), the catalyst-free control (noCAT) and the unprocessed EB-NS. For each sample,
the colocalization analysis therefore focused on these shared 10 ROIs only, more specifically on their
bright-field (BF) and fluorescence (PL) channels. For each ROI, the BF channel was thresholded
(filter ="max entropy”) and then multiplied to the corresponding PL channel: in this way, if a particle was
present in the BF, its corresponding PL information could be passed on, otherwise it was deleted. Next,
the resulting multiplied image was converted to 8-bit and its mean (xstandard deviation) pixel intensity
was calculated: considered how this image had been generated, the measured signal corresponds to the
fluorescence intensity of the colocalized particles only. Finally, pixel intensity (mean £ standard deviation)
of the thresholded BF image was measured: this value was used to normalize the previous dataset to
account for different particle density, given that the BF signal represents the highest achievable

colocalization (brightness) if all filtered particles emitted maximum fluorescence.

UV-Vis Absorption & Vis Fluorescence Spectroscopy

UV-Vis absorption spectra were measured on a Jasco V670. Fluorescence spectra were acquired on a
Jasco FP-6500.

For measurements of the pyrene-silane (Pyr-Sil) at the UV-Vis spectrometer, a heavily diluted aliquot of
sample powder dispersed in dichloromethane (DCM) was introduced in a 10 mm path quartz cuvette.
Absorption was acquired in the range of wavelengths from 200 nm to 800 nm with steps of 0.2 nm.

For measurements of pyrene-functionalized EBfunc and the corresponding noCAT sample at the
fluorometer, the samples (3 mg) were dispersed in DCM (1 mL). Fluorescence spectra were then acquired



with the following parameters: Aexc =346 nm, PMT =560 V, bandwidth for excitation and emission =3 nm,

scan speed =500 nm/min, time =0.2 s, steps = 0.5 nm.
Near-Infrared (NIR) Spectroscopy

The spectroscopy setup consists of a monochromator (MSH-150, LOT-Quantum Design GmbH) equipped
with a xenon arc lamp and a diffraction grating, an inverted microscope (Olympus 1X73) equipped with a
10x objective (UplanFLN 10x/0.30, Olympus), and a spectrometer (Shamrock 193i spectrograph, Andor
Technology Ltd.) coupled to an array NIR detector (Andor iDUs InGaAs 491). Fluorescence data was
acquired via the Andor SOLIS software (version 4.29.30012.0).

For the acquisition of 2D excitation-emission spectra of pyrene-functionalized EBfunc, the dispersed
sample in dichloromethane (DCM, 5 pL) was drop-casted onto a #1 glass coverslip. The substrate was
then positioned above the setup’s objective, and the measurement was started as soon as the sample had
dried. The following settings were chosen: 300 nm < Aexc < 780 nm, step =2 nm, exposure time =2 s,
input side slit width =500 um. To make sure that the spectrometer would not reach saturation during the
measurement, EB fluorescence with different exposure times had been checked beforehand at 630 nm.
The plotting as well as the caorrection for the quantum efficiency of the detector and for the spectral
irradiance of the xenon lamp were performed using a self-written Python script.

Preparation of Folic Acid (FA)-Conjugated Egyptian Blue Nanosheets (EBfunc)

The starting material, i.e. carboxy-functionalized EBfunc, was prepared as described in the corresponding
section. Conjugation of FA with NS of EBfunc was performed according to a protocol adapted from the
work by Zhang et al.”. Dichloromethane (analytical reagent grade, = 99.8%, DCM) was purchased from
Fisher Scientific GmbH. N,N*-dicyclohexylcarbodiimide (99%, DCC), N-hydroxysuccinimide (98%, NHS)
and folic acid (= 97%) were purchased from Sigma-Aldrich GmbH. 1 mg of COOH-functionalized EBfunc
was dispersed in 2 mL of DCM. 25 pL of DCC solution (0.05M in DCM) and 25 ul of NHS solution
(0.05 mol/L in DCM) were added into the suspension, afterwards the mixture was stirred for 1 h. 100 ul of
FA solution (0.025 M in DCM) were then added and the mixture was stirred for another 16 h. After stirring,
washing steps were performed twice: these consisted in first centrifuging all particles, then discarding the
supernatant and finally redispersing the so-collected pellet in DCM. All particles were then centrifuged
again, dried (6 h at room temperature) and dispersed in 400 ul of ultrapure water. The so-obtained
dispersion was dialyzed in ultrapure water for 16 h using a Spectrapor 300 kDa membrane (Spectrum
Laboratories) to remove excess FA molecules.

A control sample was prepared by repeating the reaction described above, but without the addition of DCC
and NHS.



Zeta Potential Measurements

Zeta potential was analyzed using a Zetasizer Ultra ZSU5700 (Malvern Instruments GmbH). For the
measurements of COOH-functionalized EBfunc and the corresponding controls (Table 1), samples were
dispersed in ultrapure water at a concentration of 1 mg/mL and set to a neutral pH value by addition of
HCI (0.01 M). For the measurements of FA-conjugated EBfunc and the corresponding controls (Table 1),
50 pl of the dialyzed dispersion were diluted in ultrapure water to a volume of 1 mL and the pH was
neutralized by addition of HCI (0.01 M). For both datasets, 1 mL of the so-obtained dispersions were
measured in the Zetasizer using a DTS1070 folded-capillary cuvette (Malvern Instruments GmbH) and
assuming a refractive index of 1.63. The working temperature was fixed to 25 °C. Once the sample was
introduced into the chamber, the time for the temperature stabilization was set to 120 s. A preinstalled
measurement routine consisting of five measurements was used to obtain the average zeta potential and
calculate the standard deviation.

Cell Experiments with Folic Acid (FA)-Conjugated Egyptian Blue Nanosheets (EBfunc)

The starting material, i.e. FA-conjugated EBfunc, was prepared as described in the corresponding section.
Hela cells were cultured in DMEM (Thermo Fisher Scientific) with the addition of 10% fetal calf serum,
100 units/mL penicillin, and 100 pg/mL streptomycin in a humidified 5% CO; atmosphere at 37 °C. For
analysis of ligand-receptor binding of FA-conjugated EBfunc to FA receptors on cell surfaces, HelLa cells
were seeded in glass bottom 24 well plates at a density of 2x10* cells per well in 1 mL DMEM. This was
done to keep the cells mostly isolated and allow an easier assessment of the colocalization degree of NS
with single cells. The following day, 100 pL of the EBfunc/control sample (1:1 dilution) were added
dropwisely. Cells were incubated for 2 h in a humidified 5% CO; atmosphere at 37 °C, carefully washed
with PBS, fixed with 4% PFA for 10 min, and finally washed three times with PBS for 5 min each on an
orbital shaker.

Near-Infrared (NIR) Microscopy

NIR fluorescence microscopy was performed ata home-builtimaging setup consisting of an Olympus IX73
microscope (Olympus, Germany) equipped with a MPlanFL N 20x%/0.45 objective (Olympus, Germany),
Zyla 5.5 sCMOS VIS camera (Oxford Instruments, UK), Cheetah 640TE3 NIR-camera (Xenics NV,
Belgium) and a Cobolt ] ive 561 nm laser (Cobolt AB, Sweden). In terms of filters, a dichroic mirror (HC
BS R785 lambda/5 PV, F38-785S, AHF) separated the visible (Vis) and the NIR optical paths; for imaging
in the NIR, a 900 nm long-pass filter (FELH0900, Thorlabs) was also installed.

The HelLa-EBfunc cell samples were imaged in their well plates after fixing and washing steps. Images of
the visible (Vis) channel were taken with the Zyla camera and recorded with the Andor Solis Software
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(Oxford Instruments, UK); for the acquisition, phase contrast mode with top illumination was used. Images
of the NIR channel were taken with the Cheetah camera and recorded with Xeneth Software 2.7 (Xenics
NV, Belgium); for the acquisition, excitation with the 561 nm laser at a set power of 200 mW and an
integration time of 1 s was performed.

The image analysis was performed on the NIR and Vis images as follows. After background correction
and contrast/brightness adjustments, the fluorescent nanosheets of EBfunc were located and marked in
the NIR images. Both NIR and Vis datasets were then converted into 8-bit format, cropped and overlaid
(after calibration with a gridded reference sample) in Image) (1.53k). In the overlaid images, each
fluorescent nanoparticle was labelled according to its position relative to the nearby Hela cells, i.e.
depending on whether it was in contact with a nearby cell or not. Finally, these values were normalized
according to the number of available NS in the corresponding imaged region.
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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.?*® 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 protocol?*® and
employed for a first grafting round. This decision was determined by the well-known visible emission of
the corresponding R group: pyrene (Pyr)24220, 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 mechanism?#8, 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.?48 for silica particles, an intense H; 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(CsFs)s, 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 2x 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
reaction?48.251.252 'was chosen with the intent to yield EB-NS functionalized with carboxyl groups (EBfunc).

Even in this case, H, evolution happened only with the EBfunc sample and was not generated with the



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 1V, 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 protocol?>3. 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 HelLa 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 HelLa 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.

v' Pyrene moieties were covalently grafted on the surface of EB-NS by
means of Si-H activation of hydrosilanes.
v" The NIR fluorescence of EB-NS was retained after functionalization.
]n a Nuts%c”... v Th , .
e observed hydrogen evolution and a pool of spectroscopic and
-—— — imaging characterization methods confirmed the success of the grafting
procedure.
v' By repeating the same reaction with a hydrosilane bearing carboxyl
groups, COOH-functionalized EB-NS could be prepared.
v Conjugation of folic acid on COOH-functionalized EB-NS was performed
and confirmed by zeta potential measurements.
v 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.




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 1-system (Section 4.1.5). In this regard, it was already known that dyes from the oligomer
family of Patra et al.® 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 |
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 series®. 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.b: characteristics such as the narrow
emission bands, which are of interest for e.g. multiplexing, are not compromised by the extension of the

T-conjugated scaffold.

Next, Manuscript | studied the solvatochromic properties of the fluorophores. The solvents used for this
work were the same employed in the study by Patra et al.® In general it is known that the complex interplay
of solute-solvent interactions can affect spectral features of fluorophores. Typically, nhon-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 (¢) and
microscopically by the dipole moment of the solvent molecules (u)?>42%5. 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.® 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 | 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-aggregates??.
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 surprising®23L. However, the position of the second

emission band was identical for concentrated and diluted solutions; moreover, the first emission band



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 | will be lowered accordingly, itis 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 (¢) 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 constants?>¢. 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 emission?%6. 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.®. 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 W irth et al.?32 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-BODIPYSs.
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 Aexc = 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



these technical limitations, the performed analysis was thorough and the obtained results appeared
reasonable when compared to the absolute QYs of the other oligomers®. As expected by such systems,
larger structures led to lower QYs: in the work of Patra et al.®, 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 cycles®. 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. ICG1231),
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 | are known to display a superior
stability*24387, 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 |, 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 chemistries?’. Next to PS beads, also SiO, 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



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 (Et.0),
which were able to solubilize the PS beads and the oligo-BODIPY, respectively. Finally, fast evaporation

steps of Et,O 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 field?>82%°, Typically, these studies rely on video particle tracking based
on the Generalized Stokes-Einstein equation and the Fluctuation Dissipation Theorem?25%: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 law?%°: 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_ |n 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 | for the H-coated beads
therefore represents an additional important selling point for these fluorophores. Analogously to what
observed also for other BODIPY-derivatives3, 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 | successfully outlined the H- and O-dyes as promising NIR fluorophores for various

state-of-the-art applications, including bioimaging and biosensing.



6.2 Egyptian Blue: An Ancient Pigment for Novel Bionanotechnologies

With the protocol reported in Manuscript I, Egyptian Blue (EB) could be exfoliated into hanosheets (NS)
of diameters well below 1 uym. 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 sonication®°.1%0.195.172 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 Il, 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 I,
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
SWCNTs?% and TMDs®%!, 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 sensing?23-264, Furthermore, as for the bulk materials, these NS were
characterized by long fluorescence lifetime values in the ys regime (= 10* longer than QDs, = 10° longer
than SWCNTSs)%. These are a consequence of the parity-forbidden nature of the electronic transition
(Section 4.3), given that the local D4y symmetry of the copper ion features an inversion center!82, Long
excited state lifetime can unlock different possibilities for efficient sensing schemes, as extensively done
with e.g. lanthanide complexes?2%6. This direction of research was further expanded in Manuscript Il
(Section 6.3).

It is known that bulk EB exhibits a QY = 11%%2°, which is exceptionally high compared to several state-of-
the-art NIR fluorophores®21t, 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 Il, 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 pW). 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



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. SWCNTs?%, 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 Il then moved to proof-of-principle bioimaging
applications of EB-NS in biological systems of interest. Before targeting cellular structures with fluorophore
labels, itis 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 biology?®. 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 cortex?®’, 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



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 SWCNTs?%8, 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 SWCNTSs 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 Il,
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 Cu?* released by biologically
relevant concentrations of EB-NS seemed to be neglectable compared to e.g. CuSO,. Although past
studies??>-228 have reported significant release of Cu?*, 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 Cu?* did not present side effects in the corresponding cell studies, but rather promoted
angiogenesis. The dataset collected in Manuscript Il therefore further suggests that, under experimental
conditions which are biologically relevant for in vivo bioimaging, the released Cu?* 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-



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 Il, EB-NS therefore present all the

characteristics necessary to be regarded as outstanding NIR fluorophores for various future works.



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 Il (Section 5.2.2) could be further improved. Manuscript Il 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 Il centrifugation steps were preferred: the chosen settings, which were
calculated from a corrected version of the Stokes equation?6®, yielded more monodisperse samples of
diameter < 1 ym. 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 Il, 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.
CTAB?219.220)

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 Il 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 lll: 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%1%) and HP (QY = 0.9%1%), 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 (us range) NIR-
| fluorescence whose main features (Amax, QY and r) 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 Il was dedicated

to the investigation of this specific aspect of fluorescence which can be robustly exploited for bioimaging.



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 7 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 lifetime?221.271.272 |t 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 ps 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 (¢) 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 field??. 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 bicimaging, 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 measurements?2:66,

Analogously to what done with EB-NS in Manuscript I, 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>1-2h) 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 acids®. If this

sensitivity of HP-NS to acidic pH were to be confirmed, the design of biosensors for applications in



biological environments of variable acidity (e.g. leakage detection of the gastrointestinal tract) could be
envisioned!®. In terms of colloidal stability, steps forwards can certainly be made by means of surface
functionalization (Manuscript 1V, Section 6.4). Nevertheless, a clear improvement in Manuscript 11l was
already observable by naked eye compared to the work in Manuscript Il, 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. SWCNTs! (Section 4.1). In this regard, the slightly red-shifted fluorescence of HB(-NS) measured in
Manuscript Ill 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 literature273-27s,

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 Il, 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 siderophores?76-281, 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 (Cu?*)
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 bacteria??®. However, preliminary tests performed on smaller NS with pyoverdine from
bacterial strains seemed to show an effect on their optical properties, suggesting that the Cu?*-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



manipulation with metallic nanoparticles?8?-2%. 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
qguenching 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.



6.4 The Si-H Activation Approach: Covalent and Versatile Chemistry for
Surface Functionalization of EB-NS

The core message described in Manuscript 1V 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 hydrosilanes?,
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.?*® 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
overlap?°0.287.28  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

nanocrystals?7°,

Besides the mentioned spectroscopy, the pyrene dataset was validated by diverse characterization tools,
including fluorescence microscopy and ssSNMR. The COOH-functionalized EBfunc, on the other side, was
uniquely addressed in Manuscript IV by zeta potential measurements. Considered that acidic gro