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Abstract

Expanding fluorescence bioimaging into the second near-infrared spectrum (NIR-II, 1000-1700 nm)
unlocks advanced possibilities for diagnostics and therapeutics, offering superior tissue penetration and
resolution. Two-dimensional copper tetrasilicate (CTS) pigments (MCuSisO10, M = Ca, Sr, Ba) are
known for their brightness and stability, yet synthetic challenges have curbed their integration into
bioimaging. Here, we introduce flame-spray-pyrolysis (FSP) as a versatile and scalable synthesis
approach to produce ultra-bright, metastable CTS nanosheets (NS) by annealing multi-element metal
oxide nanoparticles into 2D crystals. Group-II ion incorporation shifts emission into the NIR-II range,
with Bag 33Sr0.33Ca033CuSis010 peaking at 1007 nm, while minor Mg-doping induces a hypsochromic
shift and extends fluorescence lifetimes. The engineered CTS achieve quantum yields up to 34%,
supporting NS high-frame-rate imaging (>200 fps). These unique properties enable CTS-NS to serve as
powerful contrast agents for super-resolution NIR bioimaging, demonstrated in vivo through
transcranial microcirculation mapping and macrophage tracking in mice using diffuse optical
localization imaging (DOLI). This pioneering synthesis strategy unlocks wavelength-tunable NS for
advanced NIR-II bioimaging applications.
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Introduction

Pushing the boundaries of fluorescence
bioimaging into the second near-infrared
spectrum (NIR-II, 1000-1700 nm) is pivotal for
enhancing its diagnostic and therapeutic
capabilities in biomedical research. This
spectrum holds immense potential for deep-tissue
imaging due to reduced autofluorescence and
light scattering.!> While conventional agents
have demonstrated efficacy in the first near-
infrared (NIR-I, 700-950 nm) spectral window,
they often perform inadequately in the NIR-II
spectrum, underscoring the need for novel
contrast agents designed specifically for this
range. Current fluorophores used in this bio-
transparency window include organic dyes, such
as indocyanine green (ICG),’ as well as inorganic
structures like quantum dots (QD),*® single-
walled carbon nanotubes (SWCNTSs),” and rare-
earth element-doped nanoparticles.®*  Each
aforementioned material offers distinct benefits,
yet the ideal material would be characterized by
photostability, a significant Stokes shift, and a
high photoluminescence quantum yield (PL-QY)
within the NIR-II window. Additionally, the ideal
material should ensure biocompatibility, possess
advantageous colloidal properties, and be
amenable for surface functionalization. Such
attributes would greatly enhance the imaging
performance of existing bioimaging tools by
improving spatial resolution and penetration
depth, paving the way for functional and
molecular imaging. This, in turn, would expand
the applicability of optical bioimaging in disease
diagnostics, treatment evaluations, and image-
guided surgeries.’

A particular class of nanostructured pigments,
renowned for centuries but recently experiencing
aresurgence in interest, are two-dimensional (2D)
copper tetrasilicates (CTS) with the general
structure MCuSi4O19, where M denotes for the
alkaline earth metals Ca, Sr, or Ba.!%'> The most
renowned inosilicate among these is CaCuSisOo,
commonly referred to as Egyptian blue. Its
synthesis traces back to Ancient Egypt (circa
2500 BC), cementing its status as the earliest
known pigment crafted by humanity. Its structural
counterpart, BaCuSi;sOi9 (known as Han Blue),
emerged in ancient Chinese pottery during the
Han dynasties (circa 220 BC — 220 AD)."
Intriguingly, the vivid hues of these materials
have withstood the toll of time, retaining their
unique luminescent attributes, particularly a
potent fluorescence emission in the NIR-I at
about 910 nm.>!*!5 CTSs embodying a multitude
of the aforementioned desired characteristics,

emerge as promising candidates for bioimaging
and sensing applications.'® Yet their full potential,
particularly as NIR-II emissive agents, remains
relatively unexplored but holds immense
promise. These blue pigments can be synthesized
by various approaches,'® creating bulk material
with different levels of purities and crystal sizes.
Most commonly, salt-flux or solid-state synthesis
is used, based on e.g. the ancient process whereas
respective minerals are finely grinded and heated
to 900 °C over several hours, while sintering to
the desired crystal phase takes place at the grain
boundaries.”*  Additionally, methods like
hydrothermal synthesis can produce mesoporous
microspheres of narrow size distribution,
however  without the  possibility  for
straightforward compositional engineering and
being limited in production scale.!” Previous
studies have unveiled that the laminar
architecture of the CTSs can be exfoliated into 2D
nanosheets (NS) as thin as a single crystal
lattice.'®'>  Remarkably, these NS resist
photobleaching and exhibit a polarization-neutral
emission, setting them apart as an promising NIR
reference material for sensing applications.'®!
To obtain NS, multiple approaches are known,
combining breaking down the crystal structure
and exfoliating it via ball milling, sonication,
prolonged stirring in solvents or a combination
from all of them.'®?%2! However, in recent studies
it became apparent that intensified mechanical
stress due to exfoliating and milling these
materials down to the nanoscale substantially
degraded their fluorescence emission
properties.”>  These findings significantly
constrain potential applications and underscore
the necessity for a scalable and tunable synthesis
route that can produce highly fluorescent
nanomaterials for use as high-performance
bioimaging agents.

In this work, we report the synthesis of NIR-II
emissive CTS-NS, offering new possibilities for
bioimaging techniques. To enable the NIR-II
emission of CTSs, we demonstrate that bottom-
up NS synthesis can be accomplished by
annealing multi-doped nanoparticles, initially
created through flame-spray synthesis, into 2D
nanocrystals.  Stoichiometric ~ metal-organic
precursor solutions are injected into a CH4/O:
flame, where controlled combustion of the
organic solvent and subsequent nucleation of
metal oxides form nanoparticles with a
homogeneous elemental distribution. Annealing

these FSP-derived particles enables the controlled

https://doi.org/10.26434/chemrxiv-2024-q2r0f ORCID: https://orcid.org/0000-0003-1282-2901 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-q2r0f
https://orcid.org/0000-0003-1282-2901
https://creativecommons.org/licenses/by-nc-nd/4.0/

incorporation of group-II cations into the CTS
crystal  structure, yielding NIR-emissive
engineered materials that can be exfoliated into
2D-NS. These NS are then harnessed to assess
their potential for real-time, deep-tissue, super-
resolution bioimaging, enabling the mapping of
the transcranial cortical microcirculation in mice
using diffuse optical localization imaging (DOLI)
and tracking individual macrophages across
cerebral regions.

Results

Flame-spray pyrolysis-based synthesis of group-I1
cation-doped copper silicates

Historical synthesis approaches rely on the
mixing and sintering of mineral phases containing
elements, leading to phase defects at the grain
boundaries. To address this limitation, we employ
a highly robust and industrially viable method
known as flame-spray-pyrolysis (FSP) to obtain

organic precursors with the desired elemental
ratio are dissolved in organic solvents and
injected into a CH4/O, flame. Temperatures
within the flame can reach >3300 K whereas the
spray exhibits velocities of about 150 m/s,
causing the organic solvent to combust and
leading the metal atoms to nucleate and form
respective oxides. 2% The emerging
nanoparticles are then collected on an above-
mounted filter (Figure 1a). However, these FSP-
born silicate particles are initially amorphous and
about 30 nm in size, as observed via TEM
analysis (Figure 1bi), and exhibit a homogeneous
distribution of the precursor elements Cu, Si, O,
and M, where M = Ca, Sr, or Ba. Annealing the
nanoparticles at a specific temperature
(Figure 1bii) results in bulk CTS powder with the
desired 2D crystal structure, which can be further
exfoliated to the single/few atomic layer NS
regime (Figure 1biii).

metal-oxide particles.”* In this process, metal
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Figure 1: Flame-spray-pyrolysis of 2D copper tetrasilicates MCuSisO10. a) Schematic representation of the
synthesis process. Metal-organic precursor solution in toluene and 2-EHA is fed into a CH4/O, flame, whereas
emerging NP are collected on an above-mounted filter. This synthesis procedure allows compositional engineering
of the emerging nanosheets (NS). b) Electron microscopic visualization of the NS synthesis with a schematic
representation. i - TEM image of the ~30 nm large, spherical as-prepared FSP NPs with homogeneous elemental
distribution. ii — Annealing of the FSP particles leads to the formation of 2D materials with the desired crystal
lattice (SEM image). iii —2D material can be dispersed and exfoliated down to the nanosheet regime (TEM image).
¢) Visualization of the tetragonal phase (P4/n c c; #130) of MCuSisO10. Alkaline earth metals (M) link monolayers
of silica-tetrahedra with square planar coordinated copper ions. d) XRD patterns of NPs with the nominal chemical
composition of BaCuSisO1o, sintered at different temperatures. Picture of veils containing these NP in (e).
Annealing of as-prepared FPS particles at 1000 °C or 1100 °C for 10 min leads to the near pure formation of the
desired tetragonal crystal phase. f) XRD pattern of annealed NPs forming CaCuSi4O1 at 1000 °C. The colors of
each XRD profile visualize the appearance of the nano-powder. Likewise, FSP-synthesis can also be used to
produce SrCuSisOjo (Supplementary Figure S2).

https://doi.org/10.26434/chemrxiv-2024-q2r0f ORCID: https://orcid.org/0000-0003-1282-2901 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-q2r0f
https://orcid.org/0000-0003-1282-2901
https://creativecommons.org/licenses/by-nc-nd/4.0/

During this process, the crystal phase can be
precisely tuned through screening of different
annealing  temperatures, facilitated by
thermogravimetric analysis (TGA), until the
tetragonal P 4/n ¢ ¢ space group is observed via
X-ray diffraction (XRD) analysis (Figure 1¢). For
example, as seen in the Ba-containing CTS
variation (Figure 1d, ), the powder with primary
FSP particles changes color from green-cyan
(FSP material) to purple (800°C) to dark blue
(1000-1100°C), consistent with corresponding
XRD analysis identifying the formation of
tetragonal [4; /acd space group at 800°C,
followed by a miscellaneous phase at 900°C, and
finally the desired P 4/n ¢ ¢ phase at 1000-
1100°C. To obtain other MCuSisOjo variations,
only the exchange of the respective alkaline earth
metal solution during preparation of the FSP
precursor solution is needed. Annealing similar
nanoparticles with M =Ca results in the
formation of CaCuSi4O1 (Cuprorivaite, Egyptian
blue) at 1000°C (Figure 1f) within just a few
minutes (Supplementary Figure S1), while the
bulk material exhibits a light blue color. This
modular synthesis approach is therefore capable
of yielding all known CTS materials, including
SrCuSi4sOi19  (Strontium Blue), solely by
modifying the elemental composition and ratio
via the FSP process (Supplementary Figure S2).
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The surface area of the nanoparticles was found
to decrease during the annealing process from
about 95-120 g/m? of the FSP material to 3-
13 g/m* of the CTS phase, as measured by
Brunauer-Emmett-Teller (BET) analysis
(Supplementary Table T1). Rietveld refinement
confirms that NS variations are yielded with high
purity, containing >98% of the desired crystal
phase (Supplementary Figure S3). It should be
noted that attempts to directly synthesize copper
tetrasilicate material using the FSP process were
unsuccessful, even after encasing the flame
aperture with a glass mantle to increase
temperature and prolong circulation time above
the flame.

Synthesis of assorted bi-doped group-II cation
copper tetrasilicates

Further leveraging the modular and universal FSP
synthesis approach, we then synthesized mixed
alkaline earth metal CTS. By solely exchanging
the respective fraction of alkaline earth metal
precursor solution, an equimolar mixture of Ca
and Sr led to the synthesis of SrysCagsCuSisOi0
(Figure 2a, Supplementary Figure S4). The XRD
reflexes (Figure 2b) of the mixed phase lays in
between both single phases resulting in shifted P
4/n ¢ c lattice parameters of @ = 7.33 A and
c=1539A.
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Figure 2: FSP-based syntheses of mixed Ba-Sr and Sr-Ca copper tetrasilicates. a) XRD pattern of SrCuSisO1o
and CaCuSisOj¢ and its mixed form Sros5CagsCuSisO;19 with zoom in b) into the region between 25-31 °26
highlighting the shifted (202) reflex of the mixed material. ¢) XRD pattern of BaCuSisO1o and SrCuSisO1¢ and its
stoichiometrically exchanged form BagsSrosCuSisOi9 with zoom in d) into the region between 25-30 °26
highlighting the similarly shifted reflexes. e) PL emission spectra of FSP-synthesized mono-alkaline earth metal
CTS. f) PL emission spectra of SrosCagsCuSisO19. g) PL emission spectra of Bag sSro sCuSisO1o. h) 2D excitation-

emission PL map for Bag 5Sro sCuSisO1o.
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with
combination of Ba and Sr precursors lead to the
formation of BagsSrosCuSisOi9 as depicted in
Figure 2c. Again, the incorporation of smaller
ions (Sr) into the BaCuSisOjo crystal lattice
resulted in a shift of the XRD reflexes towards
greater 20 values (Figure 2d). The lattice
parameters of the Bag sSrosCuSisOio phase are of
a=7.39 A and c = 15.89 A. Rietveld refinement
furthermore confirmed the synthesis of high
purity doped NS material (Supplementary
Figure S5).  NIR-fluorescence  spectroscopic
characterization of the resulting material revealed
the characteristic emission profile of the CTS
with MCuSi40,0 with M = Ca, Ba, Sr (Figure 2¢).
Comparing their emission to the Sr-Ca intermixed
CTS material (Figure 2f), shows a slightly red-
shifted emission for the formed
Sr5CaosCuSisO19  with  Amax =957 nm. The
equimolar combination of Ba-Sr, however,
showed a significant bathochromic shift with
Amax =981 nm (Figure 2g), accompanied by a
general broadening of the NIR-emission of
Bay sSrosCuSis010, as seen in the 2D excitation-

Analogous  experiments equimolar

emission PL map in Figure 2h. The PL emission
maxima, as well as the UV-Vis-NIR absorbance
spectra (Supplementary Figure S6) of the known
CTS are in accordance with previous reports.'¢
The spectral red-shift of SrgsCagsCuSisOj is in
agreement with a recent report, identifying an
equimolar ratio of Srto Ca (1:1) as most optimal
ratio to achieve an enhanced bathochromic
emission shift.?® To our knowledge, ours is the
first report of the significantly bathochromic-
shifted emission properties of Bag sSro sCuSisO1.
The UV-Vis-NIR absorbance spectra of both bi-
doped group-II cation CTS showed a slight
broadening of the Bi,-E, transition, as well as a
minor hyperchromic shift in Ai,-Eg transition
(Supplementary Figure S7).

FSP-Synthesis gives access to meta-stable Ba-Ca
copper tetrasilicates

Given that the synthesis of SrgsCagsCuSisOi0 and
Bao sSrosCuSisOy is reported,’®3! albeit using
poorly scalable methods, we aimed to evaluate
whether the FSP synthesis approach could yield
alkaline earth metal combinations explicitly
described as “forbidden” or inaccessible through

established methods, such as the combination of
Ba and Ca cations within the CTS lattice.!**! We
hypothesized that the optimal elemental
distribution within the FSP-derived primary
particles could facilitate a homogeneous alkaline
earth metal distribution within the annealed CTS-
NS:s.

The combination of such mixed forms could be
tested straightforwardly by altering the Ba and Ca
precursor ratios, whereby the XRD pattern of the
resulting materials are presented in Figure 3a
given as the synthesis ratio of the alkaline earth
metals (Ms). Up to an Ms= Bag75Caoos and Ms=
Bay sCao.s a predominant, non-shifted BaCuSi4O1
phase was observed, with a minor reflex of a
shifted, Ba-Ca mixed CTS phase as highlighted in
Figure 3a and 3b. We correlate the formation of
such a BayCa;CuSisOjo-phase with a
significantly impacted PL emission, as samples
exhibited a bathochromic emission shift,
highlighted for Mg = BagsCaos in Figure 3c.
However, this shifted emission features, as
measure for a successful BayCa;.xCuSisO1o-phase
formation seemed to be annealing temperature
dependent. Ms= BaysCaos annealed at 900°C
exhibited an emission maximum of 984 nm with
an emission tail spanning far into the NIR-II
spectral window (Figure 3d, Supplementary
Figure S8), containing about 60% of a Ba-Ca
mixed CTS phase as evaluated by Rietveld
refinement (Supplementary Figure S9).
Annealing at 1000°C or 1100°C showed only a
slight emission shift compared to BaCuSisOo,
containing only about 31% of Ba,CaixCuSi4O1o
(Supplementary Figure S9). Most interestingly, a
synthesis ratio of Ms = BagsCaoss and Ms =
BagysCag7s resulted in the near exclusive
formation of a Ba-Ca mixed copper tetrasilicate
phase, possessing intermediate lattice parameters
(Figure 3e). Rietveld refinement revealed that M
= Bayg15Cagss annealed for 10 min at 1000°C
contains 87% of a Ba,Ca;xCuSisO1 phase with
lattice parameters of @ =7.31 A and ¢ = 15.18 A.
Ms = Bag5Cag 75 annealed for 10 min at 1000°C
contained 93% of a Ba,Ca;xCuSisO1o phase with
lattice parameters of @ = 7.32 A and ¢ = 15.38 A.
However, both samples surprisingly contained a
second inter-mixed Ba-Ca phase, representing
13% and respectively 7% of the material with
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significantly larger lattice parameters crystal lattice but strongly impacts the
(Supplementary Figure S11). Based on these fluorescence emission. The obtained Ba-Ca
lattice parameters, it is expected that the observed intermixed phase, however, seemed to be meta-
Ba-Ca mixed CTS phases vary in their Ba-Ca stable, as extended annealing times of 2-24h lead
ratios. However, the exact compositions couldnot ~ to an enhanced segregation into minorly doped
be determined through Rietveld refinement due to Ba- and Ca-phases (Supplementary Figure S13
significant overlap in the reflections of the two  and S10), accompanied by a decreased
different tetragonal P 4/n ¢ ¢ phases, particularly bathochromic shift (Figure 3g). To further verify
in the 25-32° 20 region. Analyzing the PL  the creation of a single BaiCa;.xCuSi4Ojo-phase
emissions of the materials revealed a strong on a nanoscale level, we performed scanning
bathochromic shift for Ms = Bag2sCag7s with an  transmission electron microscopy (STEM)
Amax =993 nm and a significant broadening  analysis of single Ms = Bag25Cag7sNS. The
towards the NIR-II (Figure 3f; Supplementary resulting HAADF image and corresponding
Figure S12). Ms= Bao.1sCaoss on the other hand, electron diffraction (ED) pattern are shown in
showed a drastic shift with Amax=963nm  Figure 3h, suggesting a highly crystalline
compared to CaCuSisO10  (Amax =936 nm) material with a typical ED pattern for materials of
indicating, that exchanging 15% of the alkaline  the P 4/n c ¢ space group.

carth metals with Ba only slightly alters the
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Figure 3: FSP-based syntheses enable intermixed Ba-Ca copper tetrasilicates. a) XRD pattern of BaCuSisO1o
and CaCuSi401 and their mixed forms, expressed as the synthesis ratio of the alkaline earth metals (Ms) with
zoom in b) visualizing the co-existence of the BaCuSisOjo-phase and a intermixed BayCa;xCuSi;O,o-phase until
Ms= BagsCaos. ¢) PL emission spectra of Ms= BagsCags annealed at different temperatures. d) 2D excitation-
emission PL map for Ms= BagsCags annealed at 900°C, as it contains about 60% BayCa;.xCuSisOi¢evaluated by
Rietveld refinement. ) XRD pattern of between BaCuSisOj9 and CaCuSi4O1o and their mixed forms, between
25-31° 20 highlighting the existence of shifted, single phases at Mg = Bag 5Cagss and Ms= Bag2sCao.7s. f) PL
emission spectra of CTSs, originated from various Ba-Ca synthesis ratios. g) Influence of annealing time on the
PL emission spectra of Ms = Bay, sCaps and Ms = Bag25Cao7s indicating the existence of a meta-stable
Ba,Ca;«CuSisO1o-phase, exhibiting a bathochromic shift in the emission maxima. h) STEM analysis of a single
Ms= Baj25Cao.7s NS shown as HAADF image and corresponding electron diffraction (ED) pattern. i) EDX-based
elemental mapping of Ba and Ca. j) Line-profile (50-pixel width) showing a homogeneous distribution of Ba and
Ca within the NS.
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Further EDX-based elemental mapping showed a
strong co-localization between Ba and Ca (Figure
3i; full elemental mapping in Supplementary
Figure S14) whereas a line profile horizontally to
the NS revealed a homogeneous distribution of
both alkaline earth metals within the NS (Figure
3j). Moreover, EDX analysis yielded the alkaline
carth metals ratio (Mepx) between Ba and Ca of
Mepy= Bag7sCap, overall, very close to the
FSP-based precursor ratio. To our knowledge,
this is the first time intermixed Ba-Ca copper
tetrasilicates were synthesized. Likely due to the
differences in atomic size with Ba = 2.24 A and
Ca = 1.97 A, the incorporation is unfavored and
allows no continuous mixing under all tested
synthesis ratios (Ms). As a consequence, in excess
Ba-conditions (Ms = Bao.75Cao2s) a predominant
BaCuSi401o phase will form with shifted emission
features, but no significant shift in XRD pattern,
whereas under excess Ca-conditions
(Ms= Bag»sCagp7s) nearly a single, intermixed
phase is observed with significantly shifted
emission properties and XRD reflexes. However,
as the PL of Ms= Bag.75Cao2s5 shows a red-shifted
emission maxima and a broadening towards the
NIR-II (see Supplementary Figure S12), but only
a marginal Ba,Ca;.«CuSi4Oio-phase according to
the XRD pattern, we attribute the shifted emission
to a slight doping of the main BaCuSisO;o phase,
without significantly altering the XRD reflex
positions. This implies that the photo-
luminescence behavior of the NS might be more
sensitive to doping with other alkaline earth
metals compared to the occurrence of an overall
shift in the crystal phase and XRD pattern, as
doping levels might differ to induce significant
changes in both analytical measurements. As a
consequence thereof, we introduce the
nomenclature of doped CTS composites in order
of heavier to lighter alkaline earth metals, in cases
where an altered crystal phase could be confirmed
by XRD. Other synthesis ratios (Ms) that resulted
in insignificant shifts in XRD but caused
significant modulation of the PL emission
properties, compared to the native phase, are
referred to as M-doped CTS. Previous studies
already indicated that e.g. minor doping of
CaCuSi4010 could induce a shift in emission
spectra, however without significant altering of

lattice parameters.*> This leads us to the
conclusion that at higher Ba-Ca ratios, a Ca-
doped BaCuSisOo phase is generated, whereas
equimolar rations of Ba-Ca leads to the co-
existence of a likely Ca-doped BaCuSi4O;o phase
and a mixed BayCa;xCuSisO¢ phase. Finally,
under excess Ca to Ba conditions, a near
exclusive intermixed BaxCa;xCuSisOjo phase is
detected. In contrast to the mixed phases of
SI’o_sCaojCUSMOlo and Bao,ssl'o,scuSMOlo, the Ba-
Ca phases such as Bag 25Cag.75CuSisO,o was found
to be meta-stable, as prolonged annealing times
would lead to the segregation of the mixed
phases. This implies that the intermixed Ba-Ca
sample could not reach its equilibrium, shining
light on the synthesis process of the doped CTS-
NS. As starting from homogenously distributed
elements within the FSP-derived particles, the
thermal-induced rearrangement to the 2D crystal
lattice seems to occur faster than the segregation
into stable, mono-alkaline earth metal CTS.

Multielement doping of copper tetrasilicates tailors
the PL emission

Building up on the successful combination of Ba-
Ca, we investigated the multi-element-doping of
NS and the synthesis with equimolar ratios of Ba,
Sr and Ca precursors, which showed again
homogeneous distribution within the FSP-
particles (Supplementary Figure S15). Annealing
at  1000°C suggests the formation of
Ba33S10.33Ca0.33CuSi14010. The corresponding
XRD pattern depicted in Figures 4a and 4b
reveals a slight shift in the peak positions of the
doped tetragonal P4/n ¢ c¢ phase, along with
substantial peak broadening. Notably, Rietveld
refinement alone could not quantify the
composition of the multielement-doped material,
as all three cations occupy the same position.
Similar agreement values would be obtained even
when the refinement was performed with only Ba
and Sr sharing this position. The fluorescence
emission of the resulting nanomaterial shows a
broadened, bathochromic shift, compared to
Bay.5Sr0.5CuSi4010 (Figure 4c), with
Amax = 1007 nm and Full Width at Half Maximum
(FWHM) of 197 nm. This broad emission spans
far into the NIR-II spectral window, as seen in the
2D excitation-emission PL map in Figure 4d. The
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Bay 33S10.33Ca0.33CuSi4010 material was found not
to undergo significant changes with prolonged
annealing times (Supplementary Figure S16),
indicating a stable formation of multi-element
doped NS. Complementary STEM analysis on a
single Bao_33SI'o,33Cao,33CuSi4010 NS
performed to access the structure and elemental
distribution with nanoscale resolution. Figure 4e
shows the HAADF image and corresponding
electron diffraction pattern of the NS,
accentuating the highly crystalline nature of the
doped material with a typical ED pattern for the
respective CTS material class. EDX-based
elemental mapping indicates a strong co-
localization between Ba, Sr and Ca (Figure 4f),
whereas the corresponding line scan in Figure 4g
indicates a near homogeneous distribution of the
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three alkaline earth metals. However, analysis of
multiple Bag 33Sr0.33Ca033CuSi4sO10 NSs indicated
a general trend of homogeneous distribution of Sr
within the NS Ilattice, whereas the local
concentration of Ba and Ca reciprocally could
slightly vary, however without segregating into
separate phases (Supplementary Figure S17).
Bag33Sro33Cao33CuSisO10 annealed for 24h at
1000°C exhibited a minor Ca-containing phase,
resulting in a slight underrepresentation of Ca in
the overall EDX analysis of the doped NS. The
alkaline earth metals ratio quantified by EDX was
Mepx = Bag36Sr039Cag2s, closely matching the
FSP-based precursor ratio. To complete our
efforts to dope the copper tetrasilicates with
group-II cations, we aimed for the introduction of
Mg into the NS crystal lattice.
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Figure 4: Multielement doping of copper tetrasilicates. a) XRD pattern of BaCuSisOo compared to the multi-
element doped version Bag33Sro.33Ca0.33CuSi4010 with zoom in b) into the region between 25-30° 20 visualizing
the shifted and broadened reflexes. ¢) PL emission spectra of Bag33Sro33Cag33CuSisO19 shows a significant
bathochromic  shift compared to BagsSrosCuSisOrp. d) 2D  excitation-emission PL map of
Bag 33Sr0.33Ca0.33CuSi4019. €) STEM analysis of a single Bag33Sr033Ca0.33CuSis010 NS shown as HAADF image
and corresponding electron diffraction (ED) pattern. f) EDX-based elemental mapping of Ba, Sr and Ca. g) Line-
profile (50-pixel width) showing a near homogeneous distribution of Ba, Sr and Ca within the NS. h) PL emission
spectra of Mg-doped-SrCuSi4O19, showing a blue-shifted emission compared to the non-Mg-doped material.
i) Fluorescence lifetimes of CTSs presented in (k) showing increased lifetime values for Mg-doped- SrCuSisOio
(mean = SD). j) PL emission spectra of the Mg-doped-BaCuSi4O, resulting from Ms= BagsMgo s showing a blue-
shifted emission maxima compared to bare BaCuSi4O10. k) Fluorescence lifetime modulation through annealing
temperature variation indicating enhanced lifetimes for Mg-doped-BaCuSi4O,o (mean + SD).
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Again, solely by exchanging equimolar ratios of
the respective alkaline earth metal from the FSP
precursors solution, amorphous FSP-NPs were
generated that obtain a homogeneous distribution
of all admixed elements (Supplementary Figure
S18). Annealing of Mg= SrosMgos particles
formed CTS material, processing a light blue
color, however, further XRD analysis could not
identify significant shifts of the P4/n ¢ ¢ phase
towards larger reflex positions, as they would be
expected for incorporation of smaller Mg atoms
(1.6 A) into the crystal lattice (Supplementary
Figure S19).

In contrast, fluorescence spectroscopic analysis
revealed 12 nm blue-shifted emission maxima for
Ms = SrosMgos with Amax = 935 nm, compared to
the non-doped emission of SrCuSisOi
(Amax = 947 nm). Simultaneously, the obtained
NS material exhibited increased fluorescence
lifetime, reaching a maximum when annealed at
1100°C for 10 min of =110 pus (Figure 41) and
of T=153 us, when annealed for 3h. Similar
trends were observed for Ms= BaosMgos NS,
possessing 10 nm blue-shifted emission maxima
of Amax =958 nm compared to BaCuSisOio
(Figure 4j). The fluorescence lifetime of the
obtained NS increased to t=114 us, when
annealed at 1100°C for 10min (Figure 4k) and to
t=128 us after annealing at 1000°C for 24h
(Supplementary Figure S19). Complementary
STEM analysis showed a strong segregation of
the Mg-containing phases, however with traces of
Mg (<0.5% atomic fraction) within the non-
segregated CTSs. These findings led us to the
conclusion, that the incorporation of Mg into the
crystal phase is highly unfavored and happens
only in minor quantities, which does not
significantly impact the overall lattice parameters
as evaluated by Rietveld refinement
(Supplementary Figure S20 and S21). However,
we attribute the altered photoluminescence
properties of the materials, such as blue-shifted
emission and increased lifetimes, to an overall
slight Mg-doping of the copper tetrasilicates
based on EDX. Further particles were synthesized
with Ms= CagoMgo.1, Ms= Sro33Ca033:Mgo33,
Ms= Bag33Sr033Mgo 33 and
Ms=Bag25510.25Ca0.2sMgo.2s. The  annealed
materials did not show major shifts for the XRD

analysis, only for Ms= Bag33Sro33:Mgos3 and
Ms= Bag25S1025Ca02sMgo2s the P4/n ¢ ¢ lattice
parameter ¢ was found slightly shifted towards
smaller values (Supplementary Figure S22). All
annealed materials, however, obtained a minorly
blue-shifted emission maxima, compared to the
non-Mg-doped counterpart, whereas for Ms=
Sro33Cao33Mgoss  also  significantly  larger
fluorescence lifetimes were detected
(Supplementary Figure S23). STEM analysis
found again strong segregation of the Mg-
containing phases, as well as a traces of Mg

(<0.5% atomic fraction) within the non-
segregated copper tetrasilicates NSs
(Supplementary ~ Figure S24-S26). For

Ms= CagoMgy 1, different trends during annealing
were observed, reaching its maxima during
10 min-sintering at 1100°C (Supplementary
Figure S27). Overall, we attribute the shifted
fluorescence properties of the described materials
to slight Mg-introduction, yielding Mg-doped-
CaCuSisO19p Mg-doped-Bag sSrosCuSisO10, Mg-
doped-Sro.sCagsCuSisOio and Mg-doped-
Bag33S1033Ca033CuSisO10. However, as the
emission maxima is known to depend on the exact
group-II cation ratio,?® the introduction and
segregation of Mg could possibly change this
aspects in multiclement doping of CTSs. Since
similar trends of fluorescence modulation were
found in Mg-doped-SrCuSisO19 and Mg-doped-
BaCuSi4010, we attribute the observed changes to
an overall minor Mg-doping, rather than a
modulated alkaline earth metal ratio.

Engineering of copper tetrasilicates shifts emission
to NIR-II window

After synthesizing this full set of NS
combinations, including novel mixed phases of
Ba-Ca and Ba-Sr-Ca CTS, their potential for
biomedical imaging was assessed. An optimal
bioimaging probe would meet two major
requirements: a red-shifted fluorescence emission
in the NIR-II spectral window as imaging
modalities improve due to decreased scattering
and tissue absorption'? and a bright emittance,
characterized by a high PL-QY. Besides the
previously mentioned bathochromic shift in
emission maxima of the multielement-doped NS,
a general broadening of the emission including a
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tail reaching far into the NIR-II was detected
(Figure 5a). To quantify the proportion of NIR
emission, we subdivided the spectra into two
parts, whereas the NIR-I included the emission up
to 1000 nm and the NIR-II does include all
emission above. As seen from Figure 5b, about
25% of the emission of SrCuSi4O;¢ spans within
the NIR-II, whereas for BaCuSi4O it is 37%. For
Bay sSr9 sCuSisO19 already the majority (58%) of
the emitted photons are detected within the NIR-
II, whereas a maximum was observed for
Bao33Sr033Cag33CuSi4O19  with 67% and
Bag25Cag 75CuSis01 with 68%. Those observed
emission properties translate into altered energy

levels for the Cu** ion, located in the tetragonally
distorted crystal field environment, shown as
simplified energy diagram in Figure Sc. For all
CTSs with the common structure of MCuSisOj,
the Cu?' is in square-planar coordination with
four oxygen atoms forming a near perfect Dan
symmetry due to the Jahn—Teller effect and lattice
constraints, whereas in an octahedral ligand field
(On symmetry), the *D ground state of free Cu®*
ions split into T2, and E, levels.”> This Duy
configuration further splits the Tz and Eg levels
into Eg, Bag, Alg, and By,

a NIRd S b O NR-1 3 NR-1II G Conduction Band i) MCuSi,O19 i) My My (My)CuSisOr iii) M CuSis01o
109 BaCuSi;Or Ba 5357033C20,33CUSiO010 20
Ba 557 5CuSisOr0 BaysSsCfiOn | e
3 S Ea o
o Bao.53510.33C30.33CuS1010 [ BaCuSi 0, S @
> 05 Z 10 — Ea
205 - o 5
3 Sry5Cag sCUSIg01o 3 8 =
2 5} S e
5 SrCuSi,0, I 5 >
s =[S
CaCuSi 04 0 Es
0.0 T — T 1 Free O, Dy, Spin-orbit Free Oy D, Spin-orbit
800 1000 1200 1400 0.0 05 1.0 Valence Band ion coupling ion coupling
Wavelength [nm] NIR emission
d e 24h@1000°C f o CaCuSisOq9 g Bay 33570 53Ca,3,CUSI;00 == 10min@1000°C
10000 8 8 - Reference 367 CaCusi010 R 25 @ BaCusi,Orn == = 20min@1000°C
% B _ Cacusiion " o 2 & SICuSi;Oy Sr0.5Ca0sCuSisO10 =3 2h@1000°C
2 o <32 2 % - & —
,, 1000 2 IS o %a g s ——m = 24h@1000°C
€ > °
s % 30 o /s o %0 5 o} ErCusiOn = 2h@1100°C
il o L 10 3 e}
o 2 28 3 & .
o [—
26 ° 5 N CaCusi,0;,
o —————
24 0 B S g ——
e T T T ]
600 800 1000 450 525 600 675 750 700 800 900 1000 1100 0 10 20 30 40
Wavelength [nm] Excitation [nm] Annealing T [°C] PL-QY [%]
W CaCuSi;0;y ¥ BaCuSi;0;0 © BagsSrosCuSi;Os O Bag3Sro3:Ca03;CuSi,Osg i j
®SICuSi;O;, ¢ SrgsCaysCuSi;Oro % Bag25Ca7sCuSi;Or0 @ B 15Ca0esCuSiOr0 v BaCuSiOrp +  Sio5CapsCuSisOro
’ 40
. - e 40 o SCuSiOp O BagsSrosCuSiiOrp
=z =z s
o 745 v © v 30 " m  CaCuSi;O O BapaSroaCaxCuSisOo 30
k) 8 160 = IS
% 40 o4 ° % o ° s - © BagisCapssCuSi;Oy,  * Ba025Cap7sCuSiO1o 52 @x
5 7.35 H . g x 8 o 3 e
2 . S 155 = X Ms=SrosMgos ®  Ms=Bag53Si0.33Mdos3 o o
g, wo” 8 ** T ve 10 s
'j“ 30 E .o 30  © Ms=Sr3CaomMdoss o  Ms=Bag2sSro25Ca02sMdo 25 ° Mg-doping
7.25 15.0 0 ©  Ms=CaggMgo 1 A Ms=BagsMgos 0
| D B —
19 20 21 22 23 19 20 21 22 23 925 950 975 1000 0 50 100 150 200
lonic radius [A] lonic radius [A] Wavelength [nm] 7 [us]

Figure 5: Photoluminescence engineering of copper tetrasilicates enables emission shift to NIR-II window.
a) NIR emission spectrum of BaCuSisOj¢ and its mixed forms showing a significant impact of (multi)element
doping towards shifting the emission into the NIR-II window (>1000 nm). b) Evaluation of the NIR emission
spectra as integrated for NIR-I (simplified as <1000 nm) and for NIR-II (>1000 nm). c) Simplified energy diagram
of Cu?" ion within a tetragonally distorted crystal field, for i) non-doped, single M-containing NS and
ii) multielement doped NS, highlighting the shifted E, energy levels (iii). d) Absolute photoluminescence quantum
yield (PL-QY) spectra of CaCuSisO1¢. Integrated photon counts within the gray box, excitation at 630 nm. e) PL-
QY dependency on the excitation wavelengths (red line = Gaussian fit; PL-QY = 32%). f) PL-QY engineering
through variation of annealing temperature of resynthesized copper tetrasilicates. g) PL-QY engineering through
optimizing annealing time, showing a general trend of increasing PL-QY with prolonged annealing (mean + SD).
h) Correlation between the lattice parameter a and ¢, obtained from Rietveld refinement, and the calculated ionic
radius of the (mixed) alkaline earth metal copper silicates. i) Correlation of the optimized PL-QY to the emission
wavelengths of all synthesized 2D copper tetrasilicates variations (for comparison with reference values see
Supplementary Figure S29, red line = second order polynomial fit). j) Correlation between the PL-QY and
fluorescence lifetime of all obtained materials (red line = second order polynomial fit of non-Mg containing NS).
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Additionally, strong spin-orbit coupling causes
these energy levels to split further into five
distinct levels: Eo, Ec, Eb, Ea, and Es. As for the
doped CTS structures, including the mixed forms
between Sr-Ca, Ba-Sr, Ba-Ca and Ba-Sr-Ca a
significant bathochromic shift in emission was
detected, the E. energy level needs to be
downshifted for multi-doped CTSs (Figure 5cii).
This could be caused by a more ordered CuQO4
tetrahedron, due to impacting the Cu-O bond
lengths by replacing the alkaline earth metals
within the 2D CTS structure.?® As a consequence,
the crystal field splitting of the On symmetry
would be weakened, downshifting the T, level
and upshifting the E, level (Figure 5cii).**** This
would further influence the second splitting of the
spin-orbit coupling, overall downshifting the E,
energy levels. Similarly, the E, energy levels
should increase due to Mg-doping, as seen for the
blue-shifted emission of Mg-doped-SrCuSisO1o
and Mg-doped-BaCuSisO1 (Figure 5Sciii). In the
next step, absolute quantum yield spectroscopy
was employed to assess the performance and
impact of multi-element doping on the emittance
of the different CTSs. Figure 5d shows the PL-
QY spectrum of CaCuSi4O1o whereas the area for
absorbed and emitted photons are highlighted in
gray. This direct and absolute method
furthermore allows to evaluate the dependency of
the PL-QY on the excitation wavelengths (Figure
5e), showing maximum emission when excited at
615-630 nm with a mean PL-QY of 32%. This is
in agreement with the maximum of the respective
UV-Vis-NIR absorption spectra (Supplementary
Figure S28). Using this technique furthermore
allows for the photoluminescence engineering of
the NS, as optimization of annealing conditions
seemed to impact the nanomaterial’s emittance
significantly. As shown in Figure 5f, different
annealing temperatures modulated the PL-QY of
the copper tetrasilicates in a different manner.
Emission increases when annealing of the FSP-
particles leads to the desired P4/nc c¢ crystal
phase and decreases, like in case of CaCuSisOo
if excessive heating led to the degradation of
such. However, in case of SrCuSisO;o the PL-QY
was found highest, when sintered at 1100°C even
if structural parameters stayed the similar to the
material sintered at 1000°C. In addition to it, also

the annealing time was found to drastically
impact the PL-QY of some of the synthesized
materials, such as seen for CaCuSisOjp or
Sro5CaosCuSisO1o (Figure 5g), where prolonged
annealing improves the emission. For other
chemical modification of the NS structures, such
as  Bag33Sr033Ca033CuSisO190 no  significant
enhancement could be found (Supplementary
Figure S28). PL-QY of 2h annealed samples were
found to be 16% for Bag.15Cao.35CuSisO10 and 7%
for Bao25Cag.75CuSi4O1¢. This translates to a 50%
increased emission of Bag.15CaossCuSisOio
compared to undoped BaCuSisOj, while
exhibiting similar fluorescence emission features.

Finally, the structural and optical
properties were analyzed across the different
phases. Based on the Rietveld refinement of the
XRD analysis, the lattice parameters a and ¢ were
plotted against the calculated ionic radii of the
alkaline earth metal combinations (Figure 5h).
For the newly synthesized Ba-Ca and Ba-Sr-Ca
CTS combinations, a minor distortion of the
crystal lattice becomes visible, as lattice
parameter ¢ is slightly shifted towards larger
values. When comparing the optimized PL-QY
and the emission wavelengths of each respective
CTS, a contrasting trend becomes visible (Figure
5i). The PL-QY decreases with bathochromic
shifted emission maxima, following an overall
trend of a second order polynomial fit. When
comparing the CTS’s photoluminescence
parameters with previous reports, it becomes
evident that the FSP-synthesized CTS possesses
on average significantly higher quantum yields
(Supplementary Figure S29). Matching the PL-
QY and fluorescence lifetime values resulted in
two distinctive groups (Figure 5j). The majority
of mixed CTS follow a trend, resembled by a
second order polynomial fit (R>= 0.92) showing
a simultaneous increase of both parameters.
However, a second group with larger
fluorescence lifetimes were observed, associated
with Mg-doping of the respective CTS structures.

Brilliant  nanosheets for  super-resolution
microcirculation mapping of the murine brain

After obtaining highly fluorescent CTS-NS with
engineered emission wavelengths, we evaluated
their performance as optical contrast agents for
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macroscopic ~ brain  vasculature = imaging.
Widefield imaging of the murine brain was
performed following intravenous (i.v.) injection
of NS, ensuring a homogeneous distribution of
NS in the brain vasculature within seconds. An
808 nm laser was used to excite the NS’s By,
energy transition located in the NIR-I window,
while a short-wave infrared (SWIR) camera
enabled large-scale detection of fluorescence
emission across the entire cortex from ~20 cm
distance above the mouse through the intact skull
(Figure 6a). The dispersion of NS in water was
found to be highly efficient for the FSP-derived
CTS material, in contrast to the commercial
counterpart, while maintaining a high
fluorescence  (Supplementary  Figure S30).
However, to enable in vivo colloidal stability of
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the NS after i.v. injection, the surface of the
particles was functionalized, as bare NS tended to

aggregate in blood. We employed two
straightforward strategies to coat the NS:
modification with dimercaptosuccinic acid

(DMSA) and PEGylation. Both approaches
altered the surface charge to more negative values
as seen by Zeta-potential measurements, while
keeping the size distribution unchanged
(Supplementary Figure S30c). An additional
feature making these NS promising candidates for
imaging applications is their significantly
superior photostability compared to organic dyes.
The synthesized NS, including the multielement
doped ones, demonstrated resistance to
photobleaching (Figure 6b).
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Figure 6: Engineered nanosheets for super-resolution mapping of the murine brain. a) Schematic of the

diffuse optical localization imaging (DOLI) system used for cerebrovascular imaging in the NIR window. A SWIR
camera was used to collect the fluorescence emission of a dispersion of stabilized NS injected intravenously (i.v.)
under 808 nm excitation (850 mW/cm?). b) Photostability of NSs compared to a common organic dye
(Rhodamine B). c¢) High-frame-rate imaging of CaCuSisO10 NS placed inside a vessel-mimicking Teflon tube
(280 um inner diameter). Light scattering of brain tissues was mimicked with a 1.2% intralipid (IL) phantom

(scale bar = 500 um). d) Time-lapse wideficld images post DMSA-stabilized NS injection (scale bar = 500 pm).
e) Veins and arteries could be differentiated based on principal component analysis (PCA) (scale bar = 500 pm).

) Schematic overview (i) of the working principle of DOLI rendering the structural (ii), blood flow direction (iii)
and velocity (iv) maps of cerebral vasculature from continuous localization and tracking of circulating PEGylated

NSs (scale bar = 1 mm).
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High-frame-rate imaging of various NS perfused
through a vasculature-mimicking microtubing
served to determine the most optimal NS
candidate. CaCuSisO19 NS were found to exhibit
a particularly prominent performance due to their
brightest emission, allowing visualization with
over 200 fps (Figure 6¢) under light exposure
conditions suitable for in vivo imaging. Blurring
of the acquired fluorescence images was observed
when an intralipid (IL) phantom simulating light
scattering in brain tissues was placed above the
microtubing, as evidenced by an enlarged point
spread function (Figure 6c¢, right). More
interestingly, i.v. injection of the NS in mice
revealed that the surface modification can
strongly impact their performance as contrast
agents. Two phases were distinguished following
1.v. injection of DMSA-stabilized NS. The bolus
of particles first appeared to uniformly distribute
across the vasculature in the collected images in a
similar manner as a conventional fluorescent dye
(Figure 6d). High-frame-rate imaging (69 fps) in
this phase enabled differentiation of the vascular
tree into veins and arteries, based on their
different perfusion patterns (Figure 6e). This
initial NS bolus was followed by dilution of the
NS in blood, which resulted in dots
distinguishable in the images corresponding to
individual or small clusters of NS circulating in
the bloodstream. This sparse distribution of
circulating particles enabled their individual
localization and tracking using the recently
reported diffuse optical localization imaging
(DOLI) method. By continuously tracking the
trajectory of numerous particles, a super-
resolution and background-free vascular image
could be reconstructed (Figure 6fi). However, the
DMSA functionalized NSs were found to
circulate for less than a minute before getting
cleared from the bloodstream, resulting in a
fragmentary DOLI image (Supplementary Figure
S31 On the contrary, PEGylated NS exhibited an
extended circulation time, allowing to localize
circulating particles even 10 min post injection.
The reconstructed DOLI images (Figure 6f) then
revealed cortex-wide brain vasculature networks
in great detail (fii)). Beyond
information, blood flow direction (fiii) and
velocity (fiv) maps could be reconstructed,

structural

allowing the NS to function as fluorescence-
based velocity sensors in the NIR-II.

Nanosheet-labeled macrophages enable large-scale
single-cell tracking

Inspired by the bright emission of trackable NS,
we aimed to use them as a NIR-fluorescent label
for immune cells, potentially enabling single-cell
tracking within the macroscopic imaging system.
However, for effective macrophage loading, the
NS needed to be applied at the highest possible
concentrations, which were determined within a
cell viability assay, combined with a marker
identifying cell membrane damage. As shown in

Figure 7a, we compared undoped and
multielement doped NS with bare SiO,,
identifying the CTS as generally more

compatible. CaCuSisO;p NS were found to
exhibit minimal effects on cell viability up to a
concentration of 100ug/mL, whereas for
Bao 33S10.33Ca0.33CuSi4sO1o only half of the cells
survived at the same concentration. Cell
membrane damage followed a complementary
trend, showing increased lactate-dehydrogenase
(LDH) release with decreasing cell survival.
Moreover, PEGylating the NS surface further
improved cytocompatibility, compared to the
non-functionalized NS (Supplementary Figure
S32), making them a suitable candidate to boost
the overall uptake. Extensive washing was
applied, to remove NS not uptaken by the cells
from the culture, while loaded macrophages were
detached from the culture well surface and fixed
as single-cell suspension, functioning as a carrier
for the luminescent cargo. Figure 7b shows a
(fluorescence) image of a single macrophage on a
microscopic scale, that appears to internalize the
NS likely via phagocytosis. When performing
high-frame-rate imaging tests in the previously
mentioned capillary system, single fluorescent
spots were clearly visible, getting blurred
underneath an intralipid tissue phantom
(Supplementary Figure S33b). These cells were
then re-injected into the mouse model for brain
vasculature imaging. A snapshot of a moving cell
is presented in Supplementary Figure S33c,
demonstrating that the detected fluorescence
signal was strong enough to enable tracking
across multiple frames. This allowed us to capture
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the trajectories of several cells, which remained
visible at the cerebral scale for 5 - 40 frames,
corresponding to less than one second at a frame
rate of 69 fps. When these trajectories are plotted
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and overlaid onto the high-resolution vascular
image, it becomes
movement closely follows
vascular tree (Figure 7c¢).

clear that macrophage
sections of the

Figure 7: Individual macrophage tracking in vivo. a) Macrophage cell toxicity test for various NS comparted
to SiO; (Aerosil 90; mean + SD). b) Schematic representation of NSs uptaken by human macrophages, with
respective bright field (BF) and NIR-fluorescence images of a single NS-labeled cell. ¢) Overlay of all tracked
macrophages (N = 15) resemble parts of the vasculature tree (DOLI image from Supplementary Figure S31; scale

bar =1 mm).

Discussion

The development of new high-performance NIR-
II contrast agents is set to significantly advance
the diagnostic and therapeutic potential of non-
invasive optical imaging and paves the way for
molecular imaging. In this context, the introduced
FSP-synthesis route offers a promising approach
to compositionally engineer CTSs, creating
suited for
bioimaging and biosensing. This modular FSP
approach presents several
previous synthesis methods, particularly in
eliminating unwanted elements introduced during
the synthesis process. By enabling the residual-
free combustion of metal-organic precursors, this
technique produces high-purity CTSs. In contrast,
traditional methods such as the melt-flux
technique rely on inorganic salts and flux agents

highly fluorescent nanomaterials

advantages over

like soda or plant ash to lower the melting point
of silica, often leaving contaminants within the
material. These contaminants can result in the
formation of unwanted crystal phases, including a
glassy background, which introduces defects at
grain boundaries and diminishes the fluorescence
properties of the nanomaterial.>* Moreover, the
FSP process can be scaled up to an industrial
level, enabling the production of nanoparticles at
rates ranging from hundreds of grams per hour to
several kilograms per hour.*> The FSP-derived

material itself enables precise study of
temperature-dependent crystal phase transitions
and their kinetics. For example, previous reports
describe the formation of cuprorivaite powders
taking several hours at 1000°C, annealing the
primary FSP material yields CTSs within
minutes. This suggests that with a homogeneous
elemental distribution, the rearrangement into a
2D crystal lattice occurs approximately two
orders of magnitude faster than previously
documented.'? This rapid process forms the basis
for effective chemical doping strategies, as it
significantly reduces the need for prolonged
sintering times, thereby minimizing unwanted
phase segregations. Future approaches could
further refine this technique, potentially allowing
for the bottom-up synthesis of low-dimensional
NSs through uniform annealing within a
circulating gas stream, avoiding excessive
sintering of material clusters. Most interestingly
on the way to NIR-emission engineered contrast
agents, the FSP-synthesis allowed for the first
time multi-alkaline earth metal doped CTSs.
Uniting Ba and Ca, and Ba, Sr and Ca within the
lattice structure was observed to shift PL emission
into the NIR-II spectral window. Such shift could
be attributed to modulation a of the square-planar
coordinated Cu?" in the distorted crystal field, as
expansion of the Cu—O bond length and more
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ordering of the CuQOs tetrahedron could occur,
resulting in a lowered transition energy of the
doped-NS.2¢ studies found, that
exchange of cations seems to induce a change in
the crystal field environment around Cu?* ions,
impacting the emission wavelength, however
only comparing updoped MCuSisO10.%¢ As
strongest bathochromic PL shifts were detected in
meta-stable NS that unite Ca and Ba in the crystal
lattice, we hypnotize, that the substantial change
in Ca-O and Ba-O bond lengths (~0.4 A)*!, could
partly explain the weakening of the crystal field
and hence the dramatic shift in fluorescence

Previous

emission. Moreover, slight doping of the crystal
lattice with Mg was achieved. While this doping
does not significantly alter the overall lattice
parameters, it does induce a noticeable shift in
photoluminescence emission towards higher
energies and an accompanying increase in
fluorescence lifetime. This hypsochromic shift in
emission aligns with the modulation of Mg-O
bond lengths, as the shorter Mg-O bonds could
strengthen the crystal field, thereby increasing the
transition energy in the Mg-doped CTSs.
Building on these findings, we have developed a
new series of optically active materials, which
hold potential for use as multi-color NIR-
fluorescent lifetime labels in future applications.
We overall present a comprehensive set of CTS
structures, enabling robust comparison of their
optical properties. This foundational work
expands the range of available NIR-emission
tailored materials, as the FSP synthesis approach
opens avenues for studying additional multi-
element systems. This includes the substitution of
ions like Zn or La, and the development of
functional hybrid structures.’” Streamlining the
FSP process into an automated, Al-driven,
continuous synthesis platform could facilitate
rapid and effective screening of engineered
nanostructures in the future, extending
applications beyond merely improving emission
properties.’®3° By accessing highly fluorescent
nanostructures and applying biocompatible
surface modifications, the engineered NS were
successfully employed as in vivo contrast agents
in an animal model. To the best of our knowledge,
this represents the first reported in vivo
bioimaging application for the entire class of CTS

materials. This achievement demonstrates the
potential applications beyond insect systems, '
showing that small, highly luminescent particles
can be obtained without the need for elaborate
mechanical degradation of bulk CTS material,
known to significantly degrade PL emission and
obstruct bioimaging applications.”> Previously,
NIR-emitting QDs containing heavy metals have
been used to reconstruct blood flow velocity,* and
similarly, for DOLI-based super-resolution image
reconstruction.** CTS-NS could provide a heavy
metal-free alternative, with the added capability
of imaging fine skull vessels. Advancements in
the optical detection setup could even enable
depth-resolved 3D localization and imaging.*! By
targeted functionalization of the NS surface with
cell receptor binding units or antibodies, highly
specific molecular imaging could be achieved,
advancing from in vitro systems to in vivo cancer
models.**  The  bright emission  and
biocompatibility of the synthesized NS were
further demonstrated through their uptake by
macrophages and subsequent in vivo tracking. To
the best of our knowledge, this represents the first
instance that single immune cells have been
imaged in vivo, in real-time, on a cortex-wide
scale. This lays the foundation for functional and
molecular imaging with the proposed approach,
including the labeling of other immune cells like
T-cells to track their interactions with malignant
tumors or to explore their roles within the tumor
microenvironment. Beyond their potential
application in biomedical imaging, these
engineered CTS could be utilized in light-
emitting  devices, such as those for
telecommunication platforms, as security inks, or
luminescent solar concentrators. In conclusion,
this work employs the tunable synthesis approach
of flame-spray-pyrolysis to develop highly
fluorescent, emission-engineered NSs, well-
suited for next-generation in vivo bioimaging.
The successful transcranial mapping of cortical
microcirculation in mice and the tracking of
immune cells across the cerebral region further
highlights the promise of FSP-synthesized 2D-
CTS as powerful NIR-II emissive agents for
advanced bioimaging and beyond.
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Material and Methods

Chemicals

All materials, if not stated otherwise, were
purchased from Sigma—Aldrich or VWR
Chemicals.

Flame-Spray-Pyrolysis

Organic precursor solutions were prepared to
match the elemental composition of the desired
copper tetrasilicate, hence a ratio of M:Cu:Si was
set at 1:1:4 with M = Ca, Sr, Ba or Mg. Metal-
Acetate precursors were dissolved in 2-
ethylhexanoic acid (2-EHA) for 2h at 130 °C
while constant stirring under reflux. Borchers®
Deca Copper 8 was used as Cu precursor and
Hexamethyldisilane as Si precursor. Conditions
for a typical batch are given in the Supplementary
Table 2. Metal-organic precursor solution in 2-
EHA:THF (1:1) was injected through a needle
into CH4/O, flame (5 mL/min liquid-feed
precursor stream; 5 L/min O,; 3 L/min CH4) and
resulting nanoparticles were collected with a fine
glass fiber filter located 70 cm above the flame
and sieved through a 200 um mesh. Annealing of
the nanomaterial was performed between
700 - 1100°C for 10 min, using a TGA
(METTLER TOLEDO TGA/DSC 3+; 25 k/min
ramp; 40 ml/min air flow) or at ambient
atmosphere for 2 —24h at 900 -1100 °C (Sintering
furnace Type 4800, Thermolyne).

Photoluminescence Spectroscopy

NIR fluorescence emission spectra were recorded
with a Shamrock 193i spectrometer equipped
with an InGaAs detector (Andor Technology
Ltd., Belfast, Northern Ireland) using a 561 nm
Cobolt Jive laser (Cobolt AB, Solna, Sweden) as
excitation source. A monochromator (MSH150
instrument, equipped with a LSE341 light source,
LOT-Quantum Design GmbH, Darmstadt,
Germany) was used for excitation (5 nm steps) to
obtain 2D-NIR excitation-emission spectra. In
addition, NIR fluorescence emission spectra were
recorded with a NIRQuest+1.7 spectrometer
(InGaAs detector, OceanOptics), fiber-coupled to
a customized Axiovert 40CFL using a 10x
objective, 800 nm dichroic mirror (Edmund
optics) and 900 nm LP filter (FELHO0900,
Thorlabs). Excitation was performed with a fiber-

coupled 750 nm CW laser (FC-750-5W, CNI,
China). Absolute photoluminescence quantum
yield (PL-QY) spectroscopy was performed with
a Hamamatsu Quanturus-QY (C11347-12) using
solid phase quartz glass sample holders.
Excitation scan regime was set to 500-700 nm
(seps of 5 nm), while the area to detect all emitted
photons was adjusted to cover the entire emission,
e.g. for typically from 500-700 nm in steps of 5
nm, using the spectrometer software to calculate
the PL-QY.

Fluorescence Microscopy

For NIR  fluorescence
experiments, fluorescence microscopy was
performed using a custom-made setup containing
a 561 nm laser (Jive 500, Cobolt AB, Sweden)
and an inverted microscope (IX73, Olympus,
Japan) equipped with a 20x objective (MPlanFL

photobleaching

N 20, Olympus, Japan). The fluorescence signal
was split using a dichroic mirror (R785, AHF
Analysentechnik, Germany) and the fluorescence
then was captured using two cameras, a cMOS
camera (Andor Zyla 5.5, Oxford Instruments,
UK) for visible range signals and an InGaAs
camera (Xeva 1.7-320, Xenics, Belgium) for NIR
signals. Photobleaching was tested with dispersed
NS (1 mg/ml in H>O) and Rhodamine B (1 mg/ml
in H>O). 100 pul of the dispersions/solutions were
put on glass bottom petri dishes, dried and imaged
at 400 mW excitation power every 15 s for 1 h.
The fluorescence intensity corresponds to the
mean gray value of averaged over 5 imaged
nanoparticles imaged by the NIR camera (NS) or
the mean gray value of the complete illuminated
area imaged by the VIS camera (Rhodamine B),
each after background correction.

Fluorescence Lifetime measurements

For fluorescence lifetime measurements in the
frequency domain, a fiber-optic oxygen sensor
(FireSting O,, PyroScience, Germanay) was
used.”® The sensor emits light with an excitation
wavelength of 620 nm; allowing for modulation
of the excitation frequency between 100 - 16000
Hz and detects induced fluorescence. The phase
shift between the excitation signal and the
detected fluorescence was extracted from the
sensor raw data to calculate fluorescence
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lifetimes. Measurements were performed on dry
samples, with the FireSting optical probe
mechanically positioned at a fixed distance from
the sample of a few milligrams sample powder
placed in a reaction tube. Measurements were
conducted at constant conditions and settings
(excitation frequency: 4000 Hz, LED intensity:
60 %, amplification factor: 400x, signal intensity
~ 14 mV). Each sample was measured for 1 min
at 1 fps.

X-ray diffraction (XRD)

X-ray diffraction measurements (XRD) were
performed with a Bruker D2 2nd Gen Phaser (30
kV, 10 mA, SSD160 detector, Cu tube 1.54184
[A] Ko radiation at 20 = 10°—80° with a step size
of 0.01°). For Rietveld analysis, additional XRD
performed at room
temperature on a Malvern PanAlytical X'Pert

measurements ~ were
Powder instrument in Bragg-Brentano geometry
with Ni-filtered Cu Ka radiation (A=1.5418 &).
The powders were grinded before measurement
and the diffraction patterns were acquired in an
angular range of 5-120° 20 with a measurement
time of 19 hours per sample. Additional phases
besides the expected main 'P4/ncc' tetragonal
phase were identified with the Search&Match
option within the software X'Pert HighScore.*
Rietveld analysis with the identified phases was
performed using the software TOPAS.** The
crystallographic information files (CIFs) for the
refinement were retrieved from the Inorganic
Crystal Structure Database (ICSD).*® For the
identified phases, Supplementary Table 3 lists the
mineral name, chemical formula, crystal system,
space group and ICSD code. Besides the lattice
parameters, the scale factors defining the Rietveld
quantification and peak shapes were modelled
with the Thompson-Cox-Hastings pseudo-Voigt
(TCHZ) model. Preferred orientation in the main
'P4/ncc’ phase was accounted for with spherical
harmonics. Retrieved lattice parameters and
quantification are given in the Supporting
Information. It should be noted that the estimated
standard deviations (o) on these parameters from
Rietveld refinement represent rather the precision
of these parameters than the accuracy*® and the
estimated probable error is rather 2-3 g .47
Further, we routinely measure a silicon standard

of the
diffractometer. We observe a deviation in the
peak position of the (004)-reflection of 0.003° 20
within the time frame in which the here presented
samples have been investigated, which would
represent the uncertainty related to the
instrumental setup.

after any configurational changes

Electron microscopy

Scanning electron microscopy (SEM) combined
with energy-dispersive X-ray spectroscopy
(EDX) was conducted using an Axia Chemisem
(Thermo Fisher, NL). Prior to analysis, the
samples were coated with a 10 nm layer of carbon
using a Leica EM ACE600. For transmission
electron microscopy (TEM) analysis,
nanoparticles were drop-cast onto nickel grids
(EMR, Holey Carbon Film 300 Mesh), air-dried,
and imaged at various magnifications with a Zeiss
EM 900 microscope (Carl Zeiss Microscopy
GmbH, Germany) operating at 80 kV. Particle
size distributions were determined using Imagel
(version 1.54b). These grids were further
examined with high-angle annular dark-field
(HAADF) scanning transmission
microscopy (STEM) paired with energy-
dispersive X-ray spectroscopy (EDX) on a Talos
F200X TEM microscope (FEI), utilizing four
detector configurations (Super-X EDS) at 200
kV.

electron

Nanosheet dispersion and surface modification
Typically, 50 mg NP were grinded with a mortar
and dispersed in H,O (5 mg/mL, 3 min 90%
amplitude, Sonics Vibra cell VCX 500, cup horn)
followed by 3 min cup-horn sonication (Sonics
Vibra cell VCX 500, CV334 converter). Surface
modification with meso-2,3-Dimercaptosuccinic
acid (DMSA) and via PEGylation was performed
by adapting a previously reported protocol.*’
Surface grafting with DMSA follows a previous
description.®® In brief, 50 mg of respective CTS
material were dispersed in 10 mL of water,
followed by the addition of 15 mL of DMSA
solution (1 mg/mL in H,O). To ensure complete
dissolution, the DMSA solution was gently
heated prior to addition. The resulting mixture
was stirred at 300 rpm for 2.5h at RT, then
centrifuged at 7100 rpm for 20 minutes. After
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discarding the supernatant, the pellet was
redispersed in 25 mL of H,O, and the pH was
adjusted to 10 using NaOH while stirring at 300
rpm for lh. Finally, the pH was lowered to 7.3,
and the mixture was stored at RT. NS fraction was
collected as the supernatant after 6h of
sedimentation. For PEGylation, 100 mg of CTS
particles were dispersed in 30 mL of ethanol
(10 min 95% amplitude, Sonics Vibra cell VCX
500, cup horn), followed by the addition of 1 mL
of PEG-1000-Si and 100 pL of 32% ammonia
solution, based on a reported synthesis protocol
for PEG-silane coupling and subsequent silica
nanoparticle modification.”® This mixture was
heated under reflux at 75°C for 24 hours. The
resulting nanoparticles were centrifuged (10 min,
5000x g) and sequentially washed with 20 mL
each of H,O, ethanol, THF, ethanol, and H;O.
The PEGylated material was then dispersed in
H,O for further use, with the NS fraction
collected as the supernatant after 30 minutes of
sedimentation.

Nanoparticle Characterization

Hydrodynamic size measurements via dynamic
light scattering (DLS) and zeta potential
determination were conducted using a Zetasizer
Nano-ZS (Malvern Instruments). The surface
area was measured using the Brunauer—Emmett—

Teller (BET) method at 77 K with a
Micromeritics Tristar II Plus.

Cell experiments

Human Monocytes (THP-1, ATCC) were

cultured in standard conditions at 37 °C in a
humidified atmosphere containing 5 % CO2 and
sub-cultured at 70% confluency. In vitro
nanomaterial  toxicity and  viability = of
macrophages after 24 h nanomaterial incubation
was performed using the LDH-release (G1780,
Promega) and ATP quantification CellTiter-
Glo® Iluminescence assay (G7570, Promega),
respectively. In brief, 40,000 THP-1 cells in 100
uL RPMI-1640-Medium (R8758, Sigma-Aldrich,
supplemented with 10% FCS, 1% Il-glutamine,
1% Penicillin-Streptomycin) and 200 nM PMA
were seeded in black 96 well plates with
transparent bottom. After 3 days, the cell medium
of the differentiated macrophages was replaced

with PMA-free cell medium. One day after, the
cell medium was exchanged with nanomaterial
containing cell medium or the vehicle control
medium. All conditions contained 10% milliQ
water. After 24 h nanomaterial incubation 50 uLL
of supernatant was used for LDH-release
quantification. The assay was performed
according to the manufacturer's specifications.
For the viability assay, the remaining cell medium
was exchanged with fresh cell medium and
CellTiter-Glo® reagent was added (1:1). After 10
min shaking in the dark, luminescence was
quantified using a microplate reader (Berthold
LB-943). For macrophage loading with NS, 1
million cells were initially seeded into 6-well
plates in 3 mL cell medium containing 200 nM
PMA. The cell medium was replaced with PMA-
free cell medium 3 days after. The next day,
nanomaterials solutions were added reaching the
desired concentration and a maximum of 10%
H,O content. A concentration of 200 pg/mL
PEGylated NS was used to label cells for later in
tracking experiments. After 24 h
nanomaterial incubation, cells were washed twice

vivo

using PBS and then trypsinized using TrypLE.
Additionally, cells were fully detached using a
cell scraper. Thereafter, cells were fixed at room
temperature using 4% PFA, creating a single-cell
solution. After washing away PFA using PBS
twice, fixed and NS-loaded cells were suspended
in PBS containing ImM EDTA.

Animals

Athymic nude-Foxnlnu mice (N = 4; Envigo
BMS B.V., Netherlands) were used for in vivo
cerebral microcirculation imaging. The mice
were housed in ventilated cages with ad libitum
access to food and water. The housing room was
kept under a 12 h dark/light cycle, 22 °C room
temperature, and ~50% relative humidity. All
animal  experiments performed in
accordance with the Swiss Federal Act on Animal

WEre

Protection and approved by the Cantonal
Veterinary Office Zurich. For in vivo imaging,
the mice were anesthetized with isoflurane (5%
for induction and 1.5% for maintenance) in a
mixture of O, and medical air with flow rates of
0.2 L/min and 0.8 L/min, respectively. For
transcranial imaging, the scalp of mouse was
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removed post subcutaneous injection of
analgesics (Buprenorphine, 0.1 mg/kg).
Widefield recording was performed during and
after intravenous injection of 100 uL NS solution
(10 mg/mL) for a total duration of 10 min. In vivo
single-cell tracking was realized by injecting a
total volume of 100 uL PBS solution, containing

about 8000 NS-loaded macrophages per ulL.

Diffuse optical localization imaging (DOLI) in
the NIR-II window

DOLI was performed with a custom-built
widefield microscope, as described in detail
previously.* Briefly, an 808 nm CW laser (FC-
808-20W, CNI, China) with fiber output was
employed to provide epi-illumination on the
sample, with beam size adjustable with a
collimator (CNI, China). The fluorescence
emission was then collected by the camera lens
(LMS50OHCSW, Kowa, Japan), filtered with a
950 nm long-pass filter (FELH0950, Thorlabs,
USA), focused on the InGaAs-based SWIR
camera (WiDy SenS 640V-ST, NiT, France). The
collected widefield image stack was processed
using a localization-based image reconstruction
pipeline, as previously described.*’ Here, each
frame was first denoised, followed by the
localization of individual moving particles. These
particles were subsequently tracked across the
image stack using u-track algorithm.*? Both the
localization and tracking were performed using
the open-source TrackNTrace toolbox.”> The
trajectories derived from the tracking algorithm
provided additional functional information, such
as flow velocity and direction at a given frame
rate. By superimposing the particle count/flow
velocity/direction ~ at  each  pixel, the
structural/flow velocity/direction maps of brain
vasculature were rendered accordingly. Similar
imaging conditions were used for visualization of
NS-loaded macrophages. Image analysis for
macrophages tracking was performed using
background-subtracted images in TrackMate
(v7.10.2), ImageJ (1.54).
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