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Enhancing Near Infrared 1l Emission of Gold Nanoclusters
via Encapsulation in Small Polymer Nanoparticles

Lucie Haye, P. Iyanu Diriwari, Abdallah Alhalabi, Thibault Gallavardin, Antoine Combes,
Andrey S. Klymchenko, Niko Hildebrandt,* Xavier Le Guével,* and Andreas Reisch*

Reduced scattering and autofluorescence in the second near-infrared window
(NIR-11, 1000-1700 nm) hold the promise of high-resolution photolumines-
cence (PL) in vivo imaging at depths well beyond the um scale. Yet, contrast
agents with bright emission in this spectral region remain limited. Ultrasmall
gold nanoclusters (AuNCs) are of particular interest for NIR-1l PL imaging.
However, they exhibit limited brightness. Here, high amounts of NIR-II emit-
ting AuNCs are encapsulated in small polymer nanoparticles (NPs) made

of poly(ethyl methacrylates). Using nanoprecipitation, loadings of up to

50 wt% can be reached, corresponding to over 10 000 AuNCs per 60 nm NP.
PL quantum yields up to 1.3% and NP brightnesses up to 3.8 X 106 M~' cm™’
are accomplished. Increasing inter-AuNC interactions at higher loading result
in a bathochromic shift of the PL emission. According to time-resolved PL
measurements, this can be attributed to distinct inter-AuNC energy transfer
pathways between the core and surface-centered PL modes. Evaluation of
the nanohybrids in tissue-mimicking models for in vivo blood vessel imaging
shows that the ultrabright and red-shifted NIR-1I PL results in significantly
improved detection sensitivity and resolution, which makes AuNC-loaded
polymer NPs highly promising candidates for advanced in vivo imaging.

major advances in biology and medicine.[!

However, the strong autofluorescence,
absorption, and scattering of cells and tis-
sues still strongly limit the achievable res-
olutions at depths beyond the um scale.?
A solution to overcome these obstacles is
shifting the observation wavelengths to
the second near-infrared window (NIR-II)
between 1000 and 1700 nm, which is also
known as shortwave infrared (SWIR).
Light in this wavelength range can pen-
etrate deeper into tissues due to reduced
scattering.’!  Autofluorescence is also
negligible compared to the visible or NIR
region, making it possible to enhance
the signal-to-noise ratio (SNR) and thus
achieving high spatial and temporal
imaging resolution.’! Despite intense
efforts over the last years, contrast agents
for this wavelength region remain lim-
ited: organic dyes typically have very low
quantum yields (QYs) and brightness in
this spectral region.l’! In consequence, dif-
ferent types of luminescent nanoparticles

1. Introduction

Luminescence is widely used for biological imaging from the
molecular to the whole animal level and has contributed to

(NPs) have been designed, notably lanthanide-based NPs and
quantum dots (QDs).”l Recently, conjugated polymer-based
NPs emitting in the NIR-II have been described with an emis-
sion up to 1400 nm.®l The few examples of organic NIR-II
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dyes encapsulated in polymers resulted in rather large objects
(>100 nm).”! In general, the brightness of these probes, cor-
responding to the absorption coefficient multiplied by the QY,
remains low, and developing more efficient NIR-II probes is a
crucial challenge.

An intriguing class of luminescent materials, developed over
the last two decades, are ultrasmall gold nanoclusters (AuNCs)
with core sizes below 3 nm, made-up of several tens of
Au-atoms most often stabilized with thiolated ligands."] Both,
the Au(0) core as well as charge transfer states involving the
ligands contribute to their photoluminescence (PL) emission, but
the precise mechanism is still under debate.'!l Interestingly, sev-
eral members of the AuNC family emit in the NIR-II region,'!
and they have been recently employed for protein tracking, blood
vessel imaging, and molecular imaging.™® The ligand shell
(nature of the ligand, rigidity) has a profound influence on the
emission properties, notably in view of achieving emission in
the NIR-IL[122M but determines also the solubility properties and
interactions with the biological media.** Thus, a compromise
must be found between the emission properties of the probe and
its biocompatibility. A possible approach to decouple surface and
emission properties is to encapsulate AuNCs into polymer NPs,
such that the ligands are not in contact with the media and only
modulate the AuNC emission, while the interface is controlled
by the polymer. A second advantage of encapsulation of high
amounts of NIR-II-emitting AuNCs in polymer NPs would be
a significant enhancement of the overall brightness, as the indi-
vidual clusters are combined in one probe.

In the case of AuNCs emitting in the visible or NIR-I, encap-
sulation in nano-objects has been achieved, for example, in
silica nanospheres,' proteins,”l and metal-organic frame-
works (MOFs).181 AuNCs were also encapsulated in polymers,
because the latter are in some case biocompatiblel’” or can
be designed?” to obtain specific properties. However, these
approaches have not been extended to nanoclusters emitting
in the SWIR/NIR-II region. Furthermore, even for visible or
NIR-I emitting AuNCs, a pertinent comparison of the concen-
tration of encapsulated AuNCs is difficult due to a wide range
of used NP sizes (from below 20 to 500 nm) and the different
ways to express amounts of loading with AuNCs. Typically,
these loadings and numbers of nanoclusters per NP remained
limited and, to the best of our knowledge, the influence of the
loading for a given system has never been investigated. How-
ever, both, high loadings with NIR-II emitting AuNCs and stud-
ying the influence of loading, would be of particular interest for
designing very bright NIR-II contrast agents. Indeed, at high
concentrations, luminescent emitters frequently undergo one
of two opposed phenomena: aggregation-induced emission
(AIE) and aggregation-caused quenching (ACQ).2U If the first is
somewhat positive in the design of bright objects,?l the second
implies that there is a limit above which the brightness of the
NP decreases with increasing AuNC concentration.

In the present work, we assembled monodispersed nano-
hybrids, that is polymer NPs encapsulating NIR-II-emitting
AuNCs at loadings up to 50 wt%, through nanoprecipitation
with the aim to accomplish bright NIR-II fluorescent nano-
probes. By controlling both the size of NPs and the concentra-
tion of encapsulated AuNCs, it was possible to evaluate and
control the number of AuNCs per NP and to vary the distance
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between the AuNCs. This opened the possibility to study the
influence of the local concentration and distance of NIR-II
AuNCs on their photophysical properties. In particular, a pro-
gressive shift of the PL emission to longer wavelengths was
observed with increased loading. Multi-wavelength PL lifetime
measurements allowed us to assign this redshift to increasing
interactions between the AuNCs within the NPs. To quantify
the potential sensitivity and resolution of these NIR-II nano-
hybrids in biological media, we imaged them in capillaries at
different depths of tissue models. In combination with reduced
absorption and scattering in the NIR-II, the high NIR-II PL
brightness (up to 3.8.10° M~! cm™) of the nanohybrids and their
bathochromic shift (>1250 nm), allowed fluorescence images at
depths reaching 7 mm, which confirmed the large potential of
these NPs for advanced NIR-II imaging.

2. Results and Discussion

2.1. Encapsulation

We used nanoprecipitation to assemble polymer NPs loaded
with AuNCs, which is a particularly attractive approach due
to its simplicity and tunability.2}] In nanoprecipitation, both
polymer and load are dissolved in a water miscible solvent, here
acetonitrile, and the resulting solution is added to an aqueous
phase (Figure 1). Mixing and interdiffusion of the organic and
aqueous phase lead to a mixture, in which the polymer and the
load are not soluble anymore, creating supersaturation, which
is, in turn, the driving force for particle formation. Because par-
ticle formation in this case is a kinetically controlled process,
it allows for trapping the load. Apart from the assembly condi-
tions, the nature of the polymer can be used to optimize encap-
sulation. We chose poly(ethyl methacrylate) (PEMA) based
polymers, as they have shown very good results for the encap-
sulation of hydrophobic fluorescent dye salts with high QYs.[?
The polymers contained 5 or 10 mol% of COOH groups in order
to control the size of the resulting NPs (Figure 1).?% On the side
of the load, dodecanethiol (DDT) was chosen as ligand during
cluster formation following a well-established protocoll?®l in
order to achieve a high hydrophobicity of the resulting AuNCs
with a good control of the NC size. The obtained products after
purification had a diameter of 1.84 + 0.34 nm, as determined by
HR-TEM (Figure S1, Supporting Information).??2l The absorb-
ance profile of our AuNCs, notably with the band at =700 nm,
is characteristic of the presence of Au,5 NC species.l?’l Together,
these results indicate that the obtained product is composed of
a majority of Au,sDDTg clusters, though a certain distribution
of cluster sizes is certainly present.

Dynamic light scattering (DLS) showed increasing sizes of
the obtained NPs with increasing AuNC loading (Figure 2A).
Polymers with 10% of charged groups gave NPs roughly half
the size of those bearing 5%, and the sizes of the highest
loaded NPs had hydrodynamic diameters of 41 + 7 and
68 * 6 nm, respectively. Certain NPs based on the polymers
bearing 5% charged groups were further investigated by TEM
imaging (Figure 2B), showing monomodal size distribution
and a slightly smaller diameter (60 13 nm) compared to DLS.
The latter can be attributed to the fact that DLS measures the
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Figure 1. A) Structure and representation of gold nanoclusters stabilized by dodecanethiol (AuNC). B) Structure and representation of the polymer. C)

Principle of NP synthesis through nanoprecipitation.

hydrodynamic diameter that is usually larger than the TEM hard
sphere diameter. TEM images also showed an increasing con-
trast with increasing AuNC loading (in the absence of contrast
agent, Figure S2, Supporting Information). High-resolution
cryo-TEM images further revealed the presence of small dots
with sizes <2 nm, corresponding to the size of the AuNCs,
whose numbers per particle increased with loading (Figure 2C).
No obvious organization, e.g., clustering that would be expected
to yield zones of much higher contrast, was observed when
examining a large number of nanohybrids at different load-
ings (Figure 2C and Figure S2, Supporting Information).
ICP-MS analysis of NPs, purified through centrifugational fil-
tration to evacuate all non-encapsulated materials, indicated
a linear increase of the amount of gold with loading and an

A 80
[l PEMA-COOH-5%
6l [ PEMA-COOH-10%

Size (nm)

excellent agreement with the calculated expected gold content
(Figure 2D). Together, these results indicated a practically quan-
titative encapsulation of the AuNCs in the polymer NPs.
Calculations, based on the size of the NPs, as obtained from
TEM, and the mass concentration of clusters inside the NP,
were used to approximate the number of clusters encapsu-
lated in one NP. For this, we assumed complete encapsulation
of the AuNCs in the polymer NPs (see above) and estimated a
mean density of the NPs based on the densities of the polymer
material and gold and their weight fractions (see Experimental
Section for details on the calculations). For NPs loaded with 9
wt%, we estimated that around 100 AuNCs were encapsulated
in one NP, this number growing strongly with the loading and
reaching almost 14000 for the highest loading (50 wt%, Table 1).
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Figure 2. A) NP size (hydrodynamic diameter) measured by DLS for two polymers. B) TEM images of NPs (from left to right) for 9, 33 and 50 wt%
of AuNC loading and their size (hard sphere diameter) distributions. Scale bars: 50 nm. C) Cryo-TEM images of NPs (from left to right) for 9, 33 and
50 wt% of AuNC. Dark arrows show NP and white arrows show AuNC (=2 nm). Scale bars: 20 nm. D) Gold concentration inside NPs as measured by

ICP-MS compared to calculated concentration.
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Table 1. Properties of AuNC-loaded polymer NPs.
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Loading Size in Size in Number of AuNCs  AuNC distance &wp 730 nm &np 405 nm Quantum yield Brightness Brightness
AuDDT DLS [nm]  TEM [nm]? per NP inside NPs9 [nm] ~ [M~' cm™9) M em™d [%]9) (Aex 730 nm) (Aex 405 nm)
[9] M em™]0 M7 em™)
9 30+3 26+5 120 2.6 1.7 x 10° 8.77 x 10 13 2.3x10* 1.1x10°
33 49 + 41+9 2300 1.4 3.3x107 1.68 x 10% 0.6 2.0x10° 9.9 x10°
50 68+6 60+13 14 000 1.1 2.0x10% 1.03 x 10° 0.4 7.6 x10° 3.8 10°

2 Average size of > 200 NPs + width at half maximum; P Estimated based on Equation (3); 9Estimated based on Equation (4); )Calculated according to &yp = Number of
AUNCs X &ync; @Measured using IR1061 as reference; )Calculated according to brightness = gyp X QY.

These values are in qualitative agreement with the obtained
high resolution cryo-TEM images, though the latter do not allow
a quantitative assessment of the number of AuNCs. Once we
knew the cluster concentration inside a NP, we could estimate
the average distance between clusters. This distance (being
highly linked to the loading) was approximately half between
the lowest and the highest loading (Table 1). At 50 wt% loading,
it reached an average center to center distance of about 2 nm
(assuming a cubic lattice) and an average nearest neighbor dis-
tance of 1.1 nm (assuming an isotropic random distribution).?®!

2.2. Photophysical Properties

Polymer NPs loaded with AuNCs showed broad absorption
spectra, ranging from the UV region to the NIR with two main
peaks around 416 and 708 nm (Figure 3A), very similar to the
spectrum of the clusters in organic solvent. While the absorb-
ance increased linearly with loading, the shape of the spectra
remained practically unchanged. Based on the calculated number
of AuNCs per NP, and the extinction coefficient of the AuNCs of
around 14000 M~ cm™ at 730 nm (based on independent absorp-
tion measurements), and a five times higher value at 405 nm,
the particle extinction coefficient at the two major absorption
wavelengths reached values of circa 1x 10° M~ em™ (at 405 nm)
and 2 x 108 M cm™ (at 730 nm). We also measured PL excita-
tion spectra, which fitted very well to the absorption spectra and
confirmed that the absorption spectra did not contain significant
amounts of scattering (Figure S3, Supporting Information).

We further investigated the PL properties linked to these
two peaks, by exciting respectively with a 405 nm and a 730 nm
laser (Figure S4, Supporting Information). For both excitation
wavelengths, the spectroscopic properties revealed to be sim-
ilar, apart from the PL intensity, which was directly linked to
the difference of absorbance between the two regions. Here, we
focus on the results obtained with excitation at 730 nm, as this
wavelength is better suited for in vivo imaging.

When studying the photophysical properties in the NIR-II,
the influence of solvents has to be considered. Indeed, H,0
has various absorption peaks in the emission range of the
NPs (Figure S5A, Supporting Information), which are absent
for D,0. Thus, we compared particles prepared in H,0
and D,0. Comparison of the absolute PL emission of NPs
(Figure 3B, inset) revealed that the shape of the PL emission
spectrum changes between the two conditions, in particular
with a decrease of the measured intensity in H,O in the regions
930-1050 and 1100-1250 nm, corresponding to the absorption
of water (Figure S5A, Supporting Information). On the other
hand, we observed little difference between the maximum
intensity of NPs prepared in the two aqueous media, suggesting
that the clusters are well trapped inside the polymer matrix and
have limited contact with water. Together these results indi-
cated that the differences in the PL spectra stem mainly from
the absorption of the emitted PL by H,0, and not from interac-
tions of H,O with the encapsulated AuNCs. The same results
were obtained for NPs prepared in D,0 and subsequently
transferred to H,0, indicating that preparation in D,0 did not
alter the particles themselves. In order to study the properties

— — 9% D20

A 10
AuNCs in acetonitrile (23%) B ~ 8 N 2822 ggg C 0.06 ::: 221?:;?::0‘3
> n | E ~. 0
03 AUNC;;Vatdo/lng in NPs 250 s ' 9% 5 —=— Quantum yield 15
o Zs | 3%% : T
— 17 Wt% a 50% £ 0.05+ X
— 23 wt% 52000 - 2 = L“ o
® ——33wWt% S T 2 2
S, —— 43 wi% > : 2% z
8 —— 50 wt% g 1500 _ - e
§ % 1000 1200 1400 1600 i 0.031 2
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014 8 7 /' \ 0.5
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20014 ¥
< E/
00, 0.00+— T—00
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Figure 3. A) Absorbance and B) PL spectra of PEMA-COOH 5% NPs loaded with different amounts of AUNCs (A, 730 nm). Inset of (B): Comparison
of PL spectra in deuterated and nondeuterated media. C) Evolution of absorbance, PL intensity, and QY with loading.
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of NPs without the solvent bias, all the following experiments
were realized in deuterated water.

PL spectra of the AuNC loaded NPs showed a broad PL
emission starting around 850 nm and reaching up to 1500 nm,
achieving the objective of synthesizing NIR-II-emitting nano-
hybrids. The absolute emission intensity of the NPs increased
continuously with AuNC loading (Figure 3B). To further eval-
uate the PL efficiency of our NPs, we measured the QYs for
different AuNC loadings using the dye IR1061 as referencel?’]
(Figure 3C). The free AuNCs in organic solution (acetonitrile)
had a QY of 1%, in good agreement with previously measured
QY values.®3 At low loadings of the AuNCs in the nanohy-
brids, the QYs were of the order of 1.3%, and they decreased
with increasing loading to attain 0.4% at the highest loading,
suggesting an ACQ-like phenomenon.*” Owing to the strongly
increasing absorbance with increasing loading, the absolute PL
intensity of NPs still increased even with the highest AuNCs
content (Figure 3C), showing that the increasing number of
clusters inside NPs significantly compensated the decrease
in QY. The nanohybrid brightness can be estimated by multi-
plying the QY and the per-particle extinction coefficient. The
elevated number of nanoclusters per nanohybrid at high load-
ings (up to 14000) resulted in per-particle brightness values of
up to 3.8 x 10° M~ cm™ and 76 x 10° M~! cm™ for excitation
at 405 nm and 730 nm, respectively. These values can be com-
pared to those of other NIR-II contrast agents (Table 2): Typical
NIR-IT dyes, such as ICG or IR-E1050, have a brightness (in
water) of the order of a few 10 M~! cm™,B which is also the
order of magnitude for chromophores specifically developed
for use in blood.??l Somewhat higher brightness values are
obtained for nanostructures, such as gold nanorods (1200 M~
cm™),?% organic NPs based on chromophores undergoing AIE
(27000 M~! cm™),*Y or QDs (e.g., 12000 M~! cm™).3% Thus, our
nanohybrids are four orders of magnitude brighter than dyes
emitting in the same wavelength range, and one to two orders
of magnitude brighter than typical NIR-II emitting NPs.

To further study the influence of AuNC loading on our
nanohybrids, the PL spectra were normalized (Figure S5B,
Supporting Information), revealing that an increase in the
AuNC concentration induced a shift in the PL toward longer
wavelengths. For a better understanding of this evolution, we
performed deconvolutions of the observed emission spectra
(Figure 4). For simplicity, we chose to decompose the spectra
into different Gaussian curves. The best fitting results were
obtained for four Gaussians with maximum intensities at 947,

Table 2. Properties of some NIR-II contrast agents in water.

www.advopticalmat.de

1010, 1120, and 1300 nm, respectively (Figure 4B, inset). This
model was then applied to the spectra of NPs loaded with dif-
ferent AuNC concentrations and the absolute intensities of
each peak were compared. In Figure 4A, two trends emerge
from a comparison of the peaks: at lower wavelength (947 and
1010 nm), the absolute PL intensity remained nearly constant,
independent of the AuNC concentration. On the contrary, abso-
lute PL intensities of the two longer wavelength peaks (1120 and
1300 nm) increased with increasing AuNC concentrations. The
resulting relative decrease/increase of lower/higher wavelength
intensities was found for both 730 nm and 405 nm excitation
(Figure S5C, Supporting Information).

Taking into account that the absorption also increases with
increasing loading, a comparison of the absolute PL intensities
of the different peaks can be misleading. Therefore, similar to
the global PL analysis, we calculated the ratio of each PL peak
intensity and its corresponding absorbance value (Figure 4B).
As expected, (cf. QY in Figure 3C), all ratio values decreased
with increased loading. However, the decrease was significantly
less strong for the longer wavelength peaks. This suggests that
the PL at longer wavelengths is less sensitive to an ACQ-type
quenching behavior.

Through variation of the fraction of charged groups on the
polymers used for nanoprecipitation, it was possible to obtain
nanohybrids with different sizes but the same loading of
AuNC s, in terms of wt%. (Figure 2A). PL measurements on
nanohybrids with 33 wt% AuNC loading and sizes of 49 and
25 nm, respectively, showed that the overall PL was about 15%
higher in case of the bigger sizes (Figure S6, Supporting Infor-
mation). This difference mainly stems from a higher emission
at the shorter wavelengths (950 and 1010 nm).

Considering that the inter-AuNCs distances within the NPs
decrease with increased loading, we expected that the AuNC
interactions would increase at the same time. Whereas the
decrease of QY with increasing loading (Figure 3C) provided
first important evidence for such stronger interactions, PL
decay kinetics can potentially reveal more details. Because the
steady-state spectroscopy results showed that the longer PL
emission wavelengths were less influenced by AuNC concen-
tration quenching (cf. Figure 4), we measured PL decays at 950
and 1050 nm for the short wavelength range and at 1200 nm
for the long wavelength range. The wavelength of 1200 nm was
chosen because it is significantly separated from the short wave-
length peaks and still provides sufficient PL intensity for kinetic
analysis. Different AuNC PL studies suggested that excitation at

Contrast agent Type Aexe. [nm] Aem. [NM] e[MTem™ QY2 [%] Brightness [M™' em™]9 Refs.
ICG dye 785 1000-1300 1.5 x 10° 0.9 6.5 10 31]
IR-E1050 dye 785 1000-1300 0.8 x10* 0.2 1.0% 10" 131]
LZ-1105 dye 1021 1060 1.08 x 10° 0.06 6.5% 10" 132]
Gold nanorods nanorods 680 990 1.5 x 10* 8 1.2 x 10 [33]
TTQP AIE based NPs 683 1078 3.29 x 10* 8 2.7 x10* [34]
Ag,Se QDs quantum dots 800-930 1000 5.5 x10* 23b) 1.2 x 10 [35a]
AuNC loaded polymer NPs  nanohybrids 730 900- 1400 2.0x 108 0.4 7.6 x10° Current

3In water, where not noted otherwise; Pin C,Cl,; 9calculated according to brightness = & x QY.
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Figure 4. A) Gaussian peak fit for NPs with different loadings. B) Ratio
between peak area and absorbance, normalized to the value at 9 wt%
for comparison between the different peaks. Inset: Representation of the
deconvolution of the PL emission spectrum of NPs, measured spectrum
in black, fitted spectrum in green (black and green spectra are almost
completely superimposed), result of deconvolution in blue.

©
o

the distinct absorption peaks resulted in preferential PL from
either the AuNC core (700 nm excitation) or from the AuNC
surface via ligand-metal interactions (400 nm excitation).[2/%36]
Thus, we investigated the PL kinetics using two different excita-
tion lasers with wavelengths of 404 and 675 nm.

The multiexponential PL decays of AuNC loaded polymer
NPs (Figure 5, top) clearly show different AuNC concentration-
dependent behaviors for the different emission wavelengths.
Whereas 950 nm emission presented a strongly pronounced
longer decay time component, 1200 nm emission mainly
showed faster decays, and the 1050 nm emission decay behavior
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was in between the two others. The fitted PL decay times
(Figure 5, center) and amplitude fractions (Figure 5, bottom)
confirmed this trend. The 1200 nm emission was insensitive to
the AuNC concentrations with two unchanged PL lifetimes and
amplitude fractions, resulting in a stable average PL lifetime.
Emission of pure AuNCs (data points at 0 wt%) was measured
in ethanol and was very weak at 1200 nm, which explains the
slightly lower decay time values. 950 and 1050 nm PL decays
also showed two distinct PL lifetimes. However, whereas the
shorter lifetime (7;, black) was stable over the entire AuNC
concentration range and corresponded very well to the one at
1200 nm, the longer decay time (7,, red) was much higher at low
AuNC loading and decreased toward the 7, value at 1200 nm
with increasing AuNC loading. The long lifetime component
was also significantly stronger for the 950 nm decay compared
to 1050 nm, which showed that the influence of AuNC loading
was stronger the shorter the emission wavelength. This trend
is also visible in the amplitude-averaged PL lifetimes (blue data
points in Figure 5, center). These results are in agreement with
the steady-state spectroscopy, which showed that the redshift
of the AuNC NPs with increasing AuNC concentration was
mainly caused by a stronger PL decrease at shorter wavelengths
(cf. Figure 4B).

Another interesting point concerns high AuNC loading
(50 wt%), for which the single and amplitude-averaged PL life-
times are very similar for all emission wavelengths (Figure 5,
center). This behavior can be interpreted by a decreasing dis-
tance between the AuNCs with increasing loading. The longer
PL emission wavelengths (>1200 nm) showed a long (=400 ns)
and a short (=100 ns) lifetime component, which did not
change with AuNC loading (Figure 5, center right). Consid-
ering that the PL intensity at 1200 nm was very weak for AuNCs
in solution (Figure 5, top right) and that it was quenched
less than the shorter wavelength PL intensity with increased
loading (cf. Figure 4B), the longer PL wavelengths can be
attributed to strongly interacting AuNCs. The shorter PL emis-
sion wavelengths (<1200 nm) showed a relatively strong long
(>1 ps) decay component together with a relatively weak short
(=100 ns) component (Figure 5, center left). The very long decay
component is longest and strongest for AuNCs in solution
(Figure 5, left). The higher the AuNC loading, the stronger it is
quenched, until reaching the value of =400 ns, which presents
the one of the strongly interacting AuNCs at 1200 nm. There-
fore, the shorter wavelengths mainly present non-interacting or
weakly interacting AuNCs, whose fraction strongly decreases
with increasing loading due to shorter inter-rAuNC distances
within the NPs. Both the differences of luminescence decays
at short (950 and 1050 nm) and long (1200 nm) emission wave-
lengths for lower AuNC loading (<50 wt%) and the red shift
of the PL with increasing AuNC concentration (Figure 3B) can
therefore be attributed to increasing AuNC interactions (closer
inter-AuNC distances) that favor longer wavelength over shorter
wavelength PL emission.

Intriguingly, only the longer PL lifetime component was
influenced by AuNC loading, whereas the shorter component
was more or less constant (=100 ns) for all emission wave-
lengths and AuNC loadings (Figure 5, center). This specific
property of the AuNC NPs can be explained by the different
origins of AuNC emission. Taking into account the very weak
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Figure 5. Intensity-comparable (the curves from each graph were normalized for similar excitation intensity and similar absorption and background
was subtracted) PL decays (top row—brown: AuNCs; orange: 50 wt%, red: 43 wt%; magenta: 33 wt%; purple: 23 wt%,; blue: 17 wt%,; green: 9 wt%),
fit PL lifetimes (black: 7; red: 7,; blue: <z>), and fit amplitude fractions (black: x;; red: x;) of AuNCs (in ethanol) and AuNC-NPs (AuDDT in D,0) for
excitation (Ae,) at 404 nm and emission (4., at different wavelengths (950, 1050, and 1200 nm). 0 wt% loading corresponds to AuNCs in ethanol. Raw
PL decay curves and the different normalization steps are shown in Figure S7 (Supporting Information).

spectral overlap of AuNC emission and absorption, Forster
resonance energy transfer (homo-FRET—cf. incl. Figure S8,
Supporting Information, for estimation of Forster distances)
would require very short donor—acceptor distances (=1 to 2 nm).
With a AuNC radius of approximately 1 nm, FRET from AuNC
surfaces would be clearly favored over FRET from AuNC cores.
At very close distances, other energy transfer mechanisms that

Adv. Optical Mater. 2023, 11, 2201474

2201474 (7 0f12)

require orbital overlap, such as Dexter or charge transfer, may
become even more probable than FRET,*”] and these would
only occur between the AuNC surfaces. Thus, the constant
short PL lifetime component mainly represents PL originating
from the AuNC core, whereas the quenched long component
represents the ligand-metal charge-transfer related PL origi-
nating from the AuNC surface.
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Interestingly, excitation at 675 nm (instead of 404 nm)
resulted in very similar PL decay kinetics, including PL life-
times and amplitude fractions (Figures S9 and S10, Supporting
Information). These findings show that there is no difference
of exciting the AuNCs in the short or long wavelength absorp-
tion band and that there is no excitation-wavelength dependent
emission of the AuNC core or ligand-metal-surface states.
Although this result is contradictory to previous studies, %3]
we note that the size distribution and the nature of the ligand
often have a significant impact on PL emission properties
notably in the near-infrared region. Indeed, in our case we
did not observe AIE behavior, as was previously described for
aggregation of AuGSH NCs.% A possible reason might be the
poorly efficient ligand-metal and ligand-metal-metal charge
transfer of the aliphatic DDT ligands here, compared to elec-
trophilic GSH ligands.”7#*! While our results provide a new
perspective on interaction-dependent AuNC emission behavior,
more studies with detailed and comprehensive AuNC PL char-
acterization of many different types of AuNCs will be necessary
to fully understand AuNC PL.

2.3. NIR-Il Imaging on Tissue Models

To evaluate the suitability of our nanohybrids for NIR-IT imaging
in terms of photophysical properties, we measured their PL
with a NIR-II camera and at different tissue depths, using
an appropriate phantom model system. In the first step, we

A NIR lla

NIR IIb
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measured the PL intensities of concentrated nanohybrid solu-
tions with different AuNC loadings from 0 to 50 wt% selecting
different sub-optical windows in the NIR-II (Figure 6A).
Under NIR excitation (1 = 808 nm—which is not ideal for
AuNC absorption but better suited for tissue penetration com-
pared to excitation in the visible wavelength region), nanohy-
brid solutions (300 pg mL™)) showed an increasing NIR-II
signal with increasing AuNC loading and could be detected
even in the NIR-IIb region between 1500 and 1700 nm for the
highest loading of 50 wt% (Figure 6B). This trend remained
valid for more diluted samples (Figure S11, Supporting Infor-
mation). Quantification of the PL signal from AuNC loaded
NPs in the different sub-optical windows (Figure 6C) clearly
indicated that most of the PL was emitted below 1319 nm with
a linear increase with AuNC loading. However, SNR remained
higher than 3 for NPs loaded with 33 and 50 wt% of AuNCs
even above 1400 nm for concentrated (Figure 6C) and diluted
samples (Figure S11, Supporting Information). This suggests
that highly loaded nanohybrids may even be applicable as in
vivo contrast agents in the NIR-IIb region.

In the next step, we wanted to quantify how the loading of the
nanohybrids with AuNCs influences the depth and the resolu-
tion that can be reached, e.g., for imaging blood vessels in vivo.
Instead of sacrificing animals, a much better approach for char-
acterizing tissue penetration depth and spatial resolution for
blood vessel imaging is the use of tissue mimicking phantom
models composed of nanohybrid-filled capillaries placed at
different depths in a 1% intralipid solution (cf. Experimental

D 51064nm
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=->1064 nm ~— 500
@ >1250 nm £ =
—A—>1319 nm ] { ]
304 50 wt% > 4004
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Figure 6. NIR-Il imaging of Au-PEMA solutions in tubes and capillaries. A) Suboptical NIR-Il window. B) NIR-II images of plastic tubes filled with
AuNC loaded PEMA NPs (300 pug mL™") at 0 wt% (4), 9 wt% (3), 33 wt% (2), and 50 wt% (1) AuNC loading using different long pass (LP) filters. C) PL
intensity expressed in SNR of AUNC NP solution (300 g mL™) at different AuNC loading. D) PL images of capillaries filled with AUNC NPs (50 wt%
of AuNC) at different depths in intralipid solution (1%) using LP1064 nm, LP1250 nm, and LP1319 nm. E) PL intensity profiles of AuNC NPs in capil-
laries at different intralipid heights using different LP filters. F) Overestimation of the capillary width (%) at different intralipid heights using different
LP filters. SNR threshold = 3. 4., 808 nm.
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Section and Figure S12, Supporting Information).!l Indeed,
this model allows simulating the imaging of blood vessels at
different depths below the skin, with the possibility to precisely
position the capillaries and to evaluate and compare the perfor-
mance of the different contrast nanoagents. Two of the most
important parameters for imaging are the sensitivity of detec-
tion and the overestimation of the widths of capillaries, which
we determined as a function of the tissue phantom depth and
the AuNC loading. As expected from the wavelength-dependent
PL intensities (Figure 6C) and the intralipid-induced absorption
and scattering, the PL intensities originating from the capil-
laries decreased with increasing emission wavelengths and
higher depths (Figure 6D). Although increasing tissue thick-
nesses also resulted in a more scattered (blurred) image of the
capillaries (Figure 6D from left to right), increasing PL wave-
lengths clearly reduced the scattering (Figure 6D from top to
bottom).

Quantification of images measured with nanohybrids at dif-
ferent AuNC loading and in different sub-optical windows are
presented in Figure 6E,F. A SNR of 3 was used as detection
limit for evaluating the detection sensitivity.*”) While there was
no significant benefit of selecting a sub-optical window at wave-
lengths beyond 1250 nm (due to the decreasing PL intensities),
there was a clear improvement of the sensitivity when using
NPs with the highest AuNC loading. For instance, NPs loaded
with 50 wt% of AuNCs could be detected above the defined SNR
threshold at 5 mm depth using a >1250 nm long pass filter with
a SNR of 5, whereas lower AuNC loadings did not allow to reach
sufficiently high SNR at this depth (Figure 6E and Figure S13,
Supporting Information). The overestimation of the capillary
width directly provides a measure of the accomplishable spa-
tial resolution. In general, placing fluorescent objects in dif-
fuse environments leads to a strong scattering enhancement
with a rapid overestimation of their real size.l*”) We plotted the
percentage of overestimation of the capillary width as a func-
tion of the tissue phantom depths as extracted from the NIR-II
images (Figure 6F and Figures S14-S17, Supporting Informa-
tion). Reduced scattering using both longer wavelengths and
higher AuNC loading could be clearly observed. Selecting the
>1319 nm wavelength range and 50 wit% loading of AuNCs it
was possible to detect capillaries with a good spatial resolu-
tion, which corresponded to less than 20% of overestimation, at
4 mm depth in intralipids.

3. Conclusion

Here, we assembled a first series of polymer NPs loaded with
high amounts of gold nanoclusters emitting in the NIR-II spec-
tral region. Their efficient encapsulation within the polymer
matrix allowed obtaining nanoparticles of about 60 nm con-
taining over 10000 clusters each. Even though a slight ACQ
effect was observed, relatively good quantum yields could be
obtained even at very high AuNC loadings. In this way, an
exceptional particle PL brightness for the NIR-II region in the
order of 4 x 10° M cm™ could be reached, which places our
nanohybrids among the brightest NIR-II emitters. The high
AuNC concentrations inside the particles further gave the pos-
sibility to study the PL properties at very small intercluster dis-
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tances. Surprisingly, a bathochromic shift of the PL emission
with loading was observed. Spectral deconvolution together
with time-resolved PL measurements related different sensitivi-
ties of different emission modes to interactions between clus-
ters: While emission from the Au core was little affected by the
distance between clusters, emissions involving ligand-metal-
surface states experience a relatively strong ACQ effect. In con-
sequence, the PL maximum is shifted to longer wavelengths at
higher loadings and thus further into the NIR II region. Our
results stipulate that precisely engineering the distances and
interactions of AuNCs can be a way of optimizing and tailoring
their PL properties. The combination of very high PL bright-
ness with a shift to longer emission wavelengths for the highest
AuNC loadings resulted in significantly improved detection and
resolution when using these nanohybrids in phantom models
for in vivo blood vessel imaging. The combination of very high
brightness, well-characterized PL behavior and excellent per-
formance in tissue models, makes the nanohybrids developed
here ideal candidates for advanced in vivo imaging as well as
for further studies on the PL mechanisms of AuNCs. Detailed
characterization concerning the biological response to the nano-
hybrids, their stability under biological conditions, and in vivo
imaging studies will be investigated in forthcoming studies.

4. Experimental Section

Synthesis of Gold Nanoclusters (AuNCs): Gold nanoclusters stabilized
by dodecanethiol (DDT), called here AuNCs, were prepared as described
elsewhere.?! Briefly, 46.4 mg (93.75 umol) AuCIPPh; were dispersed in
ethanol followed by addition of 81.5 mg (0.94 umol) tert-butylamine-
borane and fast stirring for 45 min. The solution changed from
orange-red to black color after 5 min. Then 12 puL of DDT was added and
the mixture was left to stir for another 3 h. The dark solution was then
filtered 3 times with filters at 3 kDa molecular weight cut-off to remove
unreactive species and kept refrigerated.

Preparation of NPs: Polyethylmethacrylate (PEMA) bearing 5 or
10 mol% of methacrylic acid was synthesized through free radical
polymerization as described previously.?*24 Stock solutions of PEMA
were prepared at a concentration of 10 g L™ in acetonitrile. These
solutions were diluted to 2 g L™ in acetonitrile, with 9 to 50 wt%
of AuNCs (relative to the total mass of polymer and AuNC). These
solutions were quickly added to a ninefold volume excess of phosphate
buffer (20 x 107 M, pH 7.4) under shaking (Thermomixer comfort,
Eppendorf, 1050 rpm at 21 °C), followed by further dilution to the desired
concentration.

Dynamic Light Scattering (DLS) and {-Potential: The size and
{-potential of the mixed polymer NPs were measured on a Zetasizer
Nano series ZSP (Malvern Instruments). For size determination, each
sample was measured 10 times with a run length of 10 s each. Volume-
averaged values, determined by the Zetasizer software based on Mie
theory, were used. Mean values give the average over at least three
independent preparations, error bars correspond to the standard error of
the mean. For {-potential determination three successive measurements
combining electrophoretic mobility and laser Doppler velocimetry with
>10 runs each were carried out with an applied potential of £150 V.

Transmission Electron Microscopy (TEM): Solutions of NPs (5 uL) were
deposited onto carbon-coated copper—rhodium electron microscopy
grids following amyl amine glow discharge. They were then treated for 20
s with a 2% uranyl acetate solution for staining. The obtained grids were
observed using a Tecnai F20 Twin transmission electron microscope
(FEI Eindhoven Holland) operating at a voltage of 200 kV. Images (2048
pixels x 2048 pixels) were recorded using a US1000 camera (Gatan) and
analyzed using the Fiji software. At least 200 particles per condition were
analyzed.
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Cryo-TEM: 3 uL of sample was deposited onto freshly plasma-cleaned
(Fishione 1070) 300 mesh Quantifoil R2/2 grids (Quantifoil Micro
Tools GmbH, Jena, Germany) and the grids were plunge-frozen using a
Vitrobot Mark IV (FEI) with 95% chamber humidity at 15 °C (blot force
5, blotting time 2 s). CryoEM imaging was performed on Glacios(FEI)
microscopes operated at 200 keV acceleration voltage and equipped
with a K2 Summit camera (Gatan, Inc., Pleasanton, CA) using SerialEM
software. All images were acquired at a target defocus of 1.5 um with a
dose of =40 e~ A2 in super-resolution mode at a nominal magnification
of 45000x, corresponding to a pixel size of 0.90 A.

Estimation of the Number of AuNCs per NP: The volume of one NP
was calculated based on the mean NP diameter determined by TEM.
The NP mass (myp) was then determined using a mean density based
on the loading of AuNCs inside the particle (L) and the densities of Au
(Paunc) and of the polymer (opewa):

1
PNP=T U
1-L + L

PrEMA P AuNC

The mass of AuNCs per particle (maunc) was calculated using:

Mpune = Myp XL (2)

The number of AuNC per NP (Na,nc) was calculated by taking into
account the molar mass of the cluster (Mp,nc = 5000 g molL™ with
respect to Au, with N, the Avogadro constant):

m XN
Npune = 7%;\"; nC A (3)
u

Uncertainties on the obtained values originate from the size
measurement and the used density of the polymer—AuNC nanohybrid,
but are difficult to estimate.

Intercluster Distance: In the case of an isotropic random distribution,
the average nearest neighbor distance can be estimated according to:1®l

0.554
c “)

with C the concentration (number of AuNCs per volume) of AuNCs
inside NPs.

Apart from the uncertainties related to the number of AuNCs per
NP, the distribution of the clusters inside the NPs also influences the
obtained values.

Spectroscopic Properties: Absorption spectra were recorded on a Cary
5000 Scan ultraviolet-visible spectrophotometer (Varian). PL spectra
were recorded on a WP NIR1 spectrometer (Wasatch Photonics) using
405 or 730 nm lasers from LCC Oxxius as excitation sources. Excitation
spectra were measured on a Fluorolog-3 (Horiba Instruments) equipped
with a near-infrared detector. 0.1 mg mL™" of the samples were loaded
into capillary tubes to reduce the light path length and thus, the light
scattering in the samples. The emission wavelength was fixed to
1050 nm and the excitation spectra were measured from 360 to 1000 nm.
The excitation slit was set to 3 nm, whereas the emission slit was set to
8 nm. Raw excitation spectra were corrected by dividing the excitation
signal by the corrected lamp signal (T1/R1c). An empty capillary tube
was measured as the blank control. T1/R1c of the blank was subtracted
from T1/R1c of the sample to obtain the final excitation spectra of the
samples.

To compare peak ratios (R) of excitation and absorption spectra
(measured on a Cary 60, Agilent Instruments, in quartz cuvettes with
0.5 cm path length) the average intensities from 404 to 406 nm were
divided by the average intensities from 669 to 671 nm:

d=

R= avg.int.(404 — 406 nm)
- avg.int.(669—671 nm)

A
B )
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Errors were calculated by error propagation:

A(R)= (%)2+(%)2 xR (6)

where a is the standard deviation of A and b is the standard deviation
of B.

Quantum Yields: QYs were determined from the absorbance values
at the excitation wavelength (A, gos nm) and the integral over the whole
emission range (F,) using a simplified relative method with IR1061 in
dichloromethane as reference (QY = 0.0041, absorbances below 0.1),°]
according to the formula

2
FnpAnp 808 nmf 0

QYNP = QYIR1061 (7)

2
FIR'IOG'IAIR'IOG'I,SOX nmfBcMm

where “NP” corresponds to solutions of the NPs in deuterated water,
“IR1061" to the reference in dichloromethane (DCM), and n to the respective
refractive indices of the solvents (1.33 for water and 1.42 for DCM).

Brightness: The brightness B is the product of the extinction coefficient
of AuNC &, the number of AuNCs per NP (Naync), and the QY of the
NP (QYyp):

B=Npunc X Eaunc X QYnp )

The specific extinction coefficient &, was determined through
absorbance measurements with a solution of known concentration of
AuNCs.

PL Lifetime Measurement: PL lifetimes were measured on a Fluorolog-3
with 400 pL of samples in quartz cuvettes with a 0.5 cm path length. PL
decay curves were measured at three emission wavelengths, namely 950,
1050, and 1200 nm using two different picoseconds pulsed diode lasers
from Edinburgh Instruments: 1) EPL 405 (Serial number: 083/405/11/11)
with a pulse width of 56.3 ps and emission peak centered at 404.2 nm;
2) HPL 670 (Serial number: 010/670/04/21) with a pulse width of
104.4 ps and emission peak centered at 675.4 nm. The lasers were set at
a repetition rate of 200 kHz (5 us pulse period). When measuring with
EPL 405 nm, the emission slit was set to 30 nm. When measuring with
HPL 670, the emission slit was set to 58.8 nm (fully open) because the
absorption in the 675 nm spectral region is at least 3 times lower than
the one at 404 nm. In Datastation software (Horiba), time-correlated
single-photon counting (TCSPC) was set for 3.34 ns per channel and
1000 channels. The measurement was set to end upon counting 20
000 photons as the maximum value. Decay curves were fit using FAST
software (Edinburgh Instruments). The exponential components analysis
routine was used to do the biexponential fitting of the curves. The fitting
range was from channels 3 to 650 for measurements using EPL 405 and
from channels 5 to 650 for measurements using HPL 670. Biexponential
fitting (Equation (9)) was found sufficient for good fits of the decay curves.

-t -t

I(t)=X1e™ + X,e% +C )

Relative amplitudes x; and x, and amplitude-averaged lifetimes <>
were calculated from the resulting exponential data as follows:

__X
=X X, (19)
__ %
2TXIEX, Q)
T=X1T1+ X7, (]2)

In these equations, X; and X, are amplitudes of the first and second
lifetime components 7, and 7, respectively, C is the background
intensity, and I(t) is the time-dependent PL intensity. Lifetime errors
were estimated as 10% relative errors.
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For an excitation-independent comparison of the decay curve
intensities, the decay curves were normalized to a constant number
of excitation pulses and to constant absorbance values of the sample.
The pulse number is the product of the measurement runtime and the
repetition rate of the laser (200 kHz). The average absorbance between
404 and 406 nm and 669 and 671 nm was normalized to the absorbance
of the 9 wt% sample. The pulse numbers were normalized to the pulse
number of the 9 wt% sample. The decay curves were then multiplied
by the normalized number of pulses and divided by the normalized
absorption at the wavelength of interest. The background (last intensity
point of the decay curve) was then subtracted to receive background-
corrected decay curves.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS): Gold loading
in polymeric NPs was determined using a quadrupole ICP-MS (Perkin
Elmer NexION 2000, Waltham, MA, USA). Standard solutions were
prepared in aqua regia 3% (v/v). "Au was measured and '®Rh at
141 nmol L' was used as internal standard. NP solutions were purified
using 10 kDa centrifugal filters prior to ICP analysis. The theoretical
gold concentrations were estimated based on the global polymer
concentration and on the amount of AuNCs employed for particle
assembly.

NIR-1l imaging was performed using a Princeton camera 640ST (900—
1700nm) coupled with alaserexcitation sourceat A=808 nm (100mW cm=2).
A short-pass excitation filter was used at 1000 nm (Thorlabs) and a
series of long-pass filters (LP) on the emission at 1064 nm (Semrock),
1250 nm (Thorlabs), 1319 nm (Semrock), 1400 nm (Thorlabs), 1500 nm
(Thorlabs). A 50 mm lens with a numerical aperture of 1.4 (Navitar) was
used to focus on the capillaries system.

Capillaries Imaging: Effect of scattering on the spatial resolution
was estimated using a fine bore polythene tubing (OD = 0.96 mm/ID
= 0.58 mm; Portex) filled with AuNC-loaded NPs and immersed in a
1% intralipid solution at increasing depths between 1 and 8 mm. Each
condition was recorded through the 50 mm fixed focal length lens with
exposure time from 10 ms to 2 s. Measurements were reproduced three
times for each condition.

Data Analysis: Image analysis was performed using Image| software.
Measurements of signal intensity were done in a defined region of
interest (ROI) manually located on the capillary without intralipid and
kept unchanged for all intralipid heights. The noise was measured at the
edge of images in an area without a relevant signal. SNR was calculated
as the mean signal intensity from the capillary divided by the noise.
An arbitrary threshold value of 3 was fixed as a limit for SNR. Below
this value, we considered that the signal from the capillary was not
significant.

To evaluate scattering effect on each image, a cross-sectional intensity
profile of the capillary was performed using the plot profile module of
Image) software. The full width at half maximum (FWHM) evaluated by
a fit of a Gaussian curve (Origin Pro 7 software) was obtained on each
profile to describe the capillary width imaged by the camera for each
condition. The FWHM or relative width obtained was compared with the
real width of the capillary as a percentage defined as:

% = fitFWHM / constructor width x 100 (13)
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