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Abstract

The use of visible/NIR-emitting gold nano-clusters (Au NCs), previously proposed for in vivo
imaging, has been limited to some extent by low quantum yields (QY's) and the limited penetration
of visible light in tissue. Here we report short wavelength infrared (SWIR, A = 1-2 ym) emitting
Au NCs with a good photoluminescence QY for this wavelength range (0.6% to 3.8% for Agm =
1000 to 900 nm) and excellent stability under physiological conditions. We show that surface
ligand chemistry is critical to achieving these properties. We demonstrate the potential of these
SWIR-emitting Au NCs for in vivo imaging in mice. The Au NCs have a hydrodynamic diameter
that is small (~5 nm) enough that they exhibit a rapid renal clearance, and images taken in the
SWIR region show better resolution of the blood vessels than in the NIR region.

Graphical abstract

"Corresponding Authors: mgh@mit.edu.; obruns@mit.edu.

Supporting I nformation

The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acs.nano-lett.7b03070.
In vivo SWIR imaging (AVI)

In vivo SWIR imaging (AVI)

Experimental details, SWIR images, TGA figures, GFC traces and LC/MS data (PDF)

ORCID

Yue Chen: 0000-0002-9579-5189

Marc Schneider: 0000-0002-9260-7357
Xavier Le Guével 0000-0003-3634-7762
Ou Chen: 0000-0003-0551-090X

Moungi G. Bawendi: 0000-0003-2220-4365

Author Contributions

Y.C. did syntheses, characterization, stability test, and biodistribution of Au NCs. D.M. performed serum binding test. H.W., D.M. and
O.C. provided assistance on ligand synthesis. O.T.B., D.M., and Y.C. performed in vivo imaging experiments. All authors participated
in data analysis.

Notes
The authors declare no competing financial interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Chenetal.

Keywords

Page 2

Photoluminescence Intensity

back front

:
600 800 1000 1200 1400
Wavelength / nm

Gold nanocluster; SWIR imaging; zwitterionic ligand; renal clearance

Luminescent noble metal nanoclusters, especially gold nanoclusters (Au NCs) with
potentially low toxicity, ultrasmall size, excellent photostability, and facile surface
functionalization, are being actively pursued as novel species of fluorescent materials.12
Composed of several to up to a few hundreds of Au atoms, these Au NCs exhibit quantum
confinement effects and molecule-like properties.2=> Au NCs with tunable emission from
ultraviolet to near-IR (NIR) region have been reported in the last several decades, and
utilization of those Au NCs for in vitro cell labeling and in vivo fluorescence imaging
applications is an active research area.5-10 In earlier reports, Au NCs with emission in the
NIR region are particularly being investigated for in vivo imaging applications owing to the
enhanced tissue penetration enabled by NIR light.>11:12 As in vivo imaging in the SWIR
range has further reduced background noise from tissue scattering than traditional visible
and NIR imaging, we focus our effort on obtaining Au NCs for SWIR in vivo imaging
applications in this work.

Recently, substantial progress has been made to improve the photoluminescence (PL)
quantum yield (QY) of Au NCs,13 to characterize and establish their atomically precise
structures,1416 and to understand the mechanism of their luminescence.” However, most of
the luminescent Au NCs reported so far have emission <950 nm®18 and relatively low PL
QYs,1? limiting their in vivo applications. Although the luminescence mechanism of Au
NCs is still debated and has not yet been well understood, it is clear that the type and
stacking structure of surface ligands play a critical role in the PL properties of Au NCs.17:20
Emission of Au NCs in the 800-950 nm range has been achieved by using a variety of
ligands.21-25 Zwitterionic and bidentate thiol molecules in particular, have been explored as
surface ligands and were shown to result in a higher QY and longer wavelength emission.
26,27 \We hypothesized that these zwitterionic and bidentate thiol ligands may enable
expansion of the emission spectrum of Au NCs to the SWIR range. Here we report that Au
NCs capped with a suitable shell of zwitterionic ligands (Scheme 1) can have an emission
peak in the range of 900-1000 nm with acceptable PL QY and excellent stability under
physiological conditions. We show that these properties improve contrast and resolution for
in vivo fluorescence imaging with Au NCs in mice.
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Au NCs are generally synthesized by reducing chloroauric acid with a reducing agent or by
heating in the presence of thiolated ligands such as glutathione, dihydrolipoic acid, or
proteins like bovine serum albumin.28-30 In this study, we first synthesized lipoic acid-based
sulfobetaine (LA-sulfobetaine)-capped SWIR-emitting Au NCs in water by modifying a
literature method that reduces chloroauric acid in the presence of LA-sulfobetaine.26 These
LA-sulfobetaine capped Au NCs have an average inorganic core size of 1.6 nm (Figure S1).
Their emission peak is centered at ~1000 nm (Figure 1a) with an initial QY of 0.6%. Matrix-
assisted laser desorption/ionization (MALDI) analysis shows a mass interval of 197 (Figure
1b, inset), which matches the mass of Au, and the range of Au atoms in the Au NCs is
estimated to be 20-50. As we discuss below, Au NCs with higher initial QYs can be
synthesized by decreasing the chloroauric acid to LA-sulfobetaine ratio, presumably due to
tuning of the core sizes and the existence of extended ligand layers. However, the maximum
emission of these higher QY NCs is blue-shifted (~200 nm) out of the SWIR range, likely
due to different core sizes and surface Au-thiolate staple motifs created in the presence of
the additional ligands during synthesis.14 We hypothesized that a two-step stacking of LA-
sulfobetaine ligands would help improve the QY and the amount of signal in the SWIR
region. After the formation of SWIR-emitting Au NCs (~1000 nm emission peak), we then
added additional LA-sulfobetaine ligands to form an extended ligand shell via electrostatic
forces between ligands, and this yielded Au NCs with a QY of 3.8% and an emission peak at
900 nm.

As indicated above, increasing the QY of our initial Au NCs (~1000 nm, 0.6% QY) by
simply adjusting the chloroauric acid to LA-sulfobetaine ratio during the initial step in the
synthesis results in the emission shifting to the blue. As the weight ratio of chloroauric acid
hydrate to LA-sulfobetaine decreases from 1:1 to 1:5, and then to 1:40, the QY increases
from 0.6% to 6.2% and 14.9%, respectively. However, the emission peak also blue-shifts by
~200 nm (Figure 1c), which counterbalances the QY improvement for potential SWIR
imaging applications. As we see from the images of the three Au NCs samples (same Au
molar concentration) taken using an InGaAs camera with two 1000 nm long pass (LP)
filters, the detected PL intensity of the higher QY blue-shifted Au NCs (1:40) is significantly
weaker than that of lower QY but red-shifted Au NCs (1:1 and 1:5) (Figure S2). Concurrent
with the increased QY and the blue-shift in emission, the hydrodynamic diameter (HD) also
slightly increases with more ligands present during synthesis (Figure 1d) (4.5, 5.0, and 5.2
nm, respectively, according to the GFC calibration curve, Figure S3). The inorganic core
diameters of these samples are 1.6, 1.5, and 1.3 nm, respectively (Figure S1), indicating the
presence of an extended ligand shell that gives rise to the increased HD. We speculate that
an extra layer of LA-sulfobetaine ligands may be bound to the surface of Au NCs (1:5) and
Au NCs (1:40) through electrostatic interactions between ligands or formation of disulfide
bonds between LA-sulfobetaine ligands and exposed thiols on the surface of Au NCs.
Consistent with this hypothesis, MALDI spectra of Au NCs (1:5) and Au NCs (1:40) (Figure
S4) show an increased fragmentation, indicating more capping ligands.

To elucidate whether the extended ligand shell contributes to the increased QY and the blue-
shifted emission of Au NCs (1:5 or 1:40), we incubated the low QY Au NCs (1:1) with extra
LA-sulfobetaine ligands. Indeed, following treatment with additional LA-sulfobetaine

ligands, the QY of Au NCs (1:1) significantly increases from 0.6% to 3.8%, accompanied by
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a ~100 nm blue-shift (to 900 nm) (Figure 2b). Since it is unlikely that the disulfide bond of
LA-sulfobetaine can change the core size of the initial Au NCs (1:1),31:32 which is also
verified by inductively coupled plasma optical emission spectrometry (ICP-OES) result that
96% of the Au was conserved after additional ligand treatment, we hypothesized the
formation of an extended ligand shell (verified by an increase of 0.5 nm in HD shown by
GFC, Figure S5), likely through electrostatic forces between ligands, and that this led to
increased QYSs and slight blue-shifts in emissions. Thermogravimetric analysis (TGA)
demonstrates the extended ligand shell of Au NCs after treatment with additional LA-
sulfobetaine ligands (Figure S6). As shown in Figure S6, Au NCs (1:1) lose ~40% of their
original weight when heated to 500 °C, while Au NCs treated with extra ligands lose ~75%
of their original weight. We further quantified the amount of ligands bound to Au NCs via
liquid chromatography—mass spectrometry (LC-MS) and ICP-OES (Figure S7). Au NCs
were dissolved with potassium cyanide prior to LC-MS and ICP-OES measurements to
quantify the concentration of LA-sulfobetaine and Au, respectively. The result shows that
there is 0.866 mg ligand/mg of Au in nontreated Au NCs, which is much lower than 3.949
mg ligand/mg of Au in treated Au NCs (Table S1). Since the Au NCs (1:5) initially have a
signal intensity in the SWIR range that is similar to Au NCs (1:1) (Figure S2), we treated
both samples with extra ligands for comparisons. Images of treated and untreated Au NCs
(5:1, 1:1 and 1:5) taken using an InGaAs camera with two 1000 nm LP filters show that Au
NCs (1:1) treated with extra LA-sulfobetaine ligands are the brightest (Figure 2a). There is
also a slight increase of the SWIR signal intensity of Au NCs (1:5) after treatment, which is
due to an increase in the QY. However, the blue-shift of the emission results in less signal
beyond 1000 nm (Figure 2b).

Although previous work has revealed some insights into the origin of the luminescence from
Au NCs, the mechanism has not yet been well understood.17:29.21 Size (or number of gold
atoms), the structure of the nanocluster cores, the packing of gold-thiolate motifs, and the
types of ligands all play an important role.17:25:33-35 |n our case, the extended ligand shell
contributes to the blue-shifted luminescence and higher QY, which is probably due to
rigidification of the gold shell structure that contains several Au-S motifs.13:36 To get the
highest SWIR signal from Au NCs, we need to balance a higher QY but a shorter emission
maximum with a lower QY but a longer emission maximum. Au NCs (1:1) treated with
extra ligands (Figure 2a) provide the highest brightness in the SWIR, and we use these to
demonstrate in vivo SWIR imaging. This preparation has a relatively good QY (3.8%) and
an emission maximum at 900 nm.

SWIR in vivo imaging can be advantageous because of deeper penetration and higher
contrast and resolution. Longer-wavelength photons in the SWIR region experience less
scattering in biological tissues, combined with lower auto-fluorescence, giving higher spatial
resolution at deeper tissue penetration depths.37 With their small HD, high stability, SWIR
emission, and relatively good QYs, these Au NCs are promising probes for in vivo imaging.
Before applying these NCs to in vivo imaging, we performed a pH and ionic strength
stability test. Au NCs were dispersed in aqueous solutions of different pH (4-10) and
sodium chloride solutions of different ionic strengths (0-500 mM), respectively. Both the PL
intensity and HD of the Au NCs show good stability within physiological pH range and over
a broad range of ionic strength (Figure S9). Moreover, Au NCs show minimal cell toxicity,
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as evidenced by an in vitro MTT assay (Figure S10). Serum stability test was also carried
out to test the stability of the Au NCs against nonspecific binding with serum proteins. Au
NCs (900 nm, 3.8% QY were incubated with fetal bovine serum (FBS) or 1x PBS at 37 °C
for 4 h, and images under an InGaAs camera show negligible difference in PL intensity
(Figure S11). In addition, the retention time of Au NCs before and after incubation with FBS
shows no significant changes (Figure 2c), indicating that the LA-sulfobetaine ligand not only
prevents Au NCs from degradation but also minimizes adsorption of serum proteins in
biologically relevant environments, consistent with previously published results.38-40

Efficient renal clearance of functional nanomaterials for contrast is of fundamental
importance for in vivo biomedical applications to ensure that agents can be effectively
cleared from the body, have little accumulation in organs, and show minimum interference
with other diagnostic tests.12 To have a general understanding of the biodistribution and
efficiency of the renal clearance of our Au NCs, Au NCs (0.125 mg Au) treated with extra
LA-sulfobetaine were injected into NCRNU-M mice via the tail vein, and images were taken
under 808 nm laser excitation using a SWIR camera from the front side of the mouse. The
signals in heart, lung and gut of the mice can immediately be observed, and renal clearance
is observed after 5 min (Figure 3a and Supporting Information, Video 1). To further
demonstrate that the Au NCs were excreted by the kidneys, a second injection of Au NCs
(0.125 mg gold) was given to the same mouse and images were recorded from the back side
(Figure 3b). The kidneys are visible within 1 min and the signal disappears after 18 min
(Supporting Information, Video 2). Urine was collected from the bladder for further
analysis. The PL spectra of the injected sample and the urine overlapped well (Figure S13a),
indicating that Au NCs were present in the urine. GFC traces show that the retention time of
the Au NCs in the urine is the same as that of Au NCs prior to injection (Figure S13b),
indicating negligible size change of the Au NCs before injection and after being excreted
from the mouse. We also took images of the fractions collected by GFC using our InGaAs
camera, which further demonstrates the presence of the Au NCs in the urine and the
consistent HDs before and after injection (Figure S14).

The in vivo biodistribution of Au NCs was also investigated by intravenously injecting Au
NCs into FVB mice and subsequently quantifying Au content in different tissues via
inductively coupled plasma mass spectrometry (ICP-MS). As shown in Figure 4, Au NCs
showed minimal accumulation in skin, muscle, heart, lungs, brain, and blood at 3 h post
injection. Some accumulation of Au NCs in mononuclear phagocytic system (MPS) such as
liver, spleen, and bone marrow was observed. Images of the organs taken using InGaAs
camera showed higher signal intensities of liver, kidneys, spleen, and bone (Figure S15),
which is consistent with the ICP-MS result. SWIR imaging of mouse urines collected at 0.5,
1.5, and 3 h, respectively, showed a decreased fluorescence intensity over time (Figure S16),
and ICP-MS analysis indicates Au content in the urine counts for about 70% of injected
dose, further demonstrating the rapid clearance of Au NCs, which is faster than previously
reported Au NCs.12:41

As seen from the emission spectrum of Au NCs (1:1) treated with extra LA-sulfobetaine
ligands, a long spectral tail exists to 1300 nm (Figure 2b). Despite the lower intensity in this
region, the quality of in vivo SWIR imaging may be better because of the reduced
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background signal from tissues. Thus, we took images of this sample using an InGaAs
camera with 1250 nm, and 1300 nm LP filters added, respectively. As shown in Figure S17,
a high SNR was maintained even after applying a 1300 nm LP filter. We later injected the
sample into a wild type mouse (C57BL/6), and a set of images of the left leg were taken
using a silicon camera with a 850 nm LP filter and an InGaAs camera with a 1250 nm LP
filter respectively under 808 nm excitation. Figure 5 shows that a more detailed image of the
blood vessels can be discerned from the images taken using the InGaAs camera,
demonstrating the advantage of SWIR in vivo imaging with Au NCs over conventional NIR
imaging.

In summary, we demonstrate water-soluble LA-sulfobetaine capped Au NCs with good QY's
that emit in the SWIR. The SWIR-emitting Au NCs have small HDs, minimum nonspecific
binding and rapid renal clearance. In vivo imaging of these Au NCs shows a higher contrast
and resolution in the SWIR than in the more conventional NIR, demonstrating the potential
of SWIR imaging to improve in vivo imaging using Au NCs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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excitation.
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Figure 2.
(@) Images of Au NCs (5:1, 1:1, and 1:5) (0.25 mg/mL on Au basis) in Eppendorf tubes

before (left column) and after (right column) treated with extra LA-sulfobetaine ligands,
taken using InGaAs SWIR camera under 808 nm excitation. (b) PL spectra of Au NCs (1:1
and 1:5) before and after treated with LA-sulfobetaine ligands at 532 nm excitation
(normalized based on the signal intensities detected by the SWIR camera). (c) GFC traces of
FBS, Au NCs (1:1) treated with LA-sulfobetaine ligands, and Au NCs (1:1) treated with
LA-sulfobetaine ligands in FBS, respectively. Absorption was detected at 750 nm.
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Figure 3.
A time series of images taken from (a) the front side and (b) the back side of a mouse after

injection of Au NCs.
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Figure 4.
Biodistribution of Au in FVB mice (7= 6) at 3 h post injection. Data were measured using

ICP-MS and presented as micrograms of Au per gram of tissue.
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Figure5.

Images of the left leg of a wild type C57BL/6 mouse taken using (a) a silicon camera with a
850 nm LP filter, and (b) an InGaAs camera with a 1250 LP filter, respectively (insets are
zoomed-in areas indicated in the red squares). (c,d) The intensity across a line of interest
drawn in the inset images above.
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Scheme 1.
Schematic Illustration of Zwitterionic Ligands Capped Au NCs, Treated with Extra

Zwitterionic Ligands, Resulting in an Expanded Ligand Shell
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