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Cancer is one of the leading causes of human death in post-
industrial countries. The mortality of cancer could be greatly
reduced with the help of early detection and diagnosis and
efficient monitoring of therapy.!! Tomographic imaging
techniques, such as computed tomography (CT), magnetic
resonance imaging (MRI), and positron emission tomography
(PET), benefit from unlimited penetration depth but have
limited spatial resolution and are unable to visualize real-time
dynamics owing to their long acquisition time.”! Compared to
tomographic imaging techniques, fluorescence-based optical
imaging benefits from fast feedback as well as diffraction-
limited spatial resolution, but is usually limited by tissue
penetration of approximately 1 mm for fluorophores emitting
in the visible (400-750 nm) or traditional NIR-I region (750-
900 nm), because of tissue scattering of photons.”) For
example, fluorescein isothiocyanate (FITC, emission at
approximately 520 nm) was used to label ovarian cancer,
with a detection limit down to approximately 1 mm?, only
when the tumor body was resected and imaged ex vivo,
because of the poor penetration and high scattering of visible-
region fluorescence.”! A new imaging method incorporating
high spatial resolution, fast feedback, and deep tissue
penetration is desired to advance medical science and practice
through better tumor imaging.

Recently, fluorescence-based optical imaging in the
second near-infrared window (NIR-II, wavelength 1.0-
1.4 um) has been shown to be useful for both in vitro®® and
in vivol® imaging with carbon nanotube fluorophores. Fluo-
rescence imaging in NIR-II is more desirable over visible
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(450-750 nm) and traditional NIR-I imaging (750-900 nm)
owing to reduced photon scattering, deeper tissue penetra-
tion, and lower autofluorescence.”” However, one of the
issues of NIR-II imaging remains the limited choices of NIR-
II fluorophores, such as single-walled carbon nanotubes
(SWNTs),® certain types of quantum dots (QDs),””) and
a handful of polymethine dyes.""! Other problems with NIR-
II fluorophores include the relatively low fluorescence
quantum yields and poor biocompatibility, which limit their
use for in vivo imaging with enough temporal resolution.
Thus far, SWNTs are the only NIR-II fluorophores that have
been used for in vivo imaging applications. Therefore, there is
an urgent need for other brightly fluorescent and biocompat-
ible NIR-II fluorescent probes for biological imaging both
in vitro and in vivo. Herein, we report the use of a new NIR-II
fluorophore, silver sulfide (Ag,S) QDsP for imaging xeno-
graft tumors with high fluorescence quantum yield (15.5 %) of
NIR-II emission at approximately 1200 nm. They are free of
heavy metals (Cd, Hg, or Pb) and can be used to detect
tumors with a high signal-to-background ratio through
passive tumor targeting.

The Ag,S QDs were synthesized in an organic phase
according to a previously published method.”** The hydro-
phobic Ag,S QDs were then coated with a surfactant
dihydrolipoic acid (DHLA) and reacted with amine-function-
alized six-armed PEG, using ethyl(dimethylaminopropyl)
carbodiimide/N-hydroxysuccinimide (EDC/NHS) to afford
highly water, buffer, and serum soluble 6PEG-Ag,S QDs with
an average diameter of approximately 5.4 nm (Figure 1a,f
and Supporting Information, Figure S2a—c). The 6PEG-Ag,S
QDs were soluble and physically stable for over ten months in
phosphate buffered saline (PBS; Figure 1b) while retaining
high fluorescence in the 1.0-1.4 um NIR-II region upon
excitation at 808 nm (Figure 1¢). A UV/Vis/NIR absorption
spectrum of the 6PEG-Ag,S QD solution showed increasing
absorption in the shorter wavelengths (Figure 1d), which was
consistent with previous publications.”” The photolumines-
cence versus excitation (PLE) spectrum of the 6PEG-Ag,S
QD solution revealed that the emission of Ag,S QDs was
centered at 1200 nm (Figure 1¢) and independent of excita-
tion. The fluorescence quantum yield of 6PEG-Ag,S QDs was
determined as approximately 15.5 % .[! The photostability of
6PEG-Ag,S QDs was tested by continuous illumination of the
6PEG-Ag,S QD solution with an 808 nm laser diode at
0.14 Wem 2 (Figure S2d). The NIR-II photoluminescence
(PL) intensity did decrease in the first 200s, but then
stabilized and remained over 50% of its initial PL intensity
over 0.5 h of continuous irradiation. Because the QDs were
typically illuminated for less than 2 min during in vivo
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Figure 1. NIR-1I Ag,S quantum dots with branched PEG coating. a) A
scheme showing the 6PEG-Ag,S QDs that emit at 1200 nm upon
excitation at 808 nm. Inset: chemical formula of the biocompatible
PEG coating on the QDs. b) A white-light optical image of the 6PEG-
Ag,S QDs suspended in PBS at a concentration of 1.34 mgmL™". c) A
photoluminescence (PL) image of the solution shown in (b). The
excitation source was an 808 nm laser diode at 0.14 Wcm 2 power
density and the emission was collected from 1100-1700 nm. d) A UV/
Vis/NIR absorption spectrum of the 6PEG-Ag,S QD solution. e) A PL
versus excitation (PLE) spectrum of the 6PEG-Ag,S QD solution. Note
the strong emission at 1200 nm that can be broadly excited from 550-
820 nm. The scale bar on the right indicates the fluorescence intensity.
f) ATEM image of 6PEG-Ag,S QDs with an average diameter of

5.4 nm. Scale bar=20 nm.

imaging, the 6PEG-Ag,S QDs remained highly fluorescent in
NIR-II without significant photobleaching during the imaging
time.

With the stable and brightly fluorescent 6PEG-Ag,S QDs,
we injected a 200 uL. solution of 6PEG-Ag,S QDs at
a concentration of 1.34 mgmL™' (approximately 0.75 nmol
per mouse) into the tail vein of a female BALB/c mouse with
a subcutaneous xenograft 4T1 murine tumor located on the
right hindlimb. Note, the injected dose of 0.75 nmol was on
the lower side of the reported doses of other short-wavelength
QDs intravenously administered for in vivo imaging (0.2—
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6 nmol per mouse).'” Immediately after injection, fluores-
cence images over the NIR-IT region (1.1-1.7 um) were
collected continuously by a two-dimensional InGaAs array
detector (Princeton Instruments) to track the blood circu-
lation of Ag,S QDs in real time, with excitation by a laser at
808 nm at a power density of 0.14 Wcm 2 (Figure S1), lower
than the safe-exposure limit of 0.33 Wem ™2 at 808 nm for
small animals.”®! Supporting Movie 1 shows the video-rate
NIR-II fluorescence images up to approximately 210 s post
injection (p.i.) at a frame rate of 8.4 framess™'. 6PEG-Ag,S
QDs entered the venous blood from the tail vein and first
circulated through the heart and lungs to be oxygenated in the
first three seconds p.i. (Figure 2 a—c). This corresponded to the
pulmonary circulation of the cardiovascular system, followed
by systemic circulation in other organs such as the kidneys
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Figure 2. Time course of NIR-II fluorescence and dynamic contrast-
enhanced image based on principal component analysis (PCA). a) An
initial NIR-1l fluorescence image of a 4T1 tumor-bearing mouse before
injection of 6PEG-Ag,S QDs. b—g) NIR-II fluorescence images of the
4T1 tumor-bearing mouse at various time points after injection of
200 pL of 1.34 mgmL™" 6PEG-Ag,S QDs. h) A PCA overlaid image
based on the continuous NIR-II fluorescence images. Lungs (blue);
kidneys (red); tumor (green). Yellow arrows =4T1 murine breast-
cancer tumor. Note that in all images, the head of the mouse is at the
top whereas the hind legs and tail are at the bottom. These results
were reproduced with a total of three mice.

(Figure 2d).!"! Besides the pulmonary and systemic circula-
tions that could be clearly distinguished from the video-rate
imaging, another interesting feature was the accumulation of
NIR-II fluorescence signal in the tumor region, starting at
approximately 15 s p.i. The NIR-II signal in the tumor region
continued to increase from approximately 15 s p.i. to approx-
imately 2 min p.i. (Figure 2e—g). The vascular structure of the
tumor also became distinguishable over time (compare
Figure 2 f,g). Thus, video-rate NIR-II fluorescence imaging
based on 6PEG-Ag,S QDs afforded pinpointing of the
location of the tumor within 2 min post injection.

To further distinguish the organs and the tumor based on
dynamic contrast, principal component analysis (PCA ) 1!
was applied to the first 100 frames (up to 11.9 s p.i.). The PCA
overlaid image (Figure 2h) after computation showed three
distinct components (coded with orthogonal false-colors),
corresponding to the lungs (blue), kidneys (red), and tumor
(green). PCA grouped pixels into a component with similar
time-dependent intensity-change profiles, and therefore was
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able to discriminate various organs as QDs circulated through
the organs. Owing to the dynamic contrast, PCA was more
sensitive in locating the tumor within a shorter time post
injection than the video-rate imaging (approximately 12 s p.i.
for PCA versus approximately 2 min p.i. for real-space video
imaging).

We monitored the NIR-II signal, which reflected the
distribution of 6PEG-Ag,S QDs inside the mouse, over
a longer period of time up to 24 h post tail-vein injection
(Figure 3 a—e, Figure S3,S4). Because of the enhanced perme-
ability and retention (EPR) effect of the tumor vascula-
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Figure 3. NIR-1I fluorescence imaging of a xenograft 4T1 tumor with high uptake
of 6PEG-Ag,S QDs. (a—e) Time course of NIR-II fluorescence images of the same
mouse injected with 6PEG-Ag,S QDs in Figure 2. These results were reproduced
with a total of three mice. f) A white-light optical image of the same mouse at

24 h p.i. The tumor mass was visibly darkened owing to high uptake of 6PEG-
Ag,S QDs. g) The tumor-to-background ratio (TBR) plotted as a function of time
p.i. for NIR-1l images, indicating a 100% certainty of the tumor being identified
from the NIR-Il image after 4 h p.i., according to the Rose criterion. h) A
representative plot of the % ID/gram of the 6PEG-Ag,S QDs in the blood versus
time after tail-vein injection, as determined by the NIR-II fluorescence of the
blood samples. A first-order exponential fits the data points with a half-life of
circulation for the 6PEG-Ag,S QDs of 4.37£0.75 h. This half-life measurement
was repeated with two other mice (3.98£1.16 h and 3.51+£0.86 h, see Figure S5).
i) Quantitative biodistribution of 6PEG-Ag,S QDs in various organs and the tumor

72 h after injection based on ICP-MS.

ture,'” a steady increase of NIR-II fluorescence of 6PEG-
Ag,S QDs in the tumor region and a decrease of NIR-II
fluorescence in other organs and skin was observed from
30 min p.i. to 24 h p.i., leading to an increased tumor-to-
background ratio (TBR) over time (Figure 3 ). The TBR was
well above the Rose criterion of 5 for 4-24 h p.i., indicating
a positive imaging and detection of the tumor.' Visual
inspection of the same mouse also showed high uptake of
Ag,S QDs in the tumor area that darkened from QD
accumulation at 24 h p.i. (Figure 3 f).
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To evaluate the effectiveness of the biocompatible surface
coating of Ag,S QDs, blood-circulation half-life of the 6PEG-
Ag,S QDs was determined to be 4.37 + 0.75 h based on a fit to
first-order exponential decay of the NIR-II fluorescence
intensity of the blood samples (Figure 3h), suggesting high
biocompatibility and slow uptake by the reticuloendothelial
system (RES) compared to the half-life of linear PEG-coated
QDs (f;,<12min for CdSe/ZnS-PEG;s, and t,~2h for
CdSe/ZnS-PEGs ). To quantify the biodistribution of
the 6PEG-Ag,S QDs, mouse organs were collected 72 h after
injection, when most of the injected QDs had stopped
circulating in the blood. The QD biodistribution in
the organs was found by two independent methods
based on NIR-II fluorescence (Figure S6) and induc-
tively coupled plasma-mass spectrometry (ICP-MS)
(Figure 31). The 6PEG-Ag,S QDs ended up primar-
ily in the RES organs including the liver and spleen,
while the tumor uptake of the 6PEG-Ag,S QDs
measured by the ICP-MS method was approximately
10% ID/gram, where % ID/gram indicates the
probe concentration in terms of the percentage of
the injected dose (ID) per gram of tissue. The non-
targeted (passive) tumor uptake of approximately
10% ID/gram was one of the highest tumor uptake
values reported to date for intravenously injected
QDs. The highest reported % ID/gram tumor uptake
of quantum dots, based on fluorescence intensity, was
approximately 20 % ID/gram at 4 h p.i. and dropped
to 7% by 24 h p.i. for dendron-coated InP/ZnS core—
shell QDs.™ In contrast, the 6PEG-Ag,S QDs
maintain a 10% ID/gram tumor accumulation even
at 72 h p.i., based on ICP-MS. The relatively long
circulation time and high tumor uptake indicated
that the 6PEG-Ag,S QDs were well-coated with
branched PEG functional groups, which limited the
opsonization of proteins for rapid RES uptake.

As with any newly introduced in vivo nanomate-
rial, long term retention and toxicity are of concern.
A separate in vivo toxicology study of 6PEG-Ag,S
QDs has shown minimal toxicity at a dose up to
1.68 nmol per mouse (that is, more than twofold
higher than used in this work and still lower than the
median toxic dose TDs;) over a period of two months
as evidenced by blood biochemistry, hematological
analysis, and histological examinations. Nevertheless,
to gain a better understanding of the clearance
pathway of this novel NIR-II fluorophore from the
body, we studied the short-term retention and
excretion after a single-dose injection of the 6PEG-Ag,S
QDs into tumor-free BALB/c mice (n=4). Feces and urine
were collected on a daily basis for quantitative measurement
of Ag,S QDs based on ICP-MS. Figure 4a,b show the
excretion of 6PEG-Ag,S QDs mainly through the biliary
pathway at a steady rate, which was expected because the
hydrodynamic radius of the 6PEG-Ag,S QDs was approx-
imately 26.8 nm according to dynamic light scattering (DLS;
Figure 4d), far larger than the renal filtration cut-off size of
5 nm." The biodistribution of the 6PEG-Ag,S QDs was also
examined at 24 h and 168 h (7 days) p.i. (Figure 4c). By seven
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Figure 4. Short-term retention and excretion study of 6PEG-Ag,S QDs
measured by ICP-MS. a) The amount of 6PEG-Ag,S QDs in feces
collected from mice (n=2) housed in metabolic cages every 24 h for

7 days. b) The amount of 6PEG-Ag,S QDs in urine collected in a similar
manner from the mice. c) Biodistribution taken for two mice at 24 h
p.i. and another two mice taken at 168 h p.i. d) Hydrodynamic-radius
distribution of 6PEG-Ag,S QDs based on DLS, indicating an average
radius of 6PEG-Ag,S QDs of 26.8 nm.

days p.i., the Ag,S QDs were nearly cleared from all organs
aside from the liver and the spleen.

In summary, we have developed biocompatible, heavy-
metal free 6PEG-Ag,S QDs as an imaging contrast agent that
are brightly fluorescent in the NIR-II window. Imaging with
these NIR-II QDs afforded deep inner organ registration,
dynamic tumor contrast, and fast tumor detection. The in vivo
pharmacokinetics of the QDs was studied, suggesting an
unprecedented degree of accumulation of 6PEG-Ag,S QDs
in the tumor (> 10% ID/gram) through the EPR effect. The
short-term excretion profile of the 6PEG-Ag,S QDs sug-
gested biliary clearance as the main clearance pathway.
Further studies of genotoxicity and reproductive toxicity
will be used to evaluate the potential of this new type of NIR-
II fluorophores for pre-clinical use.
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