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With suppressed photon scattering and diminished autofluores-
cence, in vivo fluorescence imaging in the 1,500- to 1,700-nm range
of the near-IR (NIR) spectrum (NIR-llb window) can afford high
clarity and deep tissue penetration. However, there has been a
lack of NIR-llb fluorescent probes with sufficient brightness and
aqueous stability. Here, we present a bright fluorescent probe
emitting at ~1,600 nm based on core/shell lead sulfide/cadmium
sulfide (CdS) quantum dots (CSQDs) synthesized in organic phase.
The CdS shell plays a critical role of protecting the lead sulfide
(PbS) core from oxidation and retaining its bright fluorescence
through the process of amphiphilic polymer coating and transfer-
ring to water needed for imparting aqueous stability and com-
patibility. The resulting CSQDs with a branched PEG outer layer
exhibited a long blood circulation half-life of 7 hours and enabled
through-skin, real-time imaging of blood flows in mouse vascula-
tures at an unprecedented 60 frames per second (fps) speed by
detecting ~1,600-nm fluorescence under 808-nm excitation. It also
allowed through-skin in vivo confocal 3D imaging of tumor vascu-
latures in mice with an imaging depth of ~1.2 mm. The PEG-CSQDs
accumulated in tumor effectively through the enhanced perme-
ation and retention effect, affording a high tumor-to-normal tis-
sue ratio up to ~32 owing to the bright ~1,600-nm emission and
nearly zero autofluorescence background resulting from a large
~800-nm Stoke’s shift. The aqueous-compatible CSQDs are ex-
creted through the biliary pathway without causing obvious tox-
icity effects, suggesting a useful class of ~1,600-nm emitting
probes for biomedical research.

fluorescence imaging | in vivo | NIR-Ilb window | quantum dots |
deep tissue

luorescence imaging of biological tissues in vivo or ex vivo can

provide direct visualization of biological structures and func-
tions with high spatial and temporal resolution (1, 2). Recently, we
and others have shown that fluorescent probes emitting in the
second near-IR (NIR; NIR-II, 1,000-1,700 nm) can facilitate
deeper tissue fluorescence imaging than previously done in NIR-I
(~800-900 nm) by taking advantage of suppressed tissue scatter-
ing of longer wavelength-emitted light and diminished auto-
fluorescence background in this region (3-23). Several classes of
NIR-II fluorescent probes have been developed and deployed
for blood hemodynamics visualization (8, 17), cerebrovascular
imaging (10, 18), and tumor targeting (11, 16, 23). However,
brighter probes and probes emitting at longer wavelengths are
still urgently needed to push the limit of in vivo fluorescence
imaging clarity and penetration depth.

Imaging in the long end of the NIR-II 1,000- to 1,700-nm
wavelength range [i.e., in the NIR-IIb window (namely 1,500—
1,700 nm)] can minimize photon scattering and still avoid high
absorbance by water in tissues, affording high resolution (approxi-
mately micrometers) of mouse vasculatures at several millimeter
depths in the brain or other tissues (12). The ~1,600-nm region is
located between water absorption overtone peaks and is well-suited
for deep tissue optical imaging (Fig. 1D). Beyond 1,700 nm, water
absorption increases accompanied by the loss of sensitivity of
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indium gallium arsenide (InGaAs) detectors used for NIR-II im-
aging in 1,000-1,700 nm, making imaging difficult despite further
reduced light scattering. To date, only a few NIR-IIb fluorescence
probes have been developed for in vivo imaging, including laser
vaporization-derived, single-walled carbon nanotubes [quantum
yield (QY): ~0.01%] (12), rare earth down-conversion nanocrystals
(QY: ~0.27-2.73%) (14, 20, 24, 25), and indium arsenide-based
quantum dots (QDs; QY: ~5%) (15). Clearly, more types and
brighter probes are needed in this important wavelength range.
Lead sulfide (PbS) QDs have attracted much attention over
the years for optical and optoelectronic applications owing to their
narrow bandgap and larger Bohr’s radii with respect to other QDs
(26-28). The strong and tunable emission spanning the entire
NIR-II window makes it a highly promising candidate for in vivo
imaging (29). However, the optical properties of PbS QDs are
prone to surface oxidation or other reactions in various environ-
ments, including aqueous dispersion media (30), or in thin film
optical devices (31). The fluorescence intensity and photostability
of PbS QDs are dramatically decreased on transferring to aqueous
solutions. This was a problem encountered by our group after the
first mouse NIR-II imaging work based on carbon nanotubes (6)
in an effort to explore brighter NIR-II probes. In the optical de-
vice field, higher-performance photovoltaic and light-emitting
devices (32-34) have been obtained by using cadmium sulfide
(CdS) as a protection layer to the PbS core against oxidation and as
a better passivation layer to remove surface defects/traps. In the
chemistry and biological application area, several groups performed
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Fig. 1. Characterization of NIR-llb-emitting CSQDs. (A) Schematic design of
CSQDs. (B) TEM image and high-resolution TEM image of as-prepared PbS/CdS
QDs. (Scale bar: 10 nm.) (C) HAADF-STEM images of the PbS/CdS core/shell
nanostructure. The energy-dispersive X-ray spectroscopy elemental maps show
the distribution of Pb (green), Cd (red), and S (yellow). (Scale bar: 5 nm.) (D)
Fluorescence emission spectrum of PEGylated CSQDs (right axis) plotted to-
gether with water transmittance spectrum (left axis). The pink region highlights
the NIR-llb window. (E) Plot of the integrated fluorescence spectra of PEG-
CSQDs, PEGylated PbS QDs, and HiPCO-SWNTs at five different absorbance
values of 808 nm or concentrations. Linear fits were used to calculate quantum
yield by comparing the slopes with reference HiPCO-SWNTs (QY ~ 0.04-0.4%).
(F) Photostability of PEGylated PbS QDs and PbS/CdS CSQDs in PBS under
continuous 808-nm laser exposure for 2 h. The y axis shows the fluorescence
intensity of the samples normalized to CSQD. (G) The long-time stability of
PEGylated PbS QDs and PbS/CdS CSQDs in PBS at 4 °C over the course of 4 wk.
The y axis shows the fluorescence intensity of the samples normalized to CSQD.

fluorescence imaging in the 1,000- to 1,400-nm region using less
bright PbS QDs without surface passivation (35, 36). CdS shell was
used to circumvent the aqueous quenching problem for PbS QDs
emitting in the 1,000- to 1,400-nm range (37, 38) but not longer
wavelengths to further minimize tissue scattering.

Here, we synthesized core/shell lead sulfide/CdS quantum dots
(CSQDs) emitting at ~1,600 nm and utilized the CdS coating
shell to protect the PbS core from reactions/degradation, thus
retaining the high fluorescence of the PbS core after PEGylation
and phase transfer to aqueous solutions. The bright CSQDs en-
abled in vivo imaging of ~1,600-nm fluorescence in NIR-IIb under
808-nm excitation using short exposure times down to 2-5 ms,
allowing for fast, real-time imaging of blood flows at frame rates of
60 frames per second (fps). This represented the fastest NIR-II
imaging speed to date in 1,000-1,700 nm with any fluorescent
probes. Through-skin in vivo 3D confocal imaging of tumor vas-
culature with a depth of ~1.2 mm was achieved with CSQDs.
Moreover, in vivo imaging of mouse tumor with CSQDs through
the enhanced permeation and retention effect was shown in the
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NIR-IIb window, outperforming other NIR probes with a superior
tumor-to-normal tissue (T/NT) ratio up to 32.

Results and Discussion

Synthesis and Phase Transfer of PhS/CdS €SQDs. CSQDs synthesis
involved tuning the core shell structure through controlling the
PbS core size to ~5.4 nm for ~1,600-nm emission, forming an
~1.5-nm-thick CdS shell and developing suitable surface chem-
ical coating for stable aqueous transfer and biocompatibility. It
started with synthesis of oleic acid-capped PbS QDs by using a
modified method reported previously (39, 40). Then, a low-
temperature Pb to Cd cation exchange procedure was optimized
to produce the CSQDs (Fig. 14) with minimal Ostwald ripening
and a high degree of size uniformity (SI Appendix, Materials and
Methods) (41, 42). The as-prepared QDs were uniform with a
narrow size distribution (6.9 = 0.4 nm) from transmission EM
(TEM) (SI Appendix, Fig. S1). A layer of outer shell with a thickness
of 1.5 + 0.2 nm was identified in the high-resolution TEM images
(Fig. 1B). Successful cation exchange was evidenced by elemental
mapping (Fig. 1C) using high-angle annular dark-field scanning
transmission EM (HAADF-STEM) and energy-dispersive X-ray
spectroscopy (SI Appendix, Fig. S24). As shown in SI Appendix,
Fig. S2B, all peaks in the powder X-ray diffraction spectra of PbS
QDs and the corresponding CSQDs could be indexed to PbS face-
centered cubic pattern (Joint Committee Powder Diffraction
Standards 5-0592). However, broadened and red-shifted peaks of
PbS/CdS CSQDs were observed due to the nanoscale PbS core
and formation of CdS shell leading to overlap and red shift of
diffraction peaks (43). Comparing the fluorescence spectra of PbS
QDs and PbS/CdS CSQDs taken in trichloroethylene (SI Appen-
dix, Fig. S3), we observed a blue shift from 1,725 nm of pure PbS
QDs to 1,650 nm of PbS/CdS QDs, consistent with the reduced
PbS core size on the formation of CdS shell by cation exchange.

For surface modification of CSQDs (44), an amphiphilic
polymer, oleyamine-branched polyacrylic acid (OPA), was syn-
thesized and served as an efficient coating layer (SI Appendix has
synthesis and modification details) (45). When the OPA polymer
was mixed with CSQDs in the organic phase, the hydrophobic
tails of the polymer intercalated with alkyl chains of oleic acid on
the surface of QDs and then formed ordered and compacted
structure via van der Waals/hydrophobic interactions between
multiple alkyl chains. The abundant carboxylic groups along the
OPA polymer backbone allowed for the dispersion of CSQDs
in aqueous solution and presented functional groups for fur-
ther conjugation. To increase the biocompatibility of CSQDs for
in vivo use, we screened and optimized a mixture of linear
methoxypolyethylene glycol amine (molecular mass ~5 kDa) and
branched eight-arm polyethylene glycol amine (molecular mass ~40
kDa) at a 24:1 molar ratio to PEGylate the OPA-modified products
via 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride
chemistry. The TEM image showed that the as-prepared PEGy-
lated lead sulfide/CdS core/shell lead sulfide/CdS quantum dots
(PEG-CSQDs) were readily dispersed in buffer solution without
negligible aggregation (SI Appendix, Fig. S4). Dynamic light scattering
(DLS) revealed that the fully hydrated, hydrodynamic size of the
resulting PEG-CSQDs in PBS was ~18.2 nm. In addition, the DLS
curve of PEG-CSQDs in FCS almost coincided with that in PBS (S
Appendix, Fig. S5), confirming that the PEG layer was able to prevent
serum protein binding.

Fluorescence Properties of PEGylated CSQDs. We characterized the
PEGylated CSQD in aqueous solutions and compared its optical
properties with its analog PEGylated PbS QDs without CdS shell.
As shown in Fig. 1D, the PEG-CSQDs dispersed in PBS showed an
emission peak at 1,650 nm under an 808-nm laser excitation, falling
in the 1,500- to 1,700-nm NIR-IIb region around a local minimum
of water vibration overtone peaks. In PBS buffer solution (under
808-nm excitation), the CdS protection layer resulted in an ap-
proximately six to seven times brighter fluorescence than PbS QDs
(without the CdS shell) that underwent the same surface coating
and phase transfer process. The PEG-CSQDs were ~55 times
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brighter than high-pressure carbon monoxide conversion single-
walled nanotubes (HiPCO-SWNTs) with a QY of 2.2-22% (red
curve in Fig. 1F) [referenced to 4-(7-(2-phenyl-4H-1-benzothio-
pyran-4-ylidene)-4-chloro-3,5-trimethylene-1,3,5-heptatrienyl)-2-
phenyl-1-benzothiopyrylium perchlorate (known as IR-26 dye)
0.05-0.5% QY] (46, 47), suggesting a bright fluorescent probe in
the NIR-IIb region.

Excellent photostability of the PEG-CSQDs in PBS was ob-
served in a 2 h continuous exposure test under an 808-nm laser at
60 mW/cm? (red curve in Fig. 1F). In addition, after storing at 4 °C
for 4 wk, the PEG-CSQD:s still kept their strong brightness with-
out obvious decay (red curve in Fig. 1G). In contrast, the QY of
PEGylated PbS QDs was only 0.33-3.3% to start with (black curve
in Fig. 1E) and suffered a further decay by ~20% after 2-h laser
exposure (black curve in Fig. 1F). Moreover, further fluorescence
decay (~40%) occurred for PEGylated PbS QDs after long-time
storage (black curve in Fig. 1G). These results confirmed that the
CdS outer shell can effectively protect the PbS core from chemical
and photochemical degradation effects, imparting excellent fluo-
rescence properties and stability of QDs in aqueous solutions.

Fast, Real-Time Fluorescence Imaging at ~1,600 nm in Vivo. Using
808-nm laser excitation (~70 mW/cm?), an InGaAs camera sen-
sitive to photons up to ~1,700 nm, and a 1,500-nm long-pass filter,
we performed noninvasive in vivo imaging of blood vessels by
detecting ~1,600-nm fluorescence emitting from i.v. injected PEG-
CSQDs (200 pL, 2 mg/mL) circulating in the mouse vasculature
system. Reduced tissue scattering of photons in the NIR-IIb win-
dow by tissues allowed clear imaging of blood vessels inside hind
limbs after injection of PEG-CSQD (Fig. 24). The high brightness
of PEG-CSQD allowed for real-time (defined as speed of >30 fps)
imaging with exposure times down to ~2-5 ms for hemodynamic
tracking of blood flow in individual vessels (SI Appendix, Figs. S6
and S7 and Movies S2 and S3 show 2-ms imaging data). Immedi-
ately after tail vein injection of PEG-CSQD, NIR-IIb signal
propagation with the blood flow in mouse hind limb vessels was

recorded at a frame rate of 60 fps (Movie S1, temporal resolution
of 16.7 ms). Note that we did not perform faster imaging due to the
limited frame rate imposed by the camera at the desired gain
setting. Previously, short exposure time of ~2 ms was only shown in
the <1,300-nm range using a donor-acceptor—donor probe at a
maximum speed of ~30 fps (23). Shortly after injection, we ob-
served NIR-IIb fluorescence returning from the arterial flow into
the femoral vein adjacent to the femoral artery (Fig. 24, ¢t =
0 defined as the time when signal started to appear in the femoral
vein), clearly resolving the closely spaced femoral artery and vein
(at ~320-pm distance) (Fig. 2 B-D) at ~2-mm depth inside the
hind limb tissue. Principal component analysis (PCA) (9) was
performed on the video rate images to clearly differentiate the
arterial component from the venous component of the femoral
vein (Fig. 2B, arterial component color-coded in red and venous
component color-coded in blue).

NIR-IIb signal propagations in the hind limb were analyzed
(Movie S1). By plotting the distance traveled by the flow front as a
function of time, the average blood flow velocity of the femoral vein
(indicated by the blue arrow in Fig. 2B) showed an overall linear
increase, with an average blood velocity of ~11.7 mm/s (Fig. 2E).
The blood flow was accompanied by periodic changes in the fluo-
rescence signal (Fig. 2F) corresponding to the ventricular ejection/
relaxation phases of cardiac cycles (Movie S1 shows clear pulsing
behavior of blood flow in the femoral vein). An average of 455.7 ms
per pulse (~27 frames per pulse) was obtained by plotting the time
of periodic variation over pulses through linear fitting (Fig. 2G).

In Vivo Noninvasive Imaging of Tumor in NIR-Ilb Window. Tumor
imaging of tumor is of importance to both diagnostics and therapy
for combating cancer and increasing survival rate. Molecular
probes or nanostructures could accumulate in tumor due to the
enhanced permeability and retention effect, which could be utilized
for tumor imaging and identifying patients who could potentially
benefit from nanoparticle-based drug delivery or therapy (48-50).
On iv. injection into C57BL/6 mice with xenograft MC38 tumors,
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Fig. 2. Fast NIR-llb imaging of blood flow in the NIR-
llb window at 60 fps. (A) A time course of ~1,600-nm
fluorescence images recorded at 808-nm excitation of a
mouse hind limb after iv. injection of PEG-CSQDs
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after filling the femoral artery; t = 0 is defined as the
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Fig. 3. In vivo fluorescence imaging of tumor in the NIR-llb window with a
T/NT tissue ratio >30. (A) High-magnification (10x objective), wide-field fluo-
rescence imaging (~1,600-nm emission, 808-nm excitation) of an s.c. xenograft
MC38 tumor on a mouse after tail vein i.v. injection of PEG-CSQDs. (Scale bar:
1 mm.) (B-E) Wide-field fluorescence imaging (1x objective) at different time
points after injection. (Scale bar: 10 mm.) (F) Time course curve of T/NT tissue
ratios over the course of 96 h p.i. Wide-field imaging experiment parameters:
808-nm laser, 1,500-nm long-pass filter, laser power density ~60 mW/cm?.

the PEG-CSQDs circulated over time and accumulated to a high
degree to brightly light up the whole tumors (Fig. 34). The high-
magnification images showed that the PEG-CSQDs gradually
leaked from vessels and diffused into tumor (SI Appendix, Fig. S8),
which could be attributed to the structural abnormalities and the
permeability increase of tumor vasculatures (51, 52). We continu-
ously monitored the fluorescence change of tumor in the 1,500- to

1,700-nm range at different time points (Fig. 3 B—E) and calculated
the T/NT signal ratios as a function of time (Fig. 3F). We observed
that the T/NT ratio gradually increased and reached the peak at
24 h postinjection (p.i.) followed by a subsequent decrease over time.
The highest T/NT ratio reached was ~32.6, which was the highest
among all fluorescence-based tumor imaging with any fluorophores
with or without molecular targeting. The accumulation of CSQDs
within the tumor accompanied with extravasation of CSQD out of
vessels also led to an increase of tumor-to-blood ratios as a func-
tion of time, reaching a peak value of ~6.7 at 48 h p.i (S Appendix,
Fig. S9). The high T/NT ratio of tumor imaging was attributed to
the high brightness of PEG-CSQDs, the long circulation time for
efficient enhanced permeation and retention, and the ultralow
autofluorescence background by imaging with an unusually large
~800-nm Stoke’s shift under an 808-nm excitation while detecting
in the ~1,600-nm NIR-IIb window (53).

3D Confocal Imaging of Tumor in Vivo at ~1,600 nm. Recently, we
built a one-photon confocal microscope for excitations in the
600- to 1,000-nm range and emission in the 1,000- to 1,700-nm
range and showed one-photon confocal imaging of noncleared
brain and other tissue samples ex vivo with penetration depths up
to ~1.3 mm (22, 23). Here, the bright PEG-CSQDs were utilized
to enable noninvasive, through-skin, high-resolution in vivo
confocal imaging of mouse vasculatures several micrometers in
diameter at millimeter depths (Fig. 44). The confocal images of
hind limb vasculatures of a C57BL/6 mouse shown in Fig. 4 B
and C were acquired at resolutions of 10 and 2 pm, respectively.
In a 300 x 300-pm image with a pixel size of 2 pm, a small vessel
at a depth of ~270 pm was resolved in vivo with a high signal-to-
background ratio of 6.3 (Fig. 4C). By measuring the Gaussian-
fitted FWHM of the cross-sectional intensity profile, we calcu-
lated the apparent width (i.e., FWHM) to be ~7.9 pm (Fig. 4D).
Note that the mouse was alive and that the vessels remained
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Fig. 4. In vivo noninvasive ~1,600-nm fluorescence confocal imaging in the NIR-llb window. (A) A schematic drawing illustrating in vivo confocal imaging of
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the mouse through the skin. (B and C) In vivo fluorescence confocal imaging of mouse hind limb vessels at a depth of ~270 um after i.v. injection of PEG-
CSQDs. (B) 2,000 x 2,000 um. (Scale bar: 500 um.) (C) 300 pm x 300 pm. (Scale bar: 50 pm.) (D) Cross-sectional fluorescence intensity profile of the hind limb
vessel marked in C with the FWHM of ~7.9 pm and S/B ratio of 6.3. (E-H) In vivo layer-by-layer fluorescence confocal imaging of tumor vessels over an area
(2,500 x 2,500 um) after an i.v. injection of PEG-CSQDs; z = 0 is defined as the position when NIR-lIb signal started to show up in tumor. (Scale bar: 500 um.)
(L and J) High-resolution fluorescence confocal imaging of tumor vessels at a depth of 180 pm. (/) 800 x 800 pm. (Scale bar: 200 pm.) (J) 300 x 300 pm. (Scale bar:
50 um.) (K) Cross-sectional fluorescence intensity profile of the tumor vessel marked in J with the FWHM of ~9.2 and S/B ratio of 8.8. Confocal imaging
experiment parameters: 785-nm laser, 1,500-nm long-pass filter, laser power ~40 mW, photomultiplier tube voltage of 600 V.

Zhang et al. PNAS | June 26,2018 | vol. 115 | no.26 | 6593

www.manaraa.com

Downloaded at Palestinian Territory, occupied on December 4, 2021


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806153115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806153115/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1806153115/-/DCSupplemental

L T

/

D\

o
8
S
&
<
8
&
E
e
8
@
o
=
S
B
2
=3
3
3
3
<]
=
g
o
g
=
8
I
@
o
©
o
8
°
8
k-l
8
S
=
H
8
a

bright through confocal imaging, suggesting that the PEG-
CSQDs are an excellent nanoprobe for noninvasive 3D in vivo
fluorescence imaging of animal disease models.

Since blood supply plays a critical role in tumor formation and
growth (54), high-resolution imaging of tumor vasculatures could
lead to useful information on vessel density, morphology, lengths,
branching ratios, and leakage behavior. Until now, multiphoton
confocal microscopy was the only 3D fluorescence-based modality
for in vivo tumor imaging, and it requires surgically implanting an
optical window on the mouse (55). We were able to use PEG-
CSQDs for noninvasive, one-photon, through-skin confocal im-
aging of mouse tumor vasculatures in NIR-IIb. The shaved C57BL/
6 mouse inoculated with a xenograft MC38 tumor was injected with
PEG-CSQDs through the tail vein (200 pL, 5 mg/mL). The vascu-
latures of tumor from the surface to the interior were resolved (Fig.
4 E-H, z = 0 is defined as the position when NIR-IIb signal started
to show up in the tumor). In contrast to the compact and abundant
vessels on the surface of tumor, the internal vessels became sparse,
indicating the cell necrosis inside the tumor (52). Given the fact that
the thickness of skin was ~0.5 mm, the in vivo confocal imaging of
tumor vessels reached an actual imaging depth of ~1.2 mm.

We observed that, in the high-resolution confocal images recor-
ded at a depth of ~180 pum (Fig. 4 I and J), tumor microvasculature
showed disorganization and lack of the conventional hierarchy,
which was obviously different from the blood vessels of normal
tissue with organized and regular branching order (Fig. 4B). The
cross-section intensity profile examined that the apparent width of
the tumor vessel was 9.2 with an S/B ratio of 8.8 (Fig. 4K). Pre-
viously, in vivo one-photon confocal imaging of tissues in the <900-nm
range was limited by light scattering, either relying on thin skin-
covered areas, like ears and eyes, or requiring invasive surgical pro-
cedures to remove skin using dorsal skinfold chambers (1, 56).
The bright NIR-IIb PEG-CSQDs offers the feasibility of non-
invasive confocal imaging for deep tissues, opening an approach
to micrometer-scale, high-resolution imaging at the millimeter
tissue depths in vivo.

In Vivo Pharmacokinetics and Biodistribution of CSQDs. The toxicity
and fate of foreign nanomaterials introduced into a body are of
important concerns. To investigate the pharmacokinetics and
biodistribution, PEG-CSQDs were i.v. injected into a mouse
cohort. By collecting blood at time points ranging from 1 to 72 h
p-i. and measuring the blood CSQDs concentration using in-
ductively coupled plasma atomic absorption spectrometry (ICP-
AAS), we derived a blood circulation half-life of ~7 h (Fig. 54).
Based on the DLS result, the fully hydrated hydrodynamic size of
PEG-CSQDs was ~18.2 nm (SI Appendix, Fig. S5), far larger
than the cutoff size of 5.5 nm for efficient urinary excretion (57,
58). We observed that PEG-CSQDs were gradually excreted with
feces overtime (SI Appendix, Fig. S10), suggesting a biliary ex-
cretion pathway of CSQDs (59). During an observation period of
28 d, no mice died in test group, and there was no obvious dif-
ference in body weight between the PEG-CSQD-treated group
and the control untreated group (Fig. 5B).

Generally, foreign substances, including nanomaterials, in-
troduced into a body typically accumulate in the liver and other
innate immune systems rich in macrophages (60, 61). If not
cleared effectively, in vivo toxicity might occur, especially for the
PEG-CSQD material due to the toxic Pb and Cd elements. To
further quantify the in vivo biodistribution of PEG-CSQDs over
time, the main organs of mice were collected at 2, 24, and 72 h
(n = 3 per group) after CSQD injection for fluorescence imaging
(SI Appendix, Fig. S11) and ICP-AAS measurement (Fig. 5C).
After 2 h p.i, liver, heart, lungs, and spleen showed bright NIR-
IIb fluorescence of CSQDs, with liver and spleen as the dominant
organs for accumulating PEG-CSQDs at ~15.8 and 16.8 per-
centage of injection dosage per gram of tissue (% ID/g),
respectively. Fluorescence signal in the liver decayed and the
amount of CSQDs decreased to 6.4% ID/g at 24 h p.i. After 72 h,
the residual CSQDs in most of the organs decreased appreciably,
indicating effective clearance of CSQDs. We analyzed the feces
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Fig. 5. Invivo pharmacokinetics and biodistribution of PEG-CSQDs. (A) Time
course of CSQDs concentration in the blood of CSQDs treated mice over 72 h
p.i., with a blood circulation half-life time of ~7 h. (B) Body weight of CSQDs-
treated mice over a period time of 28 d. (C) Biodistribution of CSQDs in main
organs of CSQDs-treated mice at 2, 24, and 72 h p.i. (D) Percentage of Pb in
different parts of CSQDs-treated mice after 28 d p.i. All of feces during 28
d were collected. Organs: heart, liver, spleen, lungs, kidneys, stomach, and
gut. Body: other parts of mouse, including skin, muscle, brain, et al.

of PEG-CSQDs-treated mice at 96 h p.i. and found that the
amount of Pb in feces quickly reached a higher level at the time
point of 24 h p.i.,, indicating the efficient clearance of CSQDs (S/
Appendix, Fig. S12). We also collected all of the feces excreted
from mice within 28 d p.i., measured them by inductively coupled
plasma, and found that ~76% of injected CSQDs were excreted
from the body with feces, whereas only 0.7% of injected CSQDs
remained in seven main organs (Fig. 5D). In addition, we separated
the CSQDs from feces using ultrasonication and centrifugation and
characterized the supernatant by TEM. The CSQDs remained
intact after being excreted through the biliary pathway, showing
good in vivo stability of the probes (SI Appendix, Fig. S13). Overall,
our study showed no obvious in vivo toxicity of the PEG-CSQDs
and excretion of a majority within 1 mo of injection. The results
suggested that the PEG-CSQDs are bright, 1,600-nm emitting
probes highly useful for research with mouse models without tox-
icity problems through the ~1-mo period investigated.

Conclusion

In summary, we developed a bright fluorescent probe emitting at
~1,600 nm based on CSQDs and performed noninvasive in vivo
fluorescence imaging with high temporal and spatial resolution
in 2D wide-field and 3D confocal modes. Due to the core/shell
structure and PEG layer, the CSQDs exhibited high aqueous
stability and biocompatibility in physiological media and remained
a high quantum yield, allowing for, in the NIR-IIb window, non-
invasive, fast, real-time imaging of blood flows in mouse vascula-
tures. In vivo one-photon confocal imaging was realized in the
NIR-IIb window using CSQDs, clearly resolving micrometer-
scale capillaries at millimeter tissue depth with high S/B ratio. In
vivo noninvasive 3D layer-by-layer confocal imaging of tumor
reached a depth of ~1.2 mm using the CSQDs probe. Wide-field
imaging of the tumor lighting up by enhanced permeation and
retention effect reached a high T/NT ratio up to 32. It is also
encouraging that the injected PEG-CSQDs were cleared from the
main organs and excreted from the body through the biliary
pathway, causing no obvious in vivo toxicity. This work led to a
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probe useful for deep tissue fluorescence imaging at the unusual
1,500- to 1,700-nm window for biomedical research.

Materials and Methods

The materials and methods used in this study are described in detail in S/ Appendlix,
Materials and Methods. Information includes descriptions of CSQDs synthesis,
surface modification and PEGylation, in vivo fluorescence imaging in 2D wide-field
and 3D confocal modes, in vivo pharmacokinetics, and biodistribution of CSQDs.
All animal experiments were performed under the approval of Stanford
University’s Administrative Panel on Laboratory Animal Care.
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