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1. Introduction

Near-infrared (NIR) fluorescence imaging is an important
30 modality for the non-invasive visualization of deep tissues at the
whole body level, because of the deep penetration and low
scattering of NIR light in living tissues.'® This is especially true
in the 2nd-NIR window (1000 to 1500 nm), which is expected to
offer better spatiotemporal deep tissue imaging due to lower
35 autofluorescence and scattering than that in the 1st-NIR window
(700 to 900 nm).”’ Although 2nd-NIR emitting fluorescent
probes such as single-walled carbon nanotubes'®* and Ag,S
quantum dots (QDs)**** have been reported, the fluorescence
brightness of these probes is relatively low (quantum yields <
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Near-infrared (NIR) fluorescence imaging in wavelengths from 1000 to 1500 nm (2nd-NIR
window) is a promising modality for in vivo fluorescence imaging because of the deeper tissue
penetration with lower tissue scattering of the 2nd-NIR light. For such in vivo fluorescence
imaging, highly fluorescent probes in the 2nd-NIR wavelength region are needed. Although
single-walled carbon nanotubes and Ag»>S quantum dots (QDs) have recently appeared as
2nd-NIR fluorescent probes, their fluorescence brightness is relatively low (quantum yields < 6
%). In this study, we developed a synthetic method for preparing highly fluorescent PbS/CdS
core/shell QDs (quantum yields, 17% in water) with narrow band widths (<200 nm) that emit in
the 2nd-NIR region. By overcoating of a CdS shell onto a PbS QD core, we could easily
control the emission wavelengths of the PbS/CdS QDs in 1000 to 1500 nm. To use the QDs
for in vivo imaging, we investigated the optical properties of QDs (penetration depth and
blurring of fluorescence images in the slices of skin, brain, and heart in mice) in the 2nd-NIR
region. We found that the 2nd-NIR fluorescence imaging at ca.1300 nm using the PbS/CdS
QDs results in a highest signal to back ground ratio with a low blurring for in vivo imaging. To
confirm the capabilities of the PbS/CdS QDs for in vivo imaging, we conducted fluorescence
angiography imaging of a mouse head.

406 %). In this paper, we report highly fluorescent 2nd-NIR
emitting probes based on PbS/CdS core/shell QDs***' which
emission wavelengths are easily controlled in the 2nd-NIR region.
Furthermore, we show the optical properties and utility of the
2nd-NIR emitting PbS/CdS QDs for in vivo fluorescence imaging

45 in mice.

In addition to single-walled carbon nanotubes and Ag,S QDs,
PbS QDs should be a candidate as 2nd-NIR fluorescent probes
for in vivo imaging.***” However, there are a limited number of
reports on in vivo imaging using 2nd-NIR PbS QDs.***° Recently,
we reported the synthesis of water-soluble PbS QDs for 2nd-NIR
fluorescence imaging in vivo.>® We demonstrated the utility of the
2nd-NIR PbS QDs for non-invasive fluorescence imaging of a
lymph system and breast tumor in mice.* Although the emission
peaks of PbS QDs are tunable in the range of 1000-1400 nm, the
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fluorescence quantum yields of PbS QDs significantly decreased
with increasing their size. In this work, we synthesized a 2nd-NIR
emitting PbS/CdS (core/shell) QDs, where the surface of the PbS
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core is passivated by a CdS shell, resulting in the increase in
fluorescence brightness and stability compared with the PbS QDs
previously reported.*

To date, PbS/CdS core/shell QDs have been synthesized by
using a cation-exchange method,**** where Pb’>" cations on the
surface of PbS QDs are gradually exchanged with Cd*" cations. In
this case, the core size of the PbS decreases with increasing the
thickness of the CdS shell. Thus, the emission peak of the
resulting PbS/CdS QDs shifts to shorter wavelengths compared
with the initial PbS QDs.**** A disadvantage of the cation-
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exchange method is the long reaction time (1-48 hours)*’ to form
a CdS shell in PbS QDs. An alternative for preparing PbS/CdS
QDs is a shell-overcoating method,>! where a CdS shell layer is
grown on the surface of a PbS QD core. For example, in the
synthesis of 1st-NIR emitting CdSeTe/CdS (core/shell) QDs, a
CdS shell is easily formed on the surface of a CdSeTe QD core
by thermal decomposition of a Cd-S precursor.’'> By the
formation of the CdS shell, the fluorescent brightness of
CdSeTe/CdS QDs is significantly increased.’ In this work, we
used the shell-overcoating method to prepare highly fluorescent
PbS/CdS core/shell QDs as a 2nd-NIR fluorescent probe.

Since the highly PbS/CdS QDs are synthesized using
oleylamine as a protecting reagent, the surface of PbS/CdS QDs
are hydrophobic and they are insoluble in water. To use the
PbS/CdS QDs in aqueous solution, the QDs have to be modified
by surface coating. For in vivo imaging, small-sized fluorescent
QD probes (< ca.10 nm) are desirable to promote the circulation
of probes in tissues and their renal clearance.’® So far, two
approaches have been used for the chemical modification of QD
surface to be hydrophilic. One method is the encapsulation of
QDs with amphiphilic polymers.”> In principle, this method
maintains the fluorescence brightness of the initial QDs, because
the QD surface dose not change after the encapsulation. However,
the hydrodynamic size of the resulting QDs increases depending
on the molecular weights of amphiphilic polymers used for the
encapsulation. Another method is the ligand-exchange® using
small molecules such as hydrophilic thiol compounds. In this case,
the size of QDs is not significantly changed when using small
molecular-weight ligands. However, the ligand-exchange method
often results in a significant decrease in the fluorescence
brightness and colloidal stability of QDs.*® In this study, we have
chose the ligand-exchange method to prepare small-sized
PbS/CdS QDs with high brightness and water-solubility. We
tested several types of thiol compounds such as mercaptoacetic
acid (MAA), mercaptoundecanoic acid (MUA), cystein (Cys),
and glutathione (GSH) for the surface modification of QDs.
Among the thiol compounds, MUA gave highly fluorescent
PbS/CdS QDs with a good colloidal stability.

We expected that in vivo imaging using highly fluorescent
PbS/CdS QDs offers better spatio-temporal deep tissue images in
the 2nd-NIR optical window. Modelling studies of QD
performance in turbid media containing hemoglobin have
suggested that 2nd-NIR fluorescence imaging (at 1320 nm)
would improve the signal to noise ratios by a factor of over 10
compared with NIR (at 850 nm) imaging.® To appply PbS/CdS
QDs as a fluorescent probes in the 2nd-NIR window, we
systematically investigated the optical properties of PbS/CdS
QDs in the tissues such as skin, brain, and heart of mice.
Moreover, we conducted fluorescence angiography of a mouse
head to demonstrate the capabilities of PbS/CdS QDs for deep
tissue imaging in the 2nd-NIR window.

2. Experimental
2.1 Materials

Lead (II) chloride, oleylamine, and oleic acid were purchased
from Wako Pure Chemical Industries. Hexamethyldisilathiane
and tributylphosphine (TBP) were purchased from TCI
Chemicals. Mercaptoundecanoic acid (MUA), 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride (EDC) and
bovine serum albumin (BSA) was purchased from Sigma-
Aldrich. Cadmium 2,4-pentanedionate (98%) was purchased from
Alfa Aesar. Selenium (powder, 99.999%) and dimethylcadmium
(10 wt% in hexane) was purchased from Strem Chemicals.
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Tetrahydrofuran, Diethylzinc (1M hexane solution), potassium ¢
butoxide, mercaptoacetic acid (MAA), L-cystein (Cys), and
glutathione (GSH) were Wako Pure Chemical Industries. Other
chemicals used were of analytical grade reagents.

2.2 Synthesis of PbS and PbS/CdS QDs

Lead (II) chloride (278 mg) was dissolved in a mixture of 5 mL
of oleylamine and 1 mL of oleic acid in a three-necked flask at
room temperature. The solution was heated to 100-150 °C under
an argon atmosphere. To this solution, 0.5 mL of a sulfur
precursor solution (0.5 mL of hexamethyldisilathiane and 9.5 mL
of TBP) was dropwisely added under vigorous stirring. The
formation of PbS QDs was monitored by observing their
emission spectra, which shifted to longer wavelengths with
increasing the amount of the sulfur precursor solution. The
reaction temperature was set to 100 °C, 125 °C, and 150 °C for
preparing 1000, 1200 and 1400 nm emitting PbS QDs,
respectively. When the desired emission peak of the PbS QDs
was obtained, the solution was quickly cooled to 60 °C. Then,
methanol was added to the solution to precipitate the PbS QDs.
The PbS QD precipitates were dissolved in a mixture of 2 mL of
oleylamine and 20 mL of toluene at room temperature. The
solution was heated to 90 °C, and 0.25-0.5 mL of a Cd-S
precursor solution (2.5 mL of dimethylcadmium solution + 0.5
mL of hexamethyldisilathiane + 7.5 mL TBP) was added
dropwisely. By measuring the fluorescence spectra of the
solution, the shell formation of CdS was monitored. When the
desired emission peak of the PbS/CdS QDs was obtained, the
solution was cooled to 50 °C. Then, ethanol was added to the
solution to precipitate the PbS/CdS QDs, and the QD
precipitations were dissolved in tetrahydrofuran. By controlling
the amounts of a Cd-S precursor solution during the shell
formation, PbS/CdS QDs with emission peaks of 1100, 1300 and
1500 nm were obtained from the PbS QDs with emission peaks
0f 1000, 1200 and 1400 nm, respectively.

2.3 Synthesis of CdSe/ZnS and CdSeTe/CdS QDs

Visible (VIS)-emitting CdSe/ZnS QDs?2 (520 nm emission)
and 1st-NIR emitting CdSeTe/CdS QDs5%:53 (720 nm emission)
were synthesized as described previously.

2.4 Surface modification of QDs

To 1 mL of the tetrahydrofuran solution of PbS/CdS QDs (1 uM),
1 mL of a MAA or MUA solution (50 mg/mL in tetrahydrofuran)
was added under stirring. To this solution, 0.5 mL of aqueous
solution (50 mg/mL of potassium #-butoxide) was added to
precipitate the MAA or MUA-coated PbS/CdS QDs. The
PbS/CdS QD precipitates were separated by centrifugation and
dissolved in water. An aqueous solution of PbS/CdS QDs was
passed through a 0.22 um membrane filter and centrifuged at
15,000 g for 5 min to remove aggregated PbS/CdS QDs. The
surface modification of CdSe/ZnS and CdSeTe/CdS QDs were
performed using the same method described above. The surface
modification of QDs with Cys and GSH were performed by a
previously reported method.>!

2.5 Conjugation of BSA to QDs.

To 1 mL of an aqueous solution of MUA-coated QDs (1 uM, PBS
buffer, pH 7.4), 10 uL of an aqueous solution (1 mM) of EDC
was added under stirring. After 30 min, 100 puL of a BSA
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solution (1 mM in PBS buffer, pH 7.4) was added to the
solution, and the mixture was incubated for 1 hour at room
temperature. Unconjugated BSA and EDC were removed using
an ultrafiltration membrane that had a 100 kDa molecular weight
cut-off (GE Healthcare) and PBS buffer (pH 7.4).

2.6 Characterization of PbS/CdS QDs.

Fluorescence spectra of PbS/CdS QDs were measured by a
NanoLog spectrometer system with an InGaAs photodiode array
(Symphony; HORIBA) at an excitation of 488 nm. Absorption
spectra of QDs were measured with a V-670 spectrophotometer
(JASCO Corporation). The hydrodynamic size of PbS/CdS QDs
was estimated from dynamic light scattering using the Zetasizer
Nano-ZS (Malvern) and a 633 He/Ne laser. Powder X-ray
diffraction (XRD) patterns were obtained using the D2 PHASER
diffractometer (BRUKER), which employs a Cu Ka (A = 1.5406
A) Transmission electron micrographs of PbS/CdS QDs were
taken by using the Hitachi HF2000 (Hitachi High-technologies)
at 200 kV. Samples were prepared by dropping 2 pL of solution
onto a carbon-coated copper grid and stood overnight to
evaporate the solvent. Inductively coupled plasma mass
spectrometry (ICP- MS) spectra were obtained using the Agilent
7700 (Agilent technologies) set at the helium collision mode. All
samples were dissolved in 5% HNO; and mineralized.
Instruments were tuned using 1 pg/L of Li, Mg, Co, Y, Ce and TI
as the standards. Fluorescence quantum yields (QYs) of PbS/CdS
QDs with emission peaks of 1100, 1300 and 1500 nm were
estimated relatively using standard PbS QDs, which had an
emission peak of 1000 nm. Fluorescence QY of this PbS QDs
was determined to be 0.6 by an absolute quantum yield
measurement systems (C10027; Hamamatsu photonics). By
comparing the fluorescence intensities of the standard PbS QDs
and PbS/CdS QDs with OD = 0.1 at 488 nm, fluorescence QY of
the PbS/CdS QDs were calculated. Molar extinction coefficients
(&) of PbS/CdS QDs were determined with the aid of fluorescence
correlation spectroscopy (FCS) as follows. The surface of the
PbS/CdS QDs was coated with FITC-labeled polyethyleneimine
(MW 25000), and the concentration of the QDs in water was
measured by FCS using a Rh6G standard solution (10® M). The
molar extinction coefficient, & for PbS/CdS QDs in water was
determined from the Lambert-Beer relationship (absorbance =
ecl, where c is the concentration of the solution and / is the path
length) as 6.3 x 10°, 16.6 x 10° and 22.4 x 10° M cm™ for
PbS/CdS with emission peaks of 1100, 1300, and 1500 nm,
respectively, at an absorption wavelength of 488 nm.

2.7 VIS, 1st-NIR and 2nd-NIR imaging system

The imaging system was based on the Macro Zoom System with
zoom function from 0.63% to 6.3x (MVX; Olympus). The optics
was optimized in the VIS, 1st-NIR, and 2nd-NIR windows with
custom designed objective and tube lenses for in vivo
fluorescence imaging. GFP and Cy5.5 filter sets (Semrock) were
used for the VIS and 1st-NIR imaging, respectively. A filter set
consisting of an excitation filter for the 785 nm laser, dichroic
mirror to reflect the 785 nm laser and transmit over 800 nm, and
long-pass emission filter with the cut-off wavelength at 800 nm,
was used for 2nd-NIR imaging. Emission filters of 1100 + 25 nm,
1300 + 25 nm, and 1500 + 25 nm placed after the filter set were
used for the imaging. A Xe lamp was used as the excitation light
source at 482 nm for VIS imaging. 670 nm and 785 nm laser
diodes (BWF1 series; B&W TEK) were used as the excitation
light for the 1st-NIR and 2nd-NIR imaging, respectively.
Maximum excitation powers on the sample stage were 5.0
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mW/cm® at 482 nm excitation, 25.1 mW/cm® at 670 nm
excitation, and 25.5 mW/cm® at 785 nm excitation at 0.63x
magnification. A Si EM camera (iXon3, Andor) was used for VIS
and 1st-NIR imaging, and an InGaAs CMOS camera (C10633-
34; Hamamatsu photonics) for 2nd-NIR imaging. Device control
and data acquisition were performed by 1Q2 (Andor) and
HCImage (Hamamatsu photonics) software and a LabVIEW
program (National Instruments).

2.8 Optical property measurements for tissue slices

A solution of 15 pm porous beads (SOUCE 15ISO; GE
healthcare) was dried and exchanged into 2-propanol. A
chloroform solution of QDs (520, 720, 1100, 1300 and 1500 nm
emission) was added to the porous beads solution. After
incubation for one hour, the porous bead solution was
centrifuged, and the solvent was gradually exchanged with 10
mg/mL BSA solution in PBS (pH 7.4). Skin, brain and heart were
extracted from HOS:HR-1 mice (Hoshino Laboratory animals).
Each specimen was enclosed with two glass cover slips for
autofluorescence measurements. Brain and heart slices of various
thicknesses were made by a microslicer (DTK-1000; Dosaka EM)
and placed between the glass cover slips with or without the
solution of 15 pum porous beads. Microscopic images were taken
at 6.3x magnification. For quantitative comparisons of
autofluorescence between VIS, 1st-NIR and 2nd-NIR imaging,
image intensities were corrected for photon counts per unit
excitation power and unit bandwidth of the emission filter.
Optical property analysis was performed using G-track (G-
angstrom), G-count (G-angstrom), image J, Origin (OriginLab)
software and a program made with LabVIEW.

2.9 Fluorescence angiography of a mouse head

Mice were anesthetized on a microscope stage. Mouse heads
were observed at 0.63x magnification. For fluorescence
angiography, a 150 pL of the mixture of BSA-coated QDs
solutions (ca.l uM) was injected into a mouse tail vein. The
brightness of fluorescence images of a mouse head for the BSA-
coated QDs (520, 720, and 1300 nm emission) were normalized
by the peak intensities of the QD fluorescence.

All animal experiments were performed in compliance with
the National Institutes of Health Guidelines for Care and Use of
Laboratory Animals and were approves by the Osaka University
Animal Care and Use Committee.

3. Results and discussion
3.1 Synthesis and characterization of PbS/CdS QDs

To prepare PbS/CdS core/shell QDs, a cation-exchange method is
widely used to make a CdS shell. In this method, a CdS shell is
grown by exchange of Pb*" ions with Cd*" ions at the surface of
PbS core QDs. The resulting PbS/CdS QDs emit at shorter

\{f S &of’:%s ? fgf@*
Q\?j{/& EENY AN
Sl =k 2@
771 TN e N
TN ST IS

Fig.1 Schematic presentation of the synthesis of MUA-coated PbS/CdS
QDs. A CdS shell onto a PbS core is formed using a Cd-S precursor of
dimethylcadmium and hexamethyldisilathiane. Ligand-exchange with
MUA is performed to obtain water-soluble PbS/CdS QDs.
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Fig.2 a) Spectral changes of PbS QDs upon formation of the CdS shell. A
black line shows the fluorescence spectrum of the PbS QDs before the
shell formation. Dotted red, green, dark blue and light blue lines show the
fluorescence spectra of PbS/CdS QDs with increasing their size. b)
Spectral half widths of PbS and PbS/CdS QDs in chloroform. Black and
red plots show spectral half widths versus emission peaks of PbS and
PbS/CdS QDs, respectively. c) TEM images of PbS/CdS QDs with an
emission peak of 1300 nm. d) Elemental analysis of PbS/CdS QDs with
1100, 1300 and 1500 nm emission, obtained from ICP mass spectroscopy.

wavelengths compared with that of the initial PbS QDs.3441 A
disadvantage of the cation-exchange method is the long reaction
time (1-48 hours) to form a CdS shell.37 As an alternative for
preparing PbS/CdS QDs is a shell-overcoating method®”.58 where
a CdS shell is formed at the surface of a PbS QD by the pyrolysis
of a Cd-S precursor such as a mixture of dimethyl cadmium and
hexamethyldisialthiane (Fig.1). In this case, the emission peak of
the resulting PbS/CdS QDs shifts to longer wavelengths with
increasing the amount of the Cd-S precursor (Fig.2a). Compared
with the cation-exchange method, shell-overcoating method is
facile and rapid: the shell formation is completed within one hour.
The spectral width of the resulting PbS/CdS QDs is almost
constant (< 200 nm) in the emission wavelength from 1100 to
1300 nm (Fig.2b). In contrast, the spectral width of PbS QDs
increases with increasing the emission wavelengths, and the
width is approximately 10-30% larger than those of PbS/CdS
QDs. The crystallinity of the PbS/CdS QDs is confirmed by
transmission electron microscopy (TEM) images (Fig.2c). The
TEM image of the PbS/CdS QDs (1300 nm emission) shows that
the QDs have spherical shapes (ca. 5 nm in diameter) with lattice
fringes, confirming the highly crystalline nature with a cubic
structure (Fig.2c). However, the structure of a CdS shell in the
PbS/CdS QDs was not observed from the TEM image. This may
be due to a thin layer of the CdS shell less than ca. 1 nm. Similar
observation has been reported for the PbS/CdS QDs with thin
CdS shells prepared by using a cation-exchange method.?” To
confirm the formation of a CdS shell, we measured X-ray
diffraction (XRD) pattern and ICP mass spectra for the PbS/CdS

a) b)

=== PbS/CdS QD
== PbS QD

1

1100 1300 1500
Emission peak of QDs / nm

=)

o

Fluorescence intensity (a. u.)
o
o

Fluorescence quantum yield (%)

o

800 1000 1200 1400 1600 1800

Wavelength / nm

Fig.3 (a) Fluorescence spectra of PbS/CdS QDs emitting at 1100 nm, 1300
nm and 1500 nm in chloroform. Asterisk shows the fluorescence absorption
by the solvent, chloroform. (b) Fluorescence QYs of the three types PbS
QDs and PbS/CdS QDs in chloroform.

QDs (Fig. S1). XRD pattern of the PbS/CdS QDs (1300 nm

30 emission) was slightly different from that of PbS QDs due to the
CdS shell on the PbS QDs (Fig.S1a). Elemental analysis of the
PbS/CdS QDs by ICP mass spectroscopy showed the a clear
evidence that the CdS shell forms on the surface of PbS QDs (Fig
S1b): the atomic ratios of Pb/Cd are measured to be 81, 7.1, and

35 4.2 for the PbS/CdS QDs with 1100, 1300, and 1500 nm
emission, respectively (Fig.2d).

In addition to the emission tunability of PbS/CdS QDs in the
2nd-NIR window (Fig.1a), these QDs have high fluorescence
QYs. For in vivo tissue imaging, fluorescence probes with higher

40 QYs are desirable to obtain clear images with higher signal to
background ratios, where the background fluorescence signals
usually arise from autofluorescence from tissues. We measured
the QYs of PbS/CdS QDs with the emission peak of 1100 nm,
1300 nm, and 1500 nm (Fig. 3a), which were prepared from the

45 initial PbS QDs with the emission peak of 1000 nm, 1200 nm,
and 1300 nm, respectively. Fig.3b shows the fluorescence QYs of
the PbS/CdS QDs and PbS QDs. The QYs of PbS/CdS QDs are
0.3-0.45 in chloroform, and their values are higher than that of
PbS QDs by a factor of 10-18 %.

50

3.2 Water-solubilization of PbS/CdS surface

modification

QDs by

The highly fluorescent PbS/CdS QDs prepared in organic phases
ss are coating with oleylamine.*>*' To use the PbS/CdS QDs in
aqueous phase, surface modification should be be performed to
make the QD surface hydrophilic. We used a ligand-exchange
method to prepare a small-sized water-soluble PbS/CdS QDs. We
tested four thiol compounds, MAA, MUA, Cys, and GSH for the
60 ligand exchange. In the case of MAA, Cys, and GSH, the
resulting water-soluble PbS/CdS QDs aggregated in aqueous
solution (10 mM PBS, pH=7.4) within 1-3 days after the surface
modification. In contrast, the ligand exchange using MUA
resulted in highly stable water-solube PbS/CdS QDs with a high

Q
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Fig.4 Fluorescence spectra of PbS QDs (a) and PbS/CdS QDs (b)
emitting at 1100 nm before and after the ligand-exchange with MUA. The
spectra were obtained by the excitation of 488 nm.
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Fig.5 (a) Autofluorescence images from tissues. VIS, 1st-NIR, and 2nd-NIR autofluorescence were observed at an excitation of 482 nm, 670 nm, and 785
nm, respectively. (b) Quantitative comparison of autofluorescence from tissues. Red, blue and green boxes indicate results for skin, brain and heart
samples, respectively.

brightness in PBS solution. MUA-coated PbS/CdS QDs did not
aggregate in the PBS solution over one month.

Fig. 4 shows the fluorescence spectra of PbS QDs and
PbS/CdS QDs (1100 nm emission) before and after the ligand
exchange with MUA. The quantum yield (QY) of the MUA-
coated PbS/CdS QDs (QY, 17 % in PBS) was much higher than
that of MUA-coated PbS QDs (QY, 8 % in PBS). For the MUA-
PbS/CdS QDs with 1300 and 1500 nm emissions, we could not
determine the QY values in PBS, because of the strong
absorption of their fluorescence by water medium. The

hydrodynamic diameter of the MUA-PbS/CdS QDs was
determined to be 4.5 nm, 7.7 nm and 10. 5 nm for the QDs
emitting at 1100 nm, 1300 and 1500 nm, respectively (Fig S2).

3.3 Optical properties of tissues and PbS/CdS QDs in the 2nd-
1s NIR window

2nd-NIR light (1000-1500 nm) can penetrate biological tissues
more deeply than VIS light (400-700 nm) and 1st-NIR light (700-
1000 nm), because of the lower scattering and absorption at
longer wavelengths in the tissues.”® However, there are no
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Fig.6 (a) Schematic representation of an imaging experiment with tissue slices. A tissue slice was sandwiched between two glass cover slips (top and bottom
glass). The red particle represents a QD-doped porous bead (15 um in diameter), and the purple arrow represents the excitation light. Red, green and blue
traces show transmitted, absorbed and back scattered light emitted from the bead, respectively. (b) Microscopic images of the fluorescence of QD-doped porous
beads (15 um in diameter) and their passage through tissue. Slice thicknesses of the brain and heart were 100 and 200 um, respectively. Normalized images
show the fluorescent intensities normalized against the intensities in the absence of tissue slices. Adjusted images show the fluorescent intensities normalized
to the peak to peak intensity. (c) Fluorescence intensities of a QD-doped porous bead versus slice thickness in the brain and heart. Green, red, brown, dark
brown and black indicate fluorescence intensities observed at 520, 720, 1100, 1300 and 1500 nm, respectively. Slice thickness = 0 describes when the beads
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lines are curves of the spline fits.
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systematic data on the relationship between wavelengths of
excitation/emission light and imaging resolution in biological
tissues. We therefore conducted a quantitative analysis of optical
properties of VIS (CdSe/ZnS; 520 nm), 1st-NIR (CdSeTe/CdS;
720 nm) and 2nd-NIR QDs (PbS/CdS; 1100, 1300, and 1500
nm) in tissues with a newly designed up-right microscope system
(Fig S3). We first measured the autofluorescence of mouse
tissues such as skin, brain and heart excitations of 482 nm for
VIS, 670 nm for 1st-NIR and 785 nm for 2nd-NIR imaging (Fig.
Sa). Autofluorescence due to endogenous chromophores in
tissues results in generating background noise to reduce the
detection sensitivity."” In the 2nd-NIR region, there are no
significant autofluorescence compared with the VIS and 1st-NIR
region (Fig. 5b).

To quantify the penetration ability and imaging resolution in
tissues, we observed the fluorescence spots of porous beads (15
um in diameter) doped with VIS, 1st-NIR and 2nd-NIR QDs in
brain and heart slices (Fig. 6a). Fluorescence images of the beads
show that the 2nd-NIR images, especially in the 1300 nm
window, are brightest for all tissues (Fig. 6b,c). Furthermore, the
images show that the effect of blurring in relation to the imaging
resolution decreases with an increase in the imaging wavelength
owing to less light scattering by the tissues. The effects of slice
thickness of brain and heart tissues on the normalized intensity
and full width at half maximum (FWHM) of the fluorescence
spots are summarized in Fig. 6¢c and 6d. The change in the

fluorescence intensity is well fitted by an exponential decay curve.

The penetration depth, which is defined as 1/, (: attenuation
coefficient),® was estimated from the slope and largest at 1300
nm, about 1.9-3.2 times that from conventional NIR imaging
(Table S1). The effect of thickness on light attenuation through
the tissue specimen could be reproduced by a Monte Carlo
simulation using estimated optical parameters from integrating
sphere measurements (Fig S4). The FWHM increases with
thicker slices or shorter wavelengths, showing that the imaging
resolution in deep tissue can be significantly improved by
increasing the light wavelength. To understand how
autofluorescence affects the detection sensitivity of 2nd-NIR
imaging, we quantified the signal to background ratios, which are
an important factor for determining the detection sensitivity of in
vivo optical imaging. As thickness of the tissue slice increases,
the peak intensities of the signal should decrease due to light
blurring and attenuation. We found that at a heart slice thickness
of 120 pm, the signal to background ratio of 2nd-NIR imaging (at
1300 nm) can be improved 76 times compared to that of 1st-NIR
fluorescence (at 720 nm) imaging (Fig. S5).

3.4 Fluorescence angiography of a mouse head

To demonstrate the capability of 2nd-NIR imaging in vivo, we
performed fluorescence angiography® for a mouse head using
bovine serum albumin (BSA) conjugated VIS, 1st-NIR, and 2nd-
NIR QDs. For BSA-conjugated PbS/CdS QDs, we confirmed that
their cytotoxicity is very low at the concentration of less than 100
nM (Fig. S6). The mixture of each QD solution was injected into
a mouse tail vein, and the angiography images were taken at the
VIS, 1st-NIR, and 2nd-NIR regions. Autofluorescence of the
mouse body dramatically decreased in the angiography of 2nd-
NIR images compared with that of the VIS and 1st-NIR images.
Blood vessels show a clearer image in the 2nd-NIR region (Fig.
7) due to higher penetration of the 2nd-NIR light with lower
autofluorescence in the tissue. It should be noted that the spatial-
resolution of the fluorescence image of the blood vessels is
improved by increasing the imaging wavelength, which also
increases the signal to background ratio in the 2nd-NIR image
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Fig.7 Fluorescence angiography of a mouse head. The images (a-c) show
its Vis (520 nm), 1st-NMR (720 nm), and 2nd-NIR (1300 nm) fluorescence
angiographies, where excitation wavelengths are set to 488 nm, 670 nm,
and 785 nm, respectively. The image (d) shows the magnification of a
square area in (c).

compared with VIS or Ist-NIR images. The difference in the
signal to background ratio, however, was less than that seen in
the tissue slice measurements, indicating that the multiple
scattering of light in biological tissues contributes to the
background fluorescence signal.

4. Conclusions

In summary, we have presented the synthesis and optical
properties of PbS/CdS QDs prepared by using a shell-overcoating
method. Compared with a cation-exchange method, the shell-
overcoating method is facile to prepare the PbS/CdS QDs that
emit at wavelengths in the 2nd-NIR window. Using a ligand-
exchange with MUA, we could obtain highly fluorescent, small-
sized PbS/CdS QDs than can be used for non-invasive 2nd-NIR
fluorescence imaging. MUA-coated PbS/CdS QDs have
sufficient sensitivity for deep tissue imaging and show great
promise for the non-invasive imaging of tissues in vivo. Although
the PbS/CdS QDs contain heavy metals, their cytotoxicity is very
low at the QD concentrations used. Moreover, compared with
single-walled carbon nanotubes and Ag,S QDs, PbS/CdS QDs
are highly fluorescent (17 %) and their emission is size-tunable.
This is a tremendous advantage when studying biological systems,
because it is essential to simultaneously analyze multiple
components of molecular and cellular events. Therefore, we
expect that the 2nd-NIR fluorescence imaging using PbS/CdS
QDs has great potential for the non-invasive imaging of dynamic
processes in biological systems in vivo.
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