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ABSTRACT: Ribonuclease-A (RNase-A) encapsulated PbS quantum
dots (RNase-A@PbS Qdots) which emit in the second near-infrared
biological window (NIR-II, ca. 1000−1400 nm) are rapidly synthesized
under microwave heating. Photoluminescence (PL) spectra of the Qdots
can be tuned across the entire NIR-II range by simply controlling
synthesis temperature. The size and morphology of the Qdots are
examined by transmission electron microscopy (TEM), atomic force
microscopy (AFM), and dynamic light scattering (DLS). Quantum yield
(Φf) measurement conﬁrms that the prepared Qdots are one of the
brightest water-soluble NIR-II emitters for in vivo imaging. Their high Φf
(∼17.3%) and peak emission at ∼1300 nm ensure deep optical
penetration to muscle tissues (up to 1.5 cm) and excellent imaging
contrast at an extremely low threshold dose of ∼5.2 pmol (∼1 μg) per
mouse. Importantly, this protein coated Qdot displays no signs of toxicity
toward model neuron, normal, and cancer cells in vitro. In addition, the animal’s metabolism results in thorough elimination of
intravenously injected Qdots from the body within several days via the reticuloendothelial system (RES), which minimizes
potential long-term toxicity in vivo from possible release of lead content. With a combination of attractive properties of high
brightness, robust photostability, and excellent biocompatibility, this new NIR-II emitting Qdot is highly promising in accurate
disease screening and diagnostic applications.

■

nanotubes (SWCNTs),7,11,13 organic dyes (e.g., ICG and IR26),17,18 and Qdots made of diﬀerent low-bandgap materials
(e.g., PbS, PbSe, InAs, and CdHgTe).8,14−16,18−26 Among
which, Qdots exhibit superior optical properties such as narrow
and size-tunable emission, high ﬂuorescence quantum yield
(Φf), and excellent robustness against photobleaching, making
them well-suited for sensitive and long-term ﬂuorescence
imaging.
Since the Qdot bandgap (corresponding to its emitted
photoenergy) is made of bulk bandgap and quantum
conﬁnement, it is hence normally greater than that of the
corresponding bulk material. It is therefore unsurprising that all
known NIR-II emitting Qdots are made of low-bandgap
materials such as PbS (0.37 eV), PbSe (0.27 eV), PbTe (0.32

INTRODUCTION

Over the past 20 years, ﬂuorescent semiconductor nanocrystals,
also known as quantum dots (Qdots), have emerged as a
powerful probe for biology because of their unique, sizedependent, bright, and stable ﬂuorescence.1−5 In particular,
Qdots that emit in the second near-infrared biological window
(NIR-II, 1000−1400 nm, photon energy 1.24−0.89 eV) are
extremely attractive for in vivo ﬂuorescence imaging. This is due
to the greatly reduced light absorption and scattering together
with nearly zero biological autoﬂuorescence background,
leading to the deepest light penetration into the body with
signiﬁcantly increased imaging contrast, ﬁdelity, and resolution.6−9 Compared to the widely used NIR-I emitters (ca. 650−
900 nm), the NIR-II reporters can provide much higher
imaging signal-to-noise (S/N) ratio and spatial resolution in
vivo.6−8,10−16 Thus far, myriad endeavors have been devoted to
develop feasible NIR-II emitters for biomedical imaging
applications. Notable examples are the single-walled carbon
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Heraeus Fresco 21 microcentrifuge and/or an Eppendorf 5810R
centrifuge. Absorption spectra were recorded on a LAMBDA 950 UV/
vis/NIR spectrophotometer equipped with an indium gallium arsenide
(InGaAs) 150 mm integrating sphere (PerkinElmer) over a wavelength range from 700 to 1700 nm. NIR-II ﬂuorescence spectra were
measured with a NS1 NanoSpectralyzer ﬂuorimetric analyzer (Applied
NanoFluorescence) with λex = 785 nm. Morphological and structural
data including transmission electron microscopy (TEM), high-angle
annular dark-ﬁeld scanning transmission electron microscopy
(HAADF-STEM), selected area electron diﬀraction (SAED), and
energy dispersive X-ray (EDX) analysis were obtained with a FEI
Tecnai F20 ﬁeld emission gun TEM/STEM microscope operated at
200 kV and ﬁtted with a Fischione HAADF detector and an 80 mm2
Oxford Instruments X-Max silicon drift detector (SDD) and a Gatan
Orius SC600A CCD camera. Dynamic light scattering (DLS) analysis
was conducted at a ﬁxed scattering angle of 90° on a Malvern Zetasizer
NanoSampler instrument. Atomic force microscopy (AFM) images
were obtained using a Dimension FastScan BioAFM (Bruker). Phasecontrast and corresponding ﬂuorescence pictures of rat cortical
neuronal cells were captured with a LAS X Wideﬁeld system (Leica
Microsystem). Flow cytometric analysis was performed using a
FACSCalibur ﬂow cytometry system (BD Bioscience). A home-built
NIR-II imaging prototype coupled with a 2-dimensional InGaAs CCD
camera was used to collect NIR-II images. An 808 nm diode laser was
the excitation source with 850 and 1000 nm short-pass ﬁlters. The
emission light was ﬁltered by an 1100 long-pass ﬁlter before reaching
the CCD detector. The percentage of injected dose (ID) of the Qdots
per gram (g) of tissue over time was determined with an Agilent 7900
inductively coupled plasma-mass spectrometry (ICP-MS).
Preparation of RNase-A-Encapsulated PbS Qdots (RNaseA@PbS Qdots). A 50 μL portion of NaOH solution (1 M) was added
dropwisely into 1 mL of RNase-A/Pb2+ precursor solution, prepared
by mixing 500 μL of 50 mg/mL RNase-A with 500 μL of 10 mM
Pb(OAc)2, to basify the system pH to ∼11. After the mixture stirred
for 5 min, 200 μL of 10 mM Na2S solution was added, and then the
mixed solution was heated at 80 °C for 30 s in a microwave reactor
with an input power of 30 W. The mixture rapidly changed from
colorless into dark brown, suggesting the formation of PbS Qdots. The
as-prepared Qdots were dialyzed against 1× PBS buﬀer (pH = 7.4)
overnight to neutralize system pH and remove unreacted reagents
(e.g., Pb2+, Na+, OAc−, etc). Thereafter, the resulting stock solution was
stored at 4 °C in darkness.
Flow Cytometry (Cell Cycle and Apoptosis Analysis). Human
gastric epithelial GES-1 cells (normal cells) were plated on 6-well
tissue culture plate at a density of 2 × 106 cells per well overnight and
then incubated with a complete DMEM medium or a Qdotpreconditioned medium with diﬀerent concentrations (i.e., 1.3, 2.6,
13, and 26 nM) for 24 h. Next, cells per well were transferred to a
centrifuged tube, spun down to a pellet at ×1000 g for 5 min, washed,
and resuspended in 2 mL of PBS and eventually divided into two
halves (∼1 mL for each). To assess cell cycle phase distribution, half of
the cells were ﬁxed by adding 4 mL of cold ethanol (95%) to 1 mL of
cell suspension and incubated at 4 °C for 12 h. Thereafter, the cells
were resuspended in 5 mL of PBS containing 1% fetal bovine serum
(FBS), and stained with 0.4 μL of propidium iodide (PI) containing 1
μL of RNase-A (10 mg/mL) for 0.5 h. The resultant solution was
stored at 4 °C in darkness. Cell cycle and phase distribution were
analyzed using CellQuestPro and ModtFit LT 3.0 software. On the
other hand, cell apoptosis and necrosis were assessed using an APC
Annexin V/PI apoptosis detection kit (BD Biosciences). The other
half of the cells were washed with cold PBS and resuspended in 1×
binding buﬀer (0.01 M HEPES, 0.14 M NaCl, 2.5 mM CaCl2, pH 7.4).
Next, a 100 μL portion of the solution (∼1 × 105 cells) was transferred
to a 5 mL tube prior to the addition of 5 μL of APC Annexin V and 5
μL of PI (20 μg/mL). After 20 min incubation, apoptotic and necrotic
cells were stained and distinguished depending on APC Annexin V
reactivity and PI exclusion. At last, 400 μL of 1× binding buﬀer was
added to the culture tube and analyzed within 1 h using the ﬂow
cytometry.

eV), InAs (0.35 eV), HgS (0.30 eV), Ag2S (1.05 eV), and Ag2Se
(0.15 eV), most of which contain malicious ingredients (Pb, As,
Cd, and Hg). Moreover, they often suﬀer limitations such as
low stability under ambient or biological environments (e.g.,
prone to oxidation for PbSe, PbTe),27 requiring hightemperature synthesis and postsynthesis modiﬁcations to
achieve water-solubility, which often leads to signiﬁcantly
reduced Φf,15 and/or diﬃculty in achieving size-dependent
color tunability (e.g., Ag2S).14 Therefore, the development of an
eﬀective aqueous synthesis route to high-quality, biocompatible
NIR-II emitting Qdots is highly attractive for overcoming such
limitations.22,26 Indeed, several thiol-containing small-molecule
ligands, including thiolglycerol, dihydrolipoic acid, L-cysteine,
and glutathione (GSH), have been employed to synthesize
NIR-II emitting PbS Qdots in aqueous media.27 Unfortunately,
such small-molecule ligands are unlikely to provide a dense,
robust surface coating to impede leakage of toxic metal ions,22
whereas proteins, with unique three-dimensional structures and
multiple functional groups, can stabilize Qdots more eﬀectively
by providing a dense, biocompatible coating. Indeed, a few
proteins, such as apoferritin,20 luciferase,28 and recombinant
EGFP-protein G,26 have been used to “trap” or “bio-mineralize”
certain sized PbS Qdots. More interestingly, the PbS Qdotbound luciferase proteins are functional for bioluminescence
resonance energy transfer (BRET) studies.28 In this regard, we
have previously demonstrated that ribonuclease-A (RNase-A), a
small monomeric protein (Mw ∼13.7 kDa), can template the
synthesis of highly ﬂuorescent gold nanoclusters29 and CdTe
Qdots30 for cellular imaging in the NIR-I and visible region,
respectively. Herein, the RNase-A assisted synthesis approach is
extended to regulate the formation of strongly ﬂuorescent,
color tunable, and biocompatible PbS Qdots for ultrasensitive
in vivo ﬂuorescence imaging in the attractive NIR-II window.
Compared to other protein templates, RNase-A appears to be
superior due to its high thermal stability (can sustain 100 °C
without aggregation) and tininess, allowing for signiﬁcantly
reduced overall Qdot hydrodynamic diameter (Dh) to beneﬁt
rapid clearance from body and minimize potential toxicity in
vivo. These are non-negligible factors for any heavy-metalcontaining imaging agent.

■

EXPERIMENTAL SECTION

Reagents and Materials. All chemicals were used as received
without further puriﬁcation. Pure water (resistivity: 18.2 mΩ cm) was
used to prepare working solutions and buﬀers. Bovine pancreatic
ribonuclease A (MW: 13.7 kDa, >70 U/mg), lead acetate trihydrate
(Pb(OAc)2·3H2O, ≥99.9%), sodium sulﬁde nonahydrate (Na2S·
9H2O, ≥ 98.0%), and sodium hydroxide (NaOH, ≥ 98.0%) were
purchased from Sigma-Aldrich. Fetal bovine serum (FBS) and
Dulbecco’s modiﬁed Eagle medium (DMEM) were ordered from
Thermo Fisher Scientiﬁc. DHC-N01 C-chip disposable hemacytometer was used for cell counting.
Animals. All living nude mice of 4 weeks old (weight: 200−240 g)
were provided by the Animal Care Facility of School of Medicine
Shanghai Jiao Tong University (Shanghai, China). All animal
experiments were strictly performed under the guidelines of the
Chinese Council for Animal Care, approved by the Animal Care
Committee of the Laboratory Animal at School of Medicine, Shanghai
Jiao Tong University.
Instrumentation. Pure water was generated by an ELGA Purelab
classic UVF system. Microwave synthesis was carried out in a
microwave reactor (Discover, CEM). The photograph of as-prepared
Qdots was captured using a SONY DSC-F717 digital camera prior to
being puriﬁed with Amicon ultracentrifugal ﬁlter tubes (MWCO: 10 or
30 kDa). Centrifugations were performed with a Thermo Scientiﬁc
3042

DOI: 10.1021/acs.chemmater.6b00208
Chem. Mater. 2016, 28, 3041−3050

Article

Chemistry of Materials
Immunoﬂuorescent Staining. After 24 h incubation in PBS, ∼1
μM RNase-A@PbS Qdots or ∼0.5 μM Pb(OAc)2, three parallels of
neuronal cells were ﬁxed with 4% paraformaldehyde (PFA) for 1 h.
After being washed in 0.01 M PBS, the cells were blocked with 10%
normal goat serum (NGS) for 1 h, and then incubated with anti-βtubulin primary antibody (1:100 dilution) for ∼12 h at 4 °C.
Afterward, the ﬁxed cell cultures were washed three times with 0.01 M
PBS and incubated with secondary antibody (against the primary
antibody) for another 1 h at 37 °C in a heating bath. The cells were
rinsed in 0.01 M PBS prior to incubation with a Hoechst solution
(Hoechst 33342, 1:5000) for staining the nuclei. The anti-β-tubulin
antibody speciﬁcally recognizes the fetal rat cortical neurons and nerve
ﬁbers. The morphology of neurons with a high correlation to lead
toxicity was observed under an immunoﬂuorescent microscope.
In Vivo Imaging. All nude mice were raised under ﬁltered air
(temperature: 22 ± 2 °C; humidity: 55 ± 5%) in plastic cages with
sterilized wood shavings for bedding, and fed with a standard pellet
diet and tap water. For imaging applications, the animals had been
anesthetized with 5% (v/w) chloral hydrate. After that, a 200 μL
aliquot of RNase-A@PbS Qdots (∼26 nM, dosage: ∼1 μg per mouse)
was intravenously injected into the tail vein. Immediately after the
injection, the signal was recorded at various time points over a 24 h
period. At last the mice were sacriﬁced to harvest their major organs
for ex vivo imaging and H&E stain. An 808 nm diode laser with 850
and 1000 nm short-pass ﬁlters was used as the excitation source, and
the power density was set at 15 mW/cm2 with exposure time of 100
ms. In order to collect NIR-II ﬂuorescence images with an InGaAs
CCD camera, the emission signal was ﬁltered by an 1100 nm long-pass
ﬁlter.

quality, a signiﬁcant advantage of microwave assisted synthesis.34
Fluorescence Spectra and Stability of RNase-A@PbS
Qdots. Figure 1a shows ﬂuorescence spectra of the as-prepared
RNase-A@PbS Qdots (λex = 785 nm). By changing reaction
temperature, the emission maxima (λem) of the Qdots can be
modulated systematically across the entire NIR-II region, from
ca. 950 to 1300 nm. The Qdots prepared at 80 °C display an
almost perfect Gaussian-shaped emission peaking at 1308 nm
with a narrow full width at half-maximum (fwhm) of ∼135 nm
(Figure 1b). Such a ﬂuorescence character should enable the
deepest tissue penetration.9,15 Hence, the 1308 nm emitting
Qdots are the only candidate for follow-up experiments. The
absorption spectrum of the Qdots increases monotonously
toward the shorter wavelength with the ﬁrst excitonic
absorption peaking at 1260 nm, corresponding to the ground
state excitonic transition energy (E0) of 0.98 eV. By using the
E0 (in eV)−particle diameter (d, in nm) relationship for PbS
Qdots reported by Moreels et al.,31 the size of the Qdot can be
calculated from eq 1:
E0 = 0.41 +

1
0.0252d + 0.283d
2

(1)

Given E0 = 0.98 eV, the diameter (d) of the PbS Qdot is
calculated as 4.44 nm. Such a size matches perfectly to that
measured by transmission electron microscopy (TEM, see the
next section). Interestingly, the λem of the Qdots is red-shifted
with the increasing temperature together with narrowing
emission spectra (smaller fwhm), indicating the formation of
larger and more uniform sized Qdots at higher synthesis
temperatures (SI, Figure S2).
The Φf of the PbS Qdot is determined using the IR-26 dye
dissolved in 1,2-dichloroethane (DCE) as reference standard
via eq 2.

■

RESULTS AND DISCUSSION
Synthesis of RNase-A@PbS Qdots. Scheme 1 describes
the proposed reaction path for the synthesis of RNase-A
Scheme 1. Schematic of RNase-A@PbS Qdot Synthesis
under Microwave Irradiationa

Φs = Φref × (Is/Iref ) × (A ref /A s) × (ns /nref )2

(2)

Here the subscripts “s” and “ref” denote sample and
reference, I is the integrated emission intensity, A is the
absorbance at the excitation wavelength, and n is the refractive
index of the solvent. Using a recently reported Φref of 0.11% for
the IR-26 dye,17 the Φf of the RNase-A@PbS Qdot prepared at
80 °C is determined as 17.3%, placing it as one of the brightest
water-soluble NIR-II emitting Qdots. It should be noted that
there is a big discrepancy regarding the Φf of IR-26 dye
reported in literature. For example, Murphy et al. claimed Φf =
0.5% for the dye (which was widely quoted),19 while Semonin
et al. determined the value as 0.048%,18 and more recently,
Hatami et al. reported a solvent absorption corrected value of
0.11%,17 which we believe is the most accurate. Since
signiﬁcantly discrepant Φf values (>10-fold variation) of IR26 are quoted in literature, it is diﬃcult to compare the Φf of
diﬀerent NIR-II Qdots. Therefore, we have normalized the
literature values using Φref = 0.11% for the IR-26 reference, and
the results are summarized in Table 1. It reveals that the asprepared PbS Qdot has the highest normalized Φf among the
currently available NIR-II Qdots in aqueous solution. It is ∼2.7fold as high as that of the C18−PMH-PEG@Ag2Se Qdot that
has already been regarded as one of brightest water-soluble
NIR-II Qdots.15 The high Φf of RNase-A@PbS Qdots together
with λem of ∼1300 nm (corresponding to tissue absorption
minimum) should allow for deep optical tissue penetration and
ultrahigh sensitivity pertaining to in vivo ﬂuorescence imaging.9

a

Inset shows an optical photograph of freshly prepared RNase-A@PbS
Qdots.

encapsulated PbS (RNase-A@PbS) Qdots. Brieﬂy, the
precursors, i.e., Pb(OAc)2, RNase-A, and Na2S solutions, are
mixed up in a vessel that is sealed and then inserted in a
microwave system. The reaction vessel is subjected to heating
for 30 s under constant stirring, during which the Pb2+ cations
and S2− anions react with each other to form PbS nanocrystals
whose surfaces are simultaneously capped by protein molecules
to prevent macroscopic aggregation and/or precipitation. The
aqueous synthesis completes rapidly, generating a uniform
dark-brown suspension of RNase-A@PbS Qdots in 30 s (see
inset photograph in Scheme 1). It is worth mentioning that
microwave heating plays a critical role in the high-quality Qdot
synthesis: those heated in a metal dry bath incubator under
equivalent conditions yield much weaker ﬂuorescence (by >11fold) even after the heat treatment is prolonged to 15 min (see
SI, Figure S1). Apparently the ability of reaching target
temperature rapidly appears important to achieve high Qdot
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Figure 1. (a) Photoluminescence (PL) spectra of color-tunable RNase-A@PbS Qdots excited at a ﬁxed wavelength λex = 785 nm. (b) UV/vis/NIR
absorption and PL spectra of the Qdot with an emission maximum peaking at 1308 nm. The PL spectrum is ﬁtted to a Gaussian function (R2 =
0.976), giving a fwhm of 135 nm. Inset shows a zoom-in graph of the NIR absorption ranging from 1000 to 1500 nm; the ﬁrst excitonic absorption
peak at 1260 nm is pointed with an arrowhead (red).

Table 1. Comparison of Typical Fluorescence Properties (Tunable Emission Peak λem Range, Emission FWHM, and Φf) of
Typical Water-Soluble NIR-II Emitting Qdots

a

Qdot sample (coating@core)

reported Φf (%)

normalized Φfa (%)

λem range (nm)

fwhm (nm)

ref

DHLA@Ag2S
PEG@Ag2S
C18−PMH-PEG@Ag2Se
GSH@PbS
GST-EGFP-GB1@PbS
RNase-A@PbS

6.9
15.5
29.4
6−16
10
17.3

1.3
3.4
6.5
?
?
17.3

1200
1200
1300
∼900−1230
1150
1300

∼170
∼170
∼170
210−260
∼250
135

14
14
15
16
26
this work

Normalized Φf is obtained using a Φf of 0.11% for the IR-26 reference standard.

A dense, robust surface coating on the PbS Qdot is essential
for high colloidal stability and for providing eﬀective protection
for the core (retaining high ﬂuorescence) to prevent possible
leakage of toxic Pb2+ ions,32 which is crucial for in vivo
applications. Although galena has an extremely low solubility
product constant (Ksp = 4 × 10−28 mol2 dm−6) that ensures
minimal Pb2+ leakage due to natural solubility, the high level of
intracellular thiol-containing small molecules (e.g., cysteine ∼1
mM)22 can potentially etch the core if it is not well-protected,
compromising its ﬂuorescence,33 and causing cytotoxicity (via
released Pb2+ ions). Against all expectations, the RNase-A@PbS
Qdot has robust resistance to cysteine etching: exposure to
high concentrations of cysteine in vitro (up to 20 mM, ∼20
times the level of intracellular cysteine content) does not
weaken the ﬂuorescence (Figure S3). Presumably the protein
molecules may form a dense coating on the Qdot’s surface that
safeguards the core from cysteine etching. Besides, ﬂuorescence
stability of the Qdot in three commonly used biological media,
i.e., PBS, FBS, and DMEM is further investigated (see Figures
S4 and S5 and the relevant discussion of the mechanism in SI).
Structure and Core-Size Characterization. Transmission
electron microscopy (TEM) provides accurate measurement of
size and morphology of nanomaterials, especially those
containing heavy metals. Figure 2a shows that the as-prepared
PbS Qdots are mostly spherical. Further examination on an
individual particle based on high-resolution (HR) TEM
imaging reveals a highly crystalline structure with an interplanar
spacing of 0.295 nm (Figure 2a, inset), in agreement with the
expected d200 distance of face centered cubic (fcc) PbS
structure (JCPDS 5-592: unit cell length a0 = 0.5934 nm,
theoretical d200 = 1/2a0 = 0.297 nm). However, the edges of
smaller Qdots are not easily distinguished from the background

Figure 2. (a) TEM image of the as-synthesized PbS Qdots. Inset
shows high-resolution TEM (HR-TEM) image of an individual Qdot.
(b) High-angle annular dark-ﬁeld scanning transmission electron
microscopy (HAADF-STEM) image showing the Qdots as bright
spots. Inset shows size histogram of a hundred particles, giving an
average size of 4.35 ± 0.07 nm. (c) Selected area electron diﬀraction
(SAED) pattern. The labeled rings are assigned to crystal lattice
diﬀractions of a face centered cubic PbS structure. (d) Energy
dispersive X-ray spectroscopy (EDX) spectrum showing elements
presented in the sample (Pb:S atomic ratio = 56:44).

due to low bright-ﬁeld (BF) contrast, impeding the accurate
size determination. Thereupon, a coherent image is obtained
3044
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Figure 3. (a) Representative atomic force microscopy (AFM) topographic image of RNase-A@PbS Qdots deposited on a ﬂat mica with a dilution of
1:1000. (b) Corresponding height distribution histogram of RNase-A@PbS Qdots (red bar) and RNase-A only (blue bar). Inset shows gel
electrophoresis analysis of molecular weight marker (left lane) and pure RNase-A (right lane) which has undergone the identical process for the
Qdot synthesis.

Figure 4. Phase-contrast, ﬂuorescence, immune-ﬂuorescence, and overlay micrographs (left to right columns) of fetal rat cortical neuronal cells
incubated with PBS (healthy control, top row), RNase-A@PbS Qdots (middle row, 1 μM), and Pb(OAc)2 (bottom row, 0.5 μM) for 24 h. Nuclei
are stained with Hoechst 33342 (shown in blue); cell bodies, dendrites, and axons are tagged with monoclonal anti-β-tubulin antibody (shown in
red). Scale bar represents 100 μm.

orientated Qdots with an fcc PbS structure. Energy-dispersive
X-ray spectroscopy (EDX) conﬁrms the presence of Pb and S
elements with an approximate atomic ratio of 1:1 (Figure 2d).
Since it is unavailable for the protein/organic shell detection
by TEM, atomic-force microscopy (AFM) was utilized to
monitor the overall dimension of RNase-A@PbS Qdots.36
Figure 3a presents an AFM topographic image (tapping mode
in water, after 1:1000 dilution of the freshly prepared stock
solution) of well-dispersed spherical Qdots with height proﬁles
ranging from ca. 2−8 nm (with height <2 nm removed to cut
oﬀ background noise). The height histogram shows two
distinct species: one appears at ∼2.5 ± 0.4 nm (mean ±1/
2FWHM) and the other at ∼5.0 ± 0.6 nm (Figure 3b).
Compared to the height distribution of RNase-A only, the
former can be assigned to free RNase-A (expected molecular
size 2.2 × 2.8 × 3.8 nm3),35 the amount of which is in excess,
while the latter is presumably due to the incorporation of PbS
Qdot into the protein. To assess whether aggregates account
for the larger species, a control sample of RNase-A only is

with a high-angle annular dark-ﬁeld scanning TEM (HAADFSTEM) using Z-contrast imaging mode wherein the intensity is
proportional to atomic number Z1.7.29 In the STEM image, the
Qdots appear as “white” spots against “black” background after
ﬂattening, providing better contrast (Figure 2b). An analysis on
100 Qdots gives an average diameter of 4.35 ± 0.07 nm
(polydispersity index σ = 25.1%, Figure 2b, inset) that matches
perfectly to the calculated result via eq 1 (ca. 4.44 nm, see
previous section). Therefore, each Qdot core is calculated to
contain ∼824 PbS formula units (for an fcc structure as
conﬁrmed by HR-TEM), yielding an equivalent PbS core
weight of 1.97 × 105 Da (see SI for detailed calculation). Using
the relationship between extinction coeﬃcient (ε) of the ﬁrst
excitonic transition and PbS Qdot radius (r) reported by
Cademartiri et al.,31 ε here is determined to be 1.18 × 105 M−1
cm−1 at 1260 nm, giving a concentration of ∼130 nM for the
as-synthesized RNase-A@PbS Qdots. Figure 2c shows the
corresponding selected area electron diﬀraction (SAED)
pattern in which the diﬀraction rings are indicative of randomly
3045
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treated under the identical Qdot synthesis condition. As shown
in Figure 3b, inset, gel electrophoresis analysis disproves the
coformation of dimeric and/or multimertic RNase-As as well as
their possible contribution to the higher height proﬁles
observed in the AFM image.29
Cytotoxicity Investigation. Lead exposure is the biggest
safety concern for any lead-containing reagents with regard to
in vivo applications. Bischoﬀ et al. reported that the toxicity of
lead given intravenously has a high correlation to its form, with
the ionic lead being the most poisonous.21,37 Indeed, lead can
adversely aﬀect every organ in the body, especially the central
nerve system that is most sensitive to lead-induced toxicity.21
Therefore, we compared the cytotoxicity of RNase-A@PbS
Qdots with Pb(OAc)2 toward fetal rat cortical neurons. Figure
4 shows the immunoﬂuorescent analysis of neuronal cells
treated with PBS, RNase-A@PbS Qdots, and Pb(OAc)2 for 24
h. The nuclei stained with Hoechst 33342 appear in blue while
the cell bodies, dendrites, and axons are stained with
monoclonal anti-β-tubulin antibodies which emit red.38 Similar
to the healthy control, the neurons incubated with a high dose
of the Qdots (∼1 μM, equivalent to total Pb2+ concentration =
824 μM) are found to form a neurite network without any
observable debris, suggesting minimal neurotoxicity. On the
contrary, the neurite growth and network formation are
downright inhibited by 0.5 μM Pb(OAc)2, at a concentration
that is >1600-fold lower than the total lead content contained
in the Qdot sample. Conclusively, this result further conﬁrms
that the protein layer eﬀectively prevents the release of lead
content from the PbS Qdot.
The eﬀects of the Qdots on cell apoptosis rate and cycle
distribution are investigated using human gastric epithelial
GES-1 (normal) and A375 human malignant melanoma
(cancer) cells. An Annexin V/allophycocyanin (APC) and
propidium iodide (PI) dual-color staining assay is utilized to
examine apoptosis and necrosis rate of the cells.39 Compared to
the healthy control, the Qdot-treated cells do not show a
signiﬁcant increase of necrotic and apoptotic cell populations
even at a high dose of 26 nM (equivalent Qdot weight dosage
∼5.2 mg/L). The percentages of normal cells are determined to
be 89.6%, 89.7%, 92.7%, 91.4%, and 94.5% after 24 h treatment
with 0, 1.3, 2.6, 13, and 26 nM Qdots, respectively. None of
these values diﬀer signiﬁcantly from the healthy control (89.6%,
Figure 5a), indicating that the Qdot is nontoxic over the above
dose range. Moreover, a further MTT-based cell proliferation
analysis on three diﬀerent cell lines including GES-1, human
embryonic kidney (293T), and human malignant melanoma
(A375) cells reveals no signiﬁcant decrease in cell viability after
24 h Qdot incubation (see SI, Figure S9).30,34 As shown in
Figure 5b, the Qdot treatments cause a dose-dependent, small
increase of cell population at the S-phase (increased from
12.6% to 15.8% at 26 nM) while there is a decrease at the G0/
G1 phases (decreased from 87.1% to 82.8% at 26 nM). Such
quantitative data indicate that treatment with a relatively high
level of Qdot appears to promote DNA replication in GES-1
cells. Similar results are also found for the Qdot treated A375
cells (see Figure S8). Accordingly, all of these cellular
evaluation results reveal a non-cytotoxicity/low cytotoxicity of
the RNase-A@PbS Qdots under such in vitro conditions. We
attribute the excellent biocompatibility to the eﬀective
protection of the Qdot by a dense protein coating which
minimizes the release of biologically active Pb2+ ions.
Qdot for Tissue and in Vivo NIR-II Imaging. A simulated
ex vivo experiment is performed to determine the maximal

Figure 5. Apoptosis/necrosis and cell cycle distribution of GES-1 cells
treated with varying concentrations of RNase-A@PbS Qdots (control
to iv represent 0, 1.3, 2.6, 13, and 26 nM of Qdot, respectively) for 24
h. (a) Quantitative percentage representation of normal, early, and late
apoptotic, and necrotic cells based on an Annexin V-APC/PI dualstaining assay. (b) Histogram showing the percentage of cells in each
phase of the cell cycle.

tissue penetration using a pork muscle tissue as a phantom.
First, various dosages of the Qdots (50 μL each) are injected
into the tissue at an identical depth of 0.5 cm. The NIR-II
image reveals a positive linear correlation between the ROI
intensity and the Qdot concentration from 5 to 130 nM with a
detection threshold concentration of ∼5 nM (SI, Figure S10).
We note, however, the muscularly deposited Qdots will diﬀuse
along muscle ﬁbers, and therefore, the actual threshold
concentration should be less than 5 nM. Figure 6a,b shows
an optical and NIR-II ﬂuorescence image (false color) of the
pork muscle injected with a ﬁxed amount of Qdots (50 μL, 130
nM) at diﬀerent depths (ca. 0.5, 1, 1.5, and 2 cm), respectively.
The spot at 0.5 cm deep gives the strongest ﬂuorescence
whereas that at 2 cm is barely detectable. The ROI intensity as
a function of injection depth demonstrates a perfect single
exponential decay (R2 = 0.999) with a δ value (tissue thickness
for ﬂuorescence decaying to 1/e) of 0.41 cm (Figure 6c). Such
a relationship is exactly what is expected from the Beer−
Lambert law of absorption. As shown in Figure 6b, such small
quantities of the Qdots (∼6.5 pmol, or ∼1.3 μg core weight)
can provide a detectable signal at an imaging depth of 1.5 cm in
pork muscle. Such an impressive tissue imaging depth is
beneﬁtted from its high Φf peaking at ∼1300 nm, a wavelength
that provides the deepest tissue penetration.9,11,15
The ex vivo studies have proved the great potential of RNaseA@PbS Qdots for sensitive and low-dose in vivo imaging.
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Figure 6. (a) Front-view optical image of a pork muscle tissue with 50
μL ∼ 130 nM RNase-A@PbS Qdots being injected at diﬀerent depths
of 0.5, 1, 1.5, and 2 cm. (b) Top-view ﬂuorescence image of the tissue.
(c) NIR-II ﬂuorescence as a function of injection depth. The data
(blue dots) are ﬁtted to a ﬁrst-order exponential decay (red line) via
the equation: I /I0 = − 0.00819 + 1.00819e−2.3804d , where I/I0: ROI
intensity ratio, and d is injection depth, giving δ = 0.41 cm.

Figure 7. RNase-A@PbS Qdots for in vivo NIR-II ﬂuorescence
imaging. (a) Dorsal bright-ﬁeld and (b) ﬂuorescence images of a living
nude mouse at preinjection. (c−e) Time-course ﬂuorescence images
after intravenous injection of the Qdots (200 μL, 26 nM) into the
mouse illuminated under an 808 nm diode laser (power density, 15
mW/cm2; exposure time, 100 ms). Spine, subiliac lymph node, spleen,
and liver (yellow arrowheads) give the strongest signals. Ex vivo (f)
white-light and (g) ﬂuorescence images of major organs harvested at
24 h postinjection. Abbreviations are Sp, spleen; H, heart; Lu, lung; St,
stomach; Li, liver; K, kidney; B, brain. (h) Average ﬂuorescence
intensity of organs.

Thereupon, we pretest the in vivo imaging by intramuscularly
injecting 20 μL of the Qdots (26 nM) into a mouse’s leg
muscle at a depth of ∼0.5 cm. The corresponding NIR-II
ﬂuorescence image is captured with an InGaAs CCD camera
under the radiation of an 808 nm diode laser (15 mW/cm2).
This laser power density is well below the exposure limit (329
mW/cm2) for skin deﬁned by the International Commission on
Nonionizing Radiation Protection (ICNIRP). The overlaid
optical and ﬂuorescence images (Figure S11) show a bright
spot around the injection site with nearly zero autoﬂuorescence
background apart from the rest of the body, suggesting the
Qdot is well-suited for sensitive in vivo imaging. The
biodistribution and imaging studies of the RNase-A@PbS
Qdots are performed on nude mice (n = 3) by intravenous
administration.38 Prior to injection, the mouse displays
negligible ﬂuorescence background under 808 nm laser
excitation (Figure 7b), whereas an intense ﬂuorescence signal
is detected in the superﬁcial vasculature throughout the
mouse’s body at 5 min postinjection of the Qdots (200 μL at
26 nM, total Qdot dose = 5.2 pmol or ∼1.0 μg core weight),
with the strongest signal appearing in the spleen (Figure 7c).
Over time though, the signals entirely fade except for the
spleen, liver, spine, and subiliac lymph nodes (Figure 7d,e). The
lymph nodes remain very bright at 24 h postinjection,
indicating strong preferential accumulation of the Qdots in
such organs. An ex vivo study of major organs harvested at 24 h
postinjection also conﬁrms the Qdots’ preferential accumulation in the mouse’s spleen and liver (Figure 7f,g), which
display much higher average ROI intensities than other organs
(e.g., heart, brain, kidney, lung etc., Figure 7h). It is well-known
that nanometer sized objects are preferentially excreted via the
reticuloendothelial system (RES, e.g., spleen, liver, and lymph
nodes) in vivo.40,41 Besides the RES organs, the Qdots are
found to accumulate considerably in the skeleton, especially the
spinal column. As shown in Figure 8a, the mouse’s bone
structures (e.g., lumbar vertebrae, sacral vertebrae, caudal
vertebrae, humerus, phalanges, etc.) are clearly identiﬁed with
the excellent contrast appearing at 1 h postinjection. Moreover,
an X-ray image of the mouse’s skeleton is presented for
comparison (see Figure 8b). A cross-sectional analysis upon
ROI intensity gives a diameter of 0.289 cm for the C5 vertebra,
matching well to the corresponding X-ray measurement (Figure
8c,d). This result represents a remarkable example of a
ﬂuorescence imaging probe that can clearly map an animal’s

bone structures without the need of a bone-targeting agent
and/or necropsy. Regarding the mechanism behind this
phenomenon, we speculate that the speciﬁc accumulation of
Qdots in bones is presumably due to high uptake by bone
marrow macrophages.42 This result thus reveals a potential
application of the RNase@Qdot for bone fracture and
dislocation diagnosis. More importantly, the Qdot dose per
mouse used is about 5.2 pmol (or ∼1 μg core weight), which is
substantially lower (by ∼40−600 fold) than other NIR-II
emitting Qdots used for in vivo imaging (see Table 2). This
ultralow dosage is a clear reﬂection of superior brightness of our
RNase-A@PbS Qdot, which is important to reduce the risk of
potential lead exposure.
The biokinetics of intravenously injected Qdots (freshly
prepared) is determined by inductively coupled plasma-mass
spectrometry (ICP-MS) from collected blood samples at
various postinjection time points (n = 2 mice). For eﬀective
in vivo targeting applications, the injected Qdots should avoid
rapid clearance from the body to keep the concentration high
enough in the bloodstream for tissue perfusion. On the other
hand, however, a long Qdot plasma half-life can lead to a
persistent exposure to the potentially harmful content (Pb in
this study) to pose a health risk. As shown in the blood
circulation curve (Figure 9), the half-life (t1/2) of the RNaseA@PbS Qdot is determined to be 4.17 h, a reasonable value.
Theoretically, four cycles (or 4 × t1/2 periods) permit the
elimination of the injected dose by ∼94%.43 Therefore, we
anticipate that almost all of the injected Qdots are cleared from
the bloodstream within ∼17 h, in good agreement with the
observation that almost no blood retention of the Qdot as
indicated in Figure 9. Although the size of the as prepared Qdot
(Figure 3b) matches closely to the size threshold (ca. 5.5 nm)
for renal ﬁltration, the adsorption of serum proteins on such
negatively charged Qdots during blood circulation may increase
its Dh to above the renal clearance threshold as revealed from
the increased major component size of ∼90 nm in serum media
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Figure 8. (a) NIR-II ﬂuorescence image of a living nude mouse at 1 h postinjection for mapping major bone structures (identiﬁed with arrows). (b)
X-ray image. (c) A zoom-in image of the selected area in part a. (d) A cross-sectional intensity proﬁle measured along the yellow line in part c is
ﬁtted to a Gaussian function. (e) A cross-sectional intensity proﬁle measured along the red line in part b. Scale bars represent 1 cm.

Table 2. Comparison of Typical Dosages per Mouse Used
for NIR-II Emitting Qdots for in Vivo Fluorescence Imaging
Qdot (coating@core)

dose (pmol)

dose (μg)

ref

6PEG@Ag2S
C18−PMH-PEG@Ag2Se
GSH-anti-HER2@PbS
PEG@Ag2S
GST-EGFP-GB1@PbS
RNase-A@PbS

750
?
?
?
200
5.2

268
120
600
300
?
∼1.0

12
15
16
23
26
this work

(FBS, see Figures S6 and S7).44 Such enlarged protein-Qdots
should normally end up in RES including liver and spleen (in
good accordance with the ﬂuorescence image observed in
Figure 7g), and would be mainly excreted through the biliary
pathway into feces.45 Therefore, the Qdot contents from both
the urine and feces excretes are collected with metabolism cages
over an 18-day period. The ICP-MS-based quantitative analysis
conﬁrms that time-dependent fecal excretion is the predominant pathway for the clearance of the injected Qdots from the
body with negligible excretion from urine (Figure S12).
Furthermore, little retention of the Qdots in other major
organs is observed (see Figure 7), which is important for
minimizing the long-term toxicity. Indeed, as shown in Figure
10, neither injury nor inﬂammation that reﬂects acute toxicity is
noted for the hematoxylin and eosin (H&E) stained organ
tissues at day-18 postinjection as compared to the control
(injected with sterile saline), conﬁrming that the Qdot at such a
dosage does not induce any signiﬁcant toxicity.

Figure 9. Blood concentration (percentage of injected dose per gram
of tissue, %ID/g) of RNase-A@PbS Qdots after intravenous injection
(200 μL, ∼ 26 nM) into mice, as measured by ICP-MS at various time
points. The data are ﬁtted to a ﬁrst-order exponential decay (R2 =
0.9788) with a blood half-life of 4.2 h (n = 2). Note that an orbital
bleeding method is used for blood collection with capillary tubes.

■

CONCLUSIONS
In summary, a microwave assisted approach has been
developed for rapid synthesis of well-dispersed, highly
ﬂuorescent, and biocompatible RNase-A capped PbS Qdots
in aqueous phase. Owing to its far superior brightness in the
NIR-II region, the Qdot provides deep tissue penetration with
excellent contrast at an ultralow dosage of 5.2 pmol (∼1 μg)
per mouse, which is a substantial 40−600-fold lower than
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Figure 10. Representative histological H&E staining of major organ tissues harvested from the mice treated with sterile saline (control) and RNaseA@PbS Qdot for 18 days (magniﬁcation: ×400).

Program of Higher Education (No. 20120071110067), China
Postdoctoral Science Foundation (No. 2014M560296), and
Innovation Program of Shanghai Municipal Education
Commission (No. 15ZZ006).

typical dosages used by other literature NIR-II Qdots.
Moreover, the Qdots not only display negligible cytotoxicity
but also ready RES excretion from the body, suggesting
minimal long-term toxicity in vivo. Further coupling of speciﬁc
targeting and/or therapeutic agents to the NIR-II Qdot will
allow the construction of a multifunctional theranostic
nanoplatform for simultaneous tumor diagnosis and therapeutic
applications.
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