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ABSTRACT: Bioluminescence (BL) imaging has emerged to
tackle the potential challenges of fluorescence (FL) imaging
including the autofluorescence background, inhomogeneous
illumination over a wide imaging field, and the light-induced
overheating effect. Taking advantage of the bioluminescence
resonance energy transfer (BRET) mechanism between a
conventional luciferin compound and a suitable acceptor, the
visible light of the former can be extended to photons with
longer wavelengths emitting from the latter. Although BRET-
based self-illuminating imaging probes have already been
prepared, employing potentially cytotoxic elements as the
acceptor with the emission wavelengths which hardly reach the
first near-infrared (NIR-I) window, has limited their applications as safe and high performance in vivo imaging agents. Herein,
we report a biocompatible, self-illuminating, and second near-infrared (NIR-II) emissive probe to address the cytotoxicity
concerns as well as improve the penetration depth and spatiotemporal resolution of BL imaging. To this end, NanoLuc
luciferase enzyme molecules were immobilized on the surface of silver sulfide quantum dots to oxidize its luciferin substrate
and initiate a single-step BRET mechanism, resulting in NIR-II photons from the quantum dots. The resulting dual modality
(BL/FL) probes were successfully applied to in vivo tumor imaging in mice, demonstrating that NIR-II BL signals could be
easily detected from the tumor sites, giving rise to ∼2 times higher signal-to-noise ratios compared to those obtained under FL
mode. The results indicated that nontoxic NIR-II emitting nanocrystals deserve more attention to be tailored to fill the
growing demands of preparing appropriate agents for high quality BL imaging.
KEYWORDS: Bioluminescence imaging, Bioluminescence resonance energy transfer, Silver sulfide, Quantum dots, NanoLuc luciferase

INTRODUCTION
Fluorescence imaging is one of the well-known cancer
detection techniques, taking advantage of favorable character-
istics such as being noninvasive, real-time, free of ionizing
radiation, and highly sensitive.1 In general, fluorescence
imaging requires an energy input to excite the fluorescent
probe as well as an appropriate detector to collect and process
the fluorescence signals. However, the excitation light can
induce a series of unfavorable effects, e.g., water- and/or
hemoglobin-mediated photon to heat conversion, inhomoge-
neous light illumination over the area of interest, etc., which
may lead to signal intensity distortion, impairing the imaging
resolution in long-time in vivo imaging.2−5 To address these
issues, excitation-free techniques such as chemiluminescence,
afterglow and bioluminescence imaging, in which the
excitation source has been replaced by an internal energy
donor, are gaining growing attractions.6,7 However, these self-
illuminating modalities are still in their infancy, leaving ample

room for further improvements. For instance, most of the
current chemiluminescent systems face the issue of unsat-
isfactory quantum yield (QY) and the majority of afterglow
imaging agents suffer from nonideal lifetime and low
brightness. Moreover, poor biocompatibility and low imaging
penetration depth are common features of most of the
excitation-free imaging agents, especially bioluminescent
probes.6

The low penetration depth of bioluminescence probes is
attributed to the emission mechanism. Bioluminescence
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imaging is based on the phenomenon which occurs naturally in
some living creatures such as marine organisms, fungi, insects,
etc., as a part of their biological behaviors.8 The process
involves a catalytic redox reaction between a light emitting
compound (luciferin) and a suitable enzyme (luciferase) as the
catalyst. However, the resulting light falls in the visible range,
resulting in low penetration depth. Therefore, numerous
attempts have been made to extend the emission to longer
wavelengths to improve the penetration performance. As one
of the approaches to accomplish this goal, utilizing acceptors
for transferring the high energy released by the emission
systems (as the donor) to generate red-shifted signals through
a single or multiple bioluminescence/fluorescence resonance
energy transfer (BRER/FRET) mechanisms can be mentioned.
Alternatively, some researchers have attempted to structurally
alter luciferins or luciferases in order to provide red-shifted
photons pushing bioluminescence imaging to the first near-
infrared window (NIR-I, ca., 650−950 nm). Meanwhile, due to
the minimized photon scattering and almost faded background
from the tissue autofluorescence, it is strongly desired to
synthesize bioluminescent probes with the emission in the
second near-infrared window (NIR-II, ca., 1000−1700 nm) to
further increase the penetration depth and spatiotemporal
resolution. Following the discovery, nanoparticles emitting
lights in the NIR-II window have attracted considerable
attention in the field of bioimaging during the past decade.9−12

A pioneering study performed by Rao’s group utilized
quantum dots (QDs) as the acceptor of BRET mechanism,
taking advantage of their high QY, photostability, relatively
straightforward synthesis protocols, and large molar extinction
coefficients.13 Thus far, many QD-based bioluminescent
probes have been reported for quantifying the enzymatic
activity,14,15 nucleic acid detection,16,17 cellular protein
interaction,18 insemination investigation,19 photodynamic
therapy,20 in vivo cell tracking,21 and tumor or lymph node
imaging.22−28 However, the studies mentioned above have the
imperfection of utilizing dyes or cadmium-based QDs, which
are notorious for either photobleaching or cytotoxicity or both,
hindering the clinical applications. Besides, neither of the
aforementioned probes could establish their detection
territories to the NIR-II region, resulting in severely distorted
signal detection from deep tissues. Until now, there are only a
few non-QD-based reports of successfully developed bio-
luminescent probes with NIR-II emission. As an example, a
NIR-II dye (FD-1029) based bioluminescent probe has been
recently developed by taking advantage of a sequential BRET-
FRET-FRET energy transfer between D-luciferin substrate and
three different dyes, namely, Cy7.5, Cy5, and FD-1029.
Nevertheless, utilizing several dyes as the main constituents
of the probe might render the design and synthesis processes
intricate, since robust optimizations need to be performed to
obtain the optimal ratio among the molecules in order to avoid
the self-quenching effect. Moreover, the relay of energy
transferring steps might inevitably lead to the loss of energy,
decreasing the total efficiency of the transferring.2 These
pioneering studies encouraged us to research bioluminescent
probes with the emission of NIR-II which would realize
imaging deep tissues with high sensitivity, biocompatibility,
and photostability, pushing bioluminescent probes forward to
clinical applications. Developing NIR-II emissive sliver sulfide
(Ag2S) QDs by Wang et al. has been considered one of the
most important advances in synthesizing NIR-II emitting
materials, offering promising probes for real-time and deep-

tissue noninvasive in vivo imaging.29−38 Their biocompatibility,
which might be attributed to their ultralow solubility product
constant (Ksp = 6.3 × 10−50),38 as well as long wavelength
emitting capability, make Ag2S QD an interesting candidate to
serve as the acceptor in a BRET system to develop self-
illuminating bioluminescence probes with the capability of
emitting in NIR-II window.

Herein, we employed Ag2S QDs as a NIR-II emitter
acceptor for bioluminescence imaging, to overcome the
cytotoxicity problem of the conventional QD-based bio-
luminescent probes and also improve the imaging penetration
depth and resolution. With this aim in mind, first, the efficacy
of the prepared Ag2S QDs as an in vivo imaging agent was
confirmed by exploiting its fluorescence emission under 808
nm laser excitation. Following the confirmation, luciferase
enzyme molecules were anchored to the surface of the QDs to
prepare a self-illuminating probe. In the presence of luciferin
substrate, the BRET mechanism can be initiated by trans-
ferring redox-mediated energy to Ag2S QDs, inducing them to
illuminate NIR-II photons. To ensure a high degree of spectral
overlap between the donor and acceptor as well as provide a
glow-type luminescence, NanoLuc luciferase (NLuc) together
with its substrate, furimazine, was utilized in this study. Unlike
some luciferase−luciferin reactions, the oxidizing reaction
between these reactants only requires oxygen molecules as the
cofactor. Moreover, in comparison with other popular
luciferases such as firefly and Renilla, NLuc offers some
distinct advantages including smaller size and enhanced pH
and temperature stability which are favorable properties for
engaging in in vivo imaging applications.8,39

RESULTS
Preparation and Basic Characterization of the

Probes. Hydrophobic silver sulfide QDs were synthesized
following a previously reported protocol,29 with some minor
modifications. The native alkyl-thiol ligands of the as-prepared
samples were exchanged with 11-mercaptoundecanoic acid
(MUA) and the resulting hydrophilic products (QD-MUA)
underwent two different synthesis routes to construct
fluorescent (FL) and bioluminescent (BL) probes. The routes
are comprehensively described in the Supporting Information
(Figures S1 and S2) and briefly illustrated in Figure 1a. In
order to delay the elimination of the probe from blood
circulation,40 6-arm amine functionalized PEG were utilized to
wrap the QDs, forming FLQDs and BLQDs. Furthermore,
owing to their strong affinity toward αvβ3 receptors which are
overexpressed on the surface of many malignant tumors,41

cRGD peptides were anchored to the surface of the resulting
conjugates to facilitate the active tumor targeting toward
murine 4T1 breast cancer tumor model, providing c-FLQDs
and c-BLQDs. FL samples were mainly employed to
investigate the proper in vivo performance of the as-prepared
probes, while BL ones were employed to explore self-
illuminating properties.

The TEM study resulted in mean size of 5.5 ± 0.6 and 5.7 ±
0.7 nm for hydrophobic mother particles and the hydrophilic
BLQDs samples, respectively (Figure S3 and Figure 1b). The
mean hydrodynamic sizes of the samples were measured by
dynamic light scattering (DLS) and determined to be 8.7, 15.7,
and 18.2 nm for QD-MUA, c-FLQDs, and c-BLQDs,
respectively (Figure 1c). The results of TEM and DLS
analyses indicated that the prepared probes have favorable
sizes and monodispersity for taking part in in vivo
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applications.40 Following the surface modification steps, first,
the negatively charged carboxyl groups of the QD-MUA probe
would get passivated by forming carbodiimide bonds with
positively charged amine groups of PEG. Then, NLuc which
has the isoelectric point of 5 and a negative surface charge in
neutral pH would be introduced to the decoration through the
same binding strategy. As a consequence, the surface charge of
the QD-MUA probe was decreased from −41.9 ± 2.1 to +1 ±
0.1 and −4.8 ± 0.3 mV, for c-FLQDs and c-BLQDs,
respectively (Figure S4a). Since samples with different sizes
would experience different mobilities following the passage
through the gel matrix, agarose gel electrophoresis was
performed to verify the successful conjugation steps. The
lane loaded with c-BLQDs, as shown in Figure S4b,
encountered lower mobility compared to those loaded with
c-FLQDs and QD-MUA, respectively, indicating the size
enhancement following the occurrence of enzyme and PEG
conjugation. Bradford protein assay was utilized to estimate the
approximate number of NLuc molecules on the surface of a
single QD. The result led to an assumption that ∼10 enzyme
molecules were loaded on the surface of each QD (Figure S5).
Even though the higher enzyme loading number might be
favorable to increase BRET signal intensity,13 increasing the
parameter would presumably lead to a higher steric hindrance
as well as fewer available ligands for the PEGylation step.
Furthermore, in order to investigate the colloidal stability of
the probes, BLQDs and FLQDs were stored in Tris buffer as

well as DMEM culture medium supplemented with 10% FBS
and 0.9% NaCl, up to 48 h at 4 °C. The lack of significant
difference in hydrodynamic sizes of the probes during the
storage period suggested their high colloidal stability (Figure
S6a and b). In addition, no precipitation or aggregation was
observed during one month of storing BLQDs in Tris buffer at
room temperature. However, storing the probe at room
temperature would lead to a drastic decrease in enzyme activity
(Figure S7). Additionally, the probes exhibited a broad and
featureless absorbance spectrum, illustrated in Figure 1d,
covering a wide range of wavelengths, from the NIR to the
visible region. The spectrum revealed that the prepared QDs
might be capable of strongly absorbing the visible light
emitting from different kinds of luciferins. It is worth noting
that the lack of a discrete absorbance band, which distinguishes
the absorption spectra of Ag2S QDs from those of most of the
II−VI QDs, originates in the difference between the electronic
properties of these two classes of nanocrystals.42,43 Moreover,
as shown in Figure 1e, following the excitation under either
808 nm light provided by laser or 460 nm photons arising from
the xenon lamp, emission profiles in the NIR-II region from
1000 to 1400 nm with a peak at ∼1200 nm and ∼195 nm full
width at half-maximum (FWHM) were obtained. The
fluorescence intensity of the FLQDs showed negligible
variation during 48 h of incubation in DMEM culture medium
supplemented with 10% FBS and 0.9% NaCl (Figure S6c),
demonstrating their fluorescence stability.
In Vitro Performance of the Probes. The in vitro

cytotoxicity of the probes was assessed by incubating different
concentrations of FLQDs and c-FLQDs probes with 4T1
breast cancer cell line, for 48 h. The cell viability values given
in Figure 2a suggested that the probes with concentration as

high as 100 μg/mL did not induce any noticeable cell death,
demonstrating their excellent biocompatibility with 4T1 cells.
It is worth mentioning that the highest concentration in this
experiment (100 μg/mL) was chosen as such to be well above
the level expected to accumulate in tumor and major organs,
following intravenous injection of Ag2S based probes.29,35

Furthermore, the in vitro cell targeting ability of the samples
was evaluated by incubating the cRGD- and non-cRGD-
conjugated probes with 4T1 cells for different time intervals.
Subsequently, the amount of QDs internalized inside the cells
was measured. As seen from Figure 2b, at each specific time
point, the cells incubated with c-FLQDs probes exhibited
higher silver uptake compared to the FLQDs group, verifying
the superior in vitro cell targeting ability of the cRGD-
conjugated probes. Owing to the strong affinity of cRGD

Figure 1. (a) Schematic illustration of the surface coating of the as-
prepared probes via routes 1 and 2. (b) TEM image of hydrophilic
BLQDs probe. (c) Hydrodynamic size distribution of the as-
prepared hydrophilic samples. Absorption (d) and emission
spectra (e) of the as-synthesized QDs. The emission spectra
were collected either under 808 nm laser or 460 nm xenon lamp
excitation.

Figure 2. (a) Viability percentages of 4T1 cells incubated with
different concentrations of probes for 48 h. (b) Amount of QDs
uptaken by 4T1 cells at different incubation time intervals. The
error bars represent the standard deviation (n = 6).
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peptides toward αvβ3 receptors which are overexpressed on
4T1 cells, the internalization mechanism of c-FLQDs is
expected to be via integrin-mediated endocytosis.41 On the
other hand, with respect to the size and surface charge of
FLQDs probe, clathrin mediated endocytosis (CME) might
presumably be their dominant internalization pathway.44

Although prolonging the incubation time up to 24 h led to
an increase in the silver uptake for both groups, further
extending the period did not lead to a significant increase in
the nanoparticle internalization. In general, the bigger size of
QDs compared to small molecule based nanoprobes hinders
them from freely perfusing on the membrane in order to access
the bottom contact area of the adherent cells.29 As a
consequence, fewer receptors might be available for QDs to
bind, preventing them from exhibiting significantly higher cell
accumulation values for longer incubation times.
In Vivo Performance of the Probes. The capability of

FLQDs probe to escape from the reticuloendothelial system
(RES) was investigated by evaluating its blood circulation half-
time following intravenous administration to healthy female
nude mice. Analyzing the blood samples taken from the
administrated animals demonstrated a relatively long circu-
lation half-time of 3.8 h (Figure 3a and b). This prolonged

blood circulation half-time was further verified qualitatively by
taking fluorescence images of mouse hind limb vasculature at
specific time points after intravenous injection of the probe. As
shown in Figure 3c, the vasculature could be easily detectable
up to about 6 h post injection. Although the uptake rate by
RES depends on many factors,40 employing multi-arm PEG
seems to provide longer blood longevity compared to the
linear PEG-coated QDs. In particular, coating the prepared
QD-MUA with linear PEG with characteristics similar to those

employed in FLQDs led to a significantly lower blood
circulation half-time (∼50 min, Figure S8). It can be caused
by the higher degree of steric hindrance provided by multiple
arms of the multi-arm PEG ligands compared to linear ones. It
is noteworthy that depending on the application of interest and
the surface coating, the significantly high blood retention half-
time of ∼14 h could be achievable by Ag2S QDs.45

Additionally, the in vivo blood vessel imaging performed
shortly after the injection demonstrated that the probe could
visualize the vascular networks of the animal, with the
capability of discerning vessels as narrow as 36 μm in diameter
(Figure 4). The result indicates that the fluorescent mode of
the probes might be helpful in tracking angiogenesis mediated
by tiny tumors.

Next, the in vivo propensity of the as-synthesized probes to
target the induced tumor in living mice was evaluated.
Following the intravenous injection of FLQDs and c-FLQDs
probes into two separate groups of 4T1 tumor bearing mice, a
series of fluorescence images were taken at specific time points.
As seen from Figure S9, although the non-cRGD-conjugated
probe could passively target the tumor through the EPR effect,
the cRGD-conjugated one exhibited more efficient targeting
ability, resulting in a higher signal-to-noise ratio (Figure S10).
The higher tumor accumulation and lower nonspecific uptake
of the cRGD-conjugated probe compared to its nonconjugated
counterpart, was also confirmed by ex vivo studies assisted by
fluorescence imaging and inductively coupled plasma mass
spectrometry (ICP-MS) measurement (Figures S11 and S12).
Self-Illuminating Properties of the Probes. Intrigued

by the great in vitro and in vivo performances of Ag2S QDs
confirmed by fluorescence mode, next we embarked upon
evaluating the self-illuminating capability of the probe prepared
through route 2. As one of the most essential prerequisites for
effective BRET occurrence, the existence of a spectral overlap
between the excitation profile of the acceptor and the emission
of the donor was examined and the results are shown in Figure
5a. As seen from the figure, the excitation spectrum of the
BLQDs can nicely cover the light arising from the NLuc-
furimazine reaction (400−600 nm, λpeak ∼ 460 nm), suggesting
that energy can be potentially transferred from donor to
acceptor in the case where these two elements are in close

Figure 3. (a) Bright field and fluorescence images of the blood
samples taken from a mouse treated by FLQDs probe. (b)
Normalized fluorescence intensity plot and its corresponding
fitting curve result in a mean half-time value of 3.8 h for blood
circulation. The error bars represent the standard deviation (n =
3). (c) Hind limb vasculature fluorescence images of the mouse
administered the probe, at different time points post injection. The
scale bar represents 2.5 mm.

Figure 4. (a) In vivo fluorescence imaging of blood vessels. (b)
Enlarged part of the image in frame(a). The dashed line indicates
the narrowest vessel visualized by the probe. (c) The correspond-
ing plot profile and its Gauss function fit, for the vessel shown in
frame(b). The scale bar in frame(a) represents 2.5 mm and in
frame(b) represents 3.2 mm.
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proximity and the QY of the acceptor is sufficiently high.46 To
verify, furimazine was added to two different solutions, namely,
BLQDs and a mixture of FLQDs and NLuc solutions (ratio of
QD to NLuc concentration was adjusted to be 1 to 10). Upon
the addition and in the absence of any external excitation
sources, the emission spectrum from the visible to NIR-II was
collected. For the case of the former solution, two emission
peaks at around 460 and 1200 nm were identified, attributed to
the bioluminescence of furimazine and the BRET photons of
QDs, respectively. These emission bands, displayed in Figure
5b, indicated the successful energy transfer between the
donor−acceptor pair, certifying the self-illuminating capability
of BLQDs probe. Through dividing the peak area of acceptor
emission (1000−1400 nm) by that of donor (400−600 nm),
an overall BRET ratio of 0.8 was obtained for the BLQDs
probe. On the contrary, no NIR-II signal was captured from
the latter solution containing FLQDs and unbounded NLuc,
emphasizing the fact that in the process of BRET, the distance
between the donor and acceptor is a matter of crucial
importance (data are not shown). Moreover, to highlight the
importance of the spectral overlap between the BRET
constituents, firefly luciferase (FLuc) enzyme, which provides
the highest QY among its counterparts,47,48 was conjugated on
the surface of QD-MUA in the exact manner mentioned for BL
samples in route 2. Since the oxidation of D-luciferin, as the
substrate of FLuc, gives rise to a red-shifted emission profile
compared to NLuc (500−700 nm, λpeak ∼ 560 nm), a lower
degree of spectral overlap was achieved (Figure S13).
Consequently, employing the same experimental conditions
did not lead to self-illuminating signals from the FLuc coated
QDs (data are not shown). Although D-luciferin was already
reported to successfully serve as the donor for a QD-based
senor emitting in the visible region,24 the much lower QY of
NIR-II probes compared to that of their visible emitting
counterparts49 seems to limit the application of these red-
shifted substrates as the internal excitation source for NIR-II
emissive QDs.

To gain further insights into the efficiency of transferring
energy between NLuc and Ag2S QDs, Förster distance was
calculated to determine the separation distance between these
elements at which the efficiency is equal to 50% of its
maximum value. The calculation led to an approximate
number of 7.1 nm from which the curve of efficiency versus
distance was obtained (Figure S14). On the other hand, the
chain length of MUA ligands, which serve to immobilize NLuc
on the surface of QDs in the designed decoration, has been

reported to be 1.7 nm.50 Moreover, the active pocket of NLuc
which binds to furimazine to initiate the catalytic reaction was
reported to be located in the center of the protein.51 With all
the aforementioned facts taken into consideration, the
separation distance between the active pocket of the enzyme
and the center of QD is expected to fall within the Förster
distance, ensuring the efficient energy transfer between these
two constituents of the designed BRET system.

Although employing BRET bestows the low background
noise upon bioluminescence imaging, performing a proper
background control is still recommended. In the absence of
enzyme, the substrate might autonomously be oxidized,
producing so-called “autoluminescence” light and leading to
the background noise as well as erroneous readouts.47 To
investigate the potentiality of autoluminescence in initiating
BRET, FLQDs and BLQDs along with water and NLuc
solution were separately mixed with furimazine in different
wells of a 96-well plate, followed by immediate bio-
luminescence and fluorescence imaging. The results illustrated
in Figure 5c showed that although fluorescence signal can be
detected from the wells containing QDs, bioluminescence light
was only discernible from the case of BLQDs in which
enzymes are anchored on the surface. Not only did the results
show the capability of the NIR-II imaging system in detecting
the BRET signal, but they also highlighted that autolumi-
nescence, if existed, could not lead to detectable NIR-II
photons. Furthermore, the efficacy of transferring energy in live
4T1 cells was assessed by incubating c-BLQDs with the cells in
an Eppendorf tube. After the addition of the substrate to the
tube, bioluminescence imaging was performed. The result
illustrated in Figure 6a demonstrated that the NIR-II signal
could be clearly visualized from the tube, confirming the in
vitro self-illuminating capability of BLQDs, without inducing
any toxicity.

Finally, the feasibility investigation of in vivo self-illuminating
imaging by employing the biocompatible and NIR-II emissive
Ag2S QDs was examined. To this end, two groups of tumor
bearing mice were treated with c-BLQDs probe. The first
group, which received an intratumoral injection of a mixture of
the probe and substrate, exhibited a bright bioluminescent
signal (Figure 6b). Although the in vivo signal-to-noise ratio of
bioluminescence imaging was ∼2 times that of fluorescence,
∼20 versus ∼10, the parameter rapidly (in about 1 min)
dropped to lower the Rose criterion level, causing difficulties in
employing the probe as a bioluminescence vessel imaging
agent. While the glow-type characteristic of NLuc-furimazine

Figure 5. (a) Spectral overlap between the emission spectrum of the donor and the excitation spectrum of BLQDs. (b) Bioluminescence
(BL) emission profile of NLuc and the NIR-II signal emitted following the occurrence of BRET between NLuc and BLQDs, subsequent to
the addition of furimazine solution. The areas under the BL and BRET curves are denoted by X and Y, respectively. (c) NIR-II imaging of
four wells of a 96-well plate filled with A1: water; A2: NLuc solution; B1: FLQDs; B2: BLQDs. The bioluminescence imaging was carried
out immediately after the addition of furimazine solution to each well.
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reaction was previously reported to generate BRET signal with
longer half-life in visible emitting QDs,25 the quick decay of
signal in our study which was observed for both the in vitro and
in vivo cases (Figure S15a and b, respectively), might be
attributed to the decreased QY of NIR-II QDs. It can be
assumed that the catalytic reaction provides higher energy at
the beginning of the reaction where there is a substantial
amount of substrate available. As the reaction proceeds to
consume the substrates, the energy might gradually decrease to
a lower level which might not be sufficient to excite the QDs.
Additionally, a suboptimal amount of BRET signal with a
signal-to-noise ratio less than the Rose criterion was detected
from the tumor site of each mouse in the second group, which
were treated by intravenous injection of the probe followed by
a 4 h delayed intravenous injection of the substrate. These
results indicate that the self-illuminating mode of the probe
needs further optimization to increase its BRET intensity,
enabling it to engage in more practical applications.

Nevertheless, the feasibility of utilizing a nontoxic NIR-II
emissive acceptor for bioluminescence imaging has been
confirmed by our work. This probe and its optimized
counterpart, which is currently under preparation by our
group, are potentially capable of addressing the shortcomings
of the previously reported BRET-QD nanosystems.

Apart from chemically engineering the constituents involv-
ing in self-illuminating imaging, the fast technological advance-
ment in developing highly sensitive cameras, such as short-
wave infrared (SWIR) InGaAs detectors, to detect the
dimmest NIR signals have assisted the self-illuminating in
vivo imaging field to expand during the past two decades.52 It is
expected that in the foreseeable future, further technological
improvement would allow researchers to access to higher
performance instruments which might enable them to explore
farther aspects of bioluminescent imaging in the NIR-II region.
It is also important to mention that although the current
imaging technologies have limited the application of bio-
luminescent imaging to small animals, recent efforts have been
made to step toward the translation of the technique to larger
animals and potentially humans.53

CONCLUSION
In this study, extending the visible light of NLuc to the NIR-II
region utilizing a single BRET step and a nontoxic QD-based
acceptor (Ag2S) was successfully carried out. The resulting
self-illuminating probe was subjected to various character-
izations to confirm its favorable properties as a prospective in

vivo bioluminescent agent. The results suggested that the
designed probe could potentially overcome the shortcomings
of its previously reported counterparts, in terms of biosafety
and providing deeper bioluminescent imaging. Employing the
latest generation of SWIR InGaAs camera, bright NIR-II
bioluminescent signals were easily detectable from the tumor
site of mice injected with a mixture of probe and its substrate,
leading to ∼2 times higher signal-to-noise ratio compared to
the signals captured under fluorescence mode. We believe that
the establishment of a single-step BRET mechanism to
generate the NIR-II bioluminescent signal offers a straightfor-
ward and attractive prospect in deep tissue bioluminescence
imaging which might be promising for future studies utilizing
other safe materials as the acceptor, enriching the choices of
BRET probes for versatile biomedical studies. However,
further efforts are needed to be focused on improving the
BRET ratio of the nanosystem to ensure that the probe is
capable of taking part in more complex bioimaging practices.
Thus, our future study would be devoted to manipulating the
system constituents, as such an enhanced bioluminescence
signal can be achievable.

EXPERIMENTAL SECTION
Materials. All chemicals and reagents purchased were of analytical

grade and used without further purification, unless otherwise stated.
Sodium diethyldithiocarbamate ((C2H5)2NCS2Na) was purchased
from Adamas-Beta. Silver nitrate (AgNO3) and acetone were obtained
from Shanghai Lingfeng Chemical Reagent. 1-Dodecanethiol (DT),
11-mercaptoundecanoic acid (MUA), tetramethylammonium hydrox-
ide pentahydrate (TMAH), N-hydroxysuccinimide (NHS), and 4-(N-
maleimidomethyl)cyclohexane-1-carboxylic acid 3-sulfo-N-hydroxy-
succinimide ester sodium salt (SulfoSMCC) were bought from
Shanghai Aladdin Bio-Chem Technology. Chloroform was purchased
from Thermo Scientific Chemicals. 1-(3-(Dimethylamino)propyl)-3-
ethylcarbodiimide hydrochloride (EDC) was obtained from Shanghai
Energy Chemical. Amine-functionalized six-armed PEG (MW:10 k)
was supplied from Shanghai Ponsure Biological Technology. Bradford
protein kit was provided by Sangon Biotech. Arginine-glycine-
aspartic-(D-phenylalanine)-cysteine(amide cyclic(end)) (cRGD-SH)
was synthesized by GL Biochem. Fetal bovine serum (FBS) was
supplied by Thermo Fisher Scientific. Ethidium bromide (EB) and
Tris-acetate-EDTA (TAE, 50×) buffer were obtained from Beyotime
Biotechnology. RNA (2×) loading dye was purchased from Beijing
Solarbio Science & Technology. Agarose powder was acquired from
Vivantis Technologies. NanoLuc luciferase (NLuc) and its substrate
(furimazine) were purchased from Promega. Roswell Park Memorial
Institute (RPMI) 1640 medium and Dulbecco’s modified eagle
medium (DMEM) were purchased from Basal Media. Cell counting
kit-8 (CCK-8) was purchased from APExBIO. Ultrafiltration tubes
(30 kDa MW cutoff) were bought from Merck Millipore. 4−6-week-
old female nude mice (14−16 g) were purchased from Chang Zhou
Cavensla Experimental Animal Technology. The mice were treated in
accordance with guidelines approved by the ethics committee of
Soochow University with the approval number of 202104A0107.
Characterizations. FEI Tecnai G20 transmission electron

microscope operating at an acceleration voltage of 200 kV was used
to capture the TEM images. Absorption spectra were recorded on a
PerkinElmer Lambda 35 UV/Vis spectrometer. The fluorescence
emission and excitation profiles of samples were obtained on an
Edinburgh FLS980 spectrofluorometer. In the case of BRET ratio
determination, the excitation source was turned off and the spectra
were collected immediately after the addition of furimazine solution
(2% v/v). Dynamic light scattering (DLS) and particle surface charge
analysis measurements were carried out on Malvern Zetasizer Nano
ZS90 at 25 °C.
NIR-II Fluorescence and Bioluminescence Imaging. Suzhou

NIR-Optics and NIRvana LN (for conducting experiments related to

Figure 6. (a) In vitro NIR-II bioluminescence signal arising from
live 4T1 cells incubated with c-BLQDs, following the addition of
furimazine solution. (b) In vivo NIR-II fluorescence and bio-
luminescence imaging performed after injection of a mixture of c-
BLQDs and substrate into the tumor site highlighted by black
dashed circle.
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self-illuminating properties) instruments were utilized to perform
NIR-II in vitro and in vivo imaging. Long pass filters of 1000 and 950
nm were used for the instruments, respectively. The power density of
120 m/Wcm2 was adjusted in the case of fluorescence imaging, using
a 808 nm laser. For bioluminescence imaging, the signal was acquired
immediately after the addition (or injection) of the substrate solution
(2% v/v), while the excitation source was off. The acquisition times of
100 ms and 10 s were adjusted for fluorescence and bioluminescence
imaging, respectively.
Gel Electrophoresis. TAE was diluted 50 times and used as the

running buffer. To prepare the gel, 0.5 g of agarose powder was
dissolved in 50 mL of the running buffer and was subjected to heating
at 120 °C, until a homogeneous and transparent solution was
achieved. At this stage, 5 μL of EB was added to the mixture and the
solution was poured into an appropriate mold. To prepare the
samples, a certain amount of the sample of interest was diluted using
the RNA (2×) loading dye. A running voltage of 100 V was applied
on the gel, for about 20 min. The gel was subjected to NIR-II
fluorescence imaging to visualize the mobility of the samples inside
the matrix.
Cell Incubation. 4T1 cells were cultured in RPMI 1640 medium

supplemented with 10% (v/v) FBS and 1% (v/v) penicillin/
streptomycin antibiotics. The cells were incubated at 37 °C under
an atmosphere containing 5% CO2 and 95% humidified air. The
medium was changed every other day.
Cytotoxicity Experiment. Cells were seeded in 96-well plates (3

× 105 cells in 100 μL per well) and allowed to grow for about 24 h.
The medium was removed, and the cells were incubated with different
concentrations of FLQDs and c-FLQDs (0, 6.25, 12.5, 25, 50, and
100 μg/mL) for 48 h. The medium was changed and the cells were
incubated with CCK-8 (0.5 mg/mL) for 1−1.5 h. The absorbance of
CCK-8 at 450 nm was measured by using a microplate reader (Bio
Tek, Synergy 2). Cell viability was expressed by the ratio of the
absorbance values of the cells incubated with probe solution to those
of the cells incubated with culture medium.
In Vitro Cell Targeting Ability. Cells were seeded in 6-well

plates (5 × 103 cells in 1.5 mL per well) and allowed to grow for
about 24 h. Following washing the wells with 1 × PBS, FLQDs and c-
FLQDs probes were separately incubated with the cells, for different
time intervals. Subsequent to lysis treatment, the silver concentration
uptaken by the cells of each well was obtained by ICP-MS.
Blood Circulation Half-Time and Blood Vessel Imaging.

Three healthy mice were intravenously injected with 200 μg of
FLQDs probe. At specific time points post injection, 20 μL of blood
sample was taken from the eye of each mouse. The fluorescence
intensity of each sample was measured and served as an indication of
QDs concentration at each specific time point. Moreover, 10 min post
injection, fluorescence images of the animals in ventral position were
taken. In addition, at specific time points, fluorescence images of the
hind limb vasculature of the animals were obtained.
In Vivo and Ex Vivo Biodistribution Analyses. Two groups of

tumor bearing mice (n = 3) were intravenously injected with 200 μg
of FLQDs and c-FLQDs probes, respectively. Subsequently, a series of
fluorescence images were acquired at specific time points post
injection. The treated animals were sacrificed, and their major organs
were collected and subjected to fluorescence imaging. The mean
fluorescence intensity arising from each organ was determined and
compared with its corresponding standard curve to calculate the
approximate percent injected dose per gram. Moreover, the organs
were dissolved in an appropriate lysis solution, and the concentrations
of silver ions accumulated inside them were determined by ICP-MS.
in Vitro Energy Transferring Capability. A solution of c-

BLQDs probe was incubated with 4T1 cells in an Eppendorf tube, for
about 1 h on ice. Following washing the tube with 1 × PBS, the
substrate was added to the tube and the bioluminescence imaging was
immediately carried out.
in Vivo NIR-II Bioluminescence Imaging. Two groups (n = 3)

of the tumor bearing mouse were treated by c-BLQDs probes. For the
first group, 10−15 μg of the probe solution was mixed with the
substrate solution and was directly injected inside the tumor. The

bioluminescence signal was immediately captured by using NIRvana
LN instrument. The second group of mice, however, was treated by
intravenous injection of 200 μL of the probe solution with a
concentration of 1 mg/mL. Subsequently, 4 h after the probe
injection, substrate solution (2% v/v) was intravenously injected and
the bioluminescence imaging was performed.
Data Analysis. The fluorescence and bioluminescence signal

intensities were obtained by ImageJ software. The intensity arising
from the tumor site (I1), a neighboring site of tumor on the animal
body (I2) and a neighboring site of tumor outside of the body (I3)
contributed to measuring signal-to-noise ratio using (I1 − I3)/(I2 −
I3) equation. The integral calculation for Förster distance determi-
nation was carried out by Wolfram Mathematica.
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