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Abstract

A small luciferase protein (Nluc) was conjugated to QDs as a bioluminescence resonance energy
transfer (BRET) pair. The conjugate showed 76% BRET efficiency and lymph node mapping was
successfully performed. cRGD peptide was conjugated to QD-Nluc for tumor targeting. The self-
illuminating QD-NIluc showed excellent energy transfer in a living system and offered optimal
tumor-to-background ratio (>85).

In vivo near-infrared (NIR) fluorescence imaging (FLI) is an inexpensive, highly sensitive,
and widely employed preclinical strategy for studying many diseases, including cancer.!

However, this technique requires an external light source to excite the fluorescent molecules,

which limits the tissue penetration capabilities due to the absorption and scattering of
photons elicited by tissues. Therefore, it is essential to develop an imaging probe that emits

light in NIR region (700 — 1000 nm) without requiring an external light source for activation.

This will decrease undesired background signal and improve our imaging capabilities.
Bioluminescence imaging (BLI) is a sensitive and non-invasive technique for visualizing
biological processes /n vivo using bioluminescent proteins, such as the luciferase enzyme.
However, the preclinical use of BLI for in vivo applications has been limited by its weak
signal intensity and short duration.2 To solve these problems, bioluminescence resonance
energy transfer (BRET)-based NIR imaging has emerged as a promising tool for non-
invasively monitoring complex biological processes, including tumor growth and
progression.3

Quantum dots (QDs) are ideal BRET acceptors due to their unique optical properties,
including high quantum yield, large molar extinction coefficient, enhanced photostability,
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large stokes shift, and tunable surface functionalization.* Most BRET reporters have been
constructed with Renillaluciferase (RLuc) and its variants, which serve as the donor
molecule for different types of QDs.> Recently, firefly luciferase (FLuc) BRET-QD fusions
have also been investigated.® However, these conjugations suffer from sub-optimal acceptor
activation due to the poor sensitivity and suboptimal kinetics of light production.’

To overcome these challenges, we utilized Nano luciferase (Nluc) of the deep-sea shrimp
Oplophorus gracilirostris for its superior brightness, enhanced pH and temperature stability,
and prolonged luminescence output.8 Previously, Nluc was shown to offer >150-fold
brighter luminescence, as compared to FLuc and RLuc.8 In this work, we developed a novel
self-illuminating QD-conjugate using Nluc for /n vivo NIR imaging. As a smaller luciferase
enzyme, Nluc is optimal for conjugation to small nanoparticles such as QDs, and its
enhanced luminescence potential makes it possible to obtain highly sensitive images with
excellent contrast using small quantities of the imaging agent.

Preparations of QD-Nluc and QD-Nluc-cRGD

We conjugated the amino groups of Nluc (blue light emission peaking at 460 nm upon
addition of its substrate furimazine, Fig. 1b) to carboxylates presented on the polymer-
coated CdSe/ZnS core-shell QD705 (fluorescent emission peaking at 705 nm, Fig. 1b)
through carbodiimide-mediated amide coupling. For tumor targeting, cyclic arginine-
glycine-aspartic acid peptides (CRGD) were selected for their strong affinity for integrin
ayPs3, known to be expressed in many tumor types.® Moreover, the small size of cRGD
peptides makes them well-suited for conjugation to QDs. Nluc was incubated with QD705
for 1 h before cRGD peptides were added to the mixture continue with shaking for 1 h (Fig.
1a). Gel electrophoresis analysis showed bands with different mobility, confirming
successful conjugation (Fig. 1d). The average sizes of conjugates were measured by
dynamic light scattering and were 32.3 £ 4.8 nm and 36.3 = 0.7 nm for QD-NLuc and QD-
Nluc-cRGD, respectively compared to 21.2 + 2.5 nm for unconjugated QD (Fig. S1la—c). The
protein (Nluc) concentration of each sample was determined by Bradford protein assay, and
the concentration of QD705 was spectrophotometry calculated via Beer’s law.

The bioluminescence emission of QD-NIluc was measured upon addition of furimazine (Fig.
1c). In addition to the emission of Nluc peaking at 460 nm, a strong peak at 705 nm was also
detected, indicating the efficiency of BRET. The BRET ratio was determined to be 13.3,
which corresponded to 76% BRET efficiency.19 The conjugates were stable in serum and
phosphate buffer saline (PBS) after storage at 4°C for 30 days (Fig. S1d).

Lymphatic imaging with QD-Nluc

Sentinel lymph node (SLN) mapping is one of the most promising cancer-related
applications since these nodes are typically the first to develop lymphatic metastases.1!
There are several imaging strategies for lymph node mapping; however, many of these
imaging approaches are limited. For example, the blue dye injection suffers from minimal
tissue penetration,? lymphoscintigraphy has low spatial resolution and requires exposure to
radioactivity,12 and SPECT/CT requires radioactive tracers and long acquisition times.14
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Therefore, optical imaging is a promising modality for visualizing the lymph node system,
with regards to image quality and operational cost. For example, indocyanine green is an
FDA-approved fluorophore that has been widely used as an NIR fluorescence imaging agent
for detection of lymph nodes and tumors in clinical trials.1®

Herein, we demonstrate that our QD-Nluc conjugate may be employed for lymph node
mapping. The conjugate was intradermally injected into the hind paw before furimazine was
intravenously injected. Strong bioluminescence and BRET signals in the popliteal (PO)
lymph node were visualized at 5 min post-injection (p.i.), devoid of any background signal
(Fig. 2a). Sufficient signal for imaging was observed for >2 h after a single substrate
injection, allowing for visualization of two more lymph nodes (PO and iliac, Fig. 2a).
Similarly, lymph nodes were clearly visualized by bioluminescence and BRET when the
QD-Nluc conjugate was introduced into all four paws (Fig. S2). The lymph nodes were
removed for ex vivo NIR FLI and the results validated the BLI (Fig. 2b). Finally, confocal
imaging of lymph node tissues confirmed the high accumulation of nanoconjugate in the
lymph node (Fig. 2¢) as compared to the control lymph node (Fig. 2d).

Tumor imaging with QD-Nluc-cRGD

To demonstrate the tumor-targeting capabilities of QD-NIuc-cRGD in living animals, high
integrin a,Pz-expressing U87MG human glioblastoma cells were employed as this receptor
plays a vital role in tumor angiogenesis and metastasis.1® In this study, the target and non-
target conjugates were incubated with U87MG cells for 3 h then imaged using confocal
microscopy. A strong NIR fluorescent signal was observed from the cells incubated with
targeting material (Fig. 3a), while minimal NIR fluorescence was detected in cells incubated
with QD-Nluc (Fig. 3b) or without any nanomaterials (Fig. 3c). Next, the energy transfer
process was demonstrated in live cells. U87MG cells were incubated with QD-Nluc and
QD-Nluc-cRGD for 30 min on ice. After washing thoroughly, furimazine was added to the
cells solutions and the bioluminescence and BRET signals were visualized with no filter (to
collect the emission from Nluc and QD705) and with an emission filter of 690-710 nm (to
collect only QD705 emission, Fig. 3d). Cells imaged both with and without the filter showed
brilliant BL from the cells containing RGD conjugate (2, Fig. 3d), whereas minimal signal
was observed in cells lacking cRGD (1, Fig. 3d). These results suggest that BRET between
Nluc and QD705 is highly stable and can occur in live cells without eliciting any toxicity
(Fig. 3e). Also, additional cell lines were examined for potential toxicities (Fig. S3).

The QD-Nluc with and without cRGD conjugates were intravenously injected (~ 20 pmol of
QD, ~ 8.5 ug of NanoLuc) into U87MG tumor-bearing mice. Mice were imaged multiple
times after injection using the 1V1S200™ system (Fig. 4). The in vivo fluorescence signals
of the conjugates were collected with an emission filter (690-710 nm) and an excitation
filter of 450-480 nm (Fig. 4a and 4b). Enhanced fluorescence signal was observed in the
tumor mice injected with QD-NIluc-cRGD as early as 5 min p.i. and remained high for 30
min p.i. (Fig. 4a) before gradually decreasing. Region-of-interest measurements showed
tumor-to-background ratios (TBRs) from the targeting group (QD-Nluc-cRGD) were 4.2
+0.3(5min), 2.6 £ 0.1 (30 min), 2.1 £ 0.1 (1 h), and 1.7 £ 0.3 (2 h), where the background
refers to region surrounded tumor, n = 3 (Fig. S4a). A weak fluorescence signal was
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observed in the tumor of QD-Nluc injected mice (Fig. 4b) which was attributed to enhanced
permeability and retention (EPR) effect elicited by solid tumors (TBRs were 1.8 £ 0.4 (5
min), 1.4 £ 0.1 (30 min), 1.4 £ 0.2 (1 h), and 1.0 £ 0.1 (2 h), n = 3, Fig. S4). There was
significant fluorescence signal from the skin after 2 h p.i., which interfered with the signal
from the tumor; however, this problem was resolved by monitoring the signal via
bioluminescence with no excitation light (Fig. 5a and 5b).

BLI was conducted in the same mouse since QD-Nluc conjugates offer simultaneous FLI
and BLI. The bioluminescence signal was much stronger than the fluorescence one,
especially at 2 h p.i. in the mouse injected with QD-NIluc-cRGD (Fig. 5b).

Under no filter, the TBRs were 102.3 £ 9.1 (5 min), 74.6 £ 1.8 (30 min), 61.3 £ 1.0 (1 h),
and 23.0 + 3.1 (2 h), n = 3(Fig. S4b). Intense luminescence signal was still observed after
using an emission filter validating the BRET efficiency /n vivo (Fig. 5b), and the TBRs were
90.7 £ 6.3 (5 min), 37.8 £ 2.7 (30 min), 30.9 £ 5.2 (1 h), and 10.6 = 1.0 (2 h), n = 3 (Fig.
S4b). Passive targeting of QD-Nluc was better visualized via BLI; however, the TBRs were
significantly lower than the ones obtained from active targeting group (data obtained without
using any filter, Fig. S4c). These results reveal that BLI displays higher sensitivity for /n
vivo cancer imaging, as compared to FLI.

Finally, mice injected with QD-Nluc and QD-Nluc-cRGD were sacrificed at 2 h p.i. and
organs were harvested and imaged immediately. £x vivo imaging revealed that most
nanoparticles accumulated in the liver for both cases (with and without cRGD, Fig. 6a).
However, the QD signal is noticeably visible in the U87MG tumors of mice injected with
QD-NIuc-cRGD, confirming the active targeting capabilities of nanoparticles functionalized
with cRGD peptides (Fig. 6b). To validate the tumor-specific uptake of QD-Nluc-cRGD,
tumor tissue was cryosectioned and stained with DAPI to visualize cell nuclei (Fig. 6¢ and
6d). A stronger QD fluorescence signal was observed in the tumor sections from mice
injected with QD-NIuc-cRGD (Fig. 6d) compared to the one with QD-Nluc (Fig. 6c¢). These
results confirmed that QD-NIluc-cRGD specifically accumulated in U87MG tumors.

For animal imaging, BLI provides exceptionally higher sensitivity than FLI. In BRET, the
energy transfer process will result in the loss of some luminescence with the distance
between the donor (/.e. Nluc) and acceptor (/.e. QD705) influencing the BRET ratio.%a In
this study, Nluc was directly conjugated to the QD without any further surface modification
to avoid BRET signal reduction. Nluc offers an improved performance of BRET assays due
to its small size (19 kDa) which increases the donor to acceptor ratio. Moreover, the
luminescence of furimazine (an evolved coelenterazine derivative) is >30-times brighter than
coelenterazine.® In addition, the bioluminescence spectrum for Nluc is narrower than Rluc8,
allowing for better spectral discrimination with acceptor fluorophores which is useful for
cases that utilize green or yellow-emitting fluorophores.’

Herein, we successfully demonstrated the efficient visualization of the lymphatic system
using QD-Nluc conjugates with bioluminescence and BRET-based imaging modalities,
which offered enhanced brightness and higher contrast in comparison to FLI techniques.

BLI of tumor-bearing mice injected with QD-Nluc-cRGD provided exceptionally high TBRs
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>85 in both cases, with and without emission filter. The luminescent signal was clearly
visible at 5 min p.i. of the conjugate and furimazine substrate. Moreover, BRET signal
remained high and slowly decayed, closely resembling the half-life of Nluc /in vivo,
indicating that the conjugate remained stable.

To the best of our knowledge, this is the first report of Nluc-conjugated QDs for BRET-
based imaging /7 vivo. Nluc is an ideal BRET donor for QDs due to its small size and
enhanced luminescence output. The energy transfer appeared to be more efficient compared
to the similar QD-BRET conjugate using Rluc8.58 The combination of Nluc and other
acceptors can be tuned for appropriate study. For future studies, the advantages of Nluc can
also be applied to other systems such as deep-tumor photodynamic therapy® and deep-
tissue protein-protein interaction study in living systems.”?: 19
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Characterization of bioluminescent-QD conjugates based on BRET. (a) Synthesis of QD-
Nluc and QD-Nluc-cRGD conjugates. (b) Absorption and emission spectra of QD705 (Aey =
465 nm), and bioluminescence of furimazine catalyzed by Nluc. (c) Bioluminescence
emission spectrum of QD-Nluc in PBS. (d) Gel electrophoresis analysis of the conjugates;
lane 1 is purified QD-Nluc conjugate; lane 2 is purified QD-Nluc-RGD conjugate, and lane

3 is unconjugated QD705.
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In vivo luminescence lymph node imaging. (a) Bioluminescence imaging of lymphatic
basins in a mouse injected with QD-Nluc intradermally in a hind paw. (b) Fluorescence
image of lymph nodes excised from the mouse injected with QD-Nluc in four paws (see Fig.
S2); L, left; PO, popliteal lymph node; LU, lumbar lymph node; IL, iliac; AX, axillary
lymph node; R, right. (c—d) Histological images of lymph node slices from a mouse in (a);
(c) PO lymph node from injected mouse exhibited bright signal from QD705 (red) whereas
no significant emission from QD705 was observed in PO lymph node from non-injected
mouse (d). DAPI (blue) represents nuclease, scale bar: 20 um.
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Fig. 3.
Fluorescence and luminescence imaging of U87MG cells with QD-Nluc-cRGD conjugate.

(a—c) Confocal imaging; (a) cells were incubated with QD-NIuc-cRGD for 3 h, (b) cells
were incubated with QD-Nluc for 3 h and (c) control cells without any conjugates, scale bar:
10 pm. (d) Luminescence images of labeled cells acquired without any filter (left) and with a
filter (690-710 nm, right); cells were incubated with QD-Nluc (tube 1) and QD-Nluc-cRGD
(tube 2). (e) Cell viability of U87MG cells evaluated by MTT assay in a dose-dependent
manner of QD-Nluc and QD-NIluc-cRGD conjugates. Data represent mean + s.d. (77 = 4).
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In vivo fluorescence imaging of U87MG tumor-bearing mice. (a,b) Time-dependent
fluorescence imaging of U87MG tumor-bearing mouse intravenously injected with (a) QD-

Nluc-cRGD or (b) QD-Nluc at 5 min, 30 min, 1 hand 2 h p.i..
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Luminescence imaging of U87MG tumors in mice with QD-Nluc-cRGD. a,b) Time-
dependent bioluminescence imaging of U87MG tumor-bearing mouse intravenously injected
with QD-Nluc-cRGD (the same mouse as Fig. 4a) and single injection of furimazine
substrate. Images in a) acquired without any emission filter with acquisition time: 1 s (5
min), 1 s (30 min), 1 s (1 h) and 10 s (2 h). Images in b) acquired with emission filter (690—
710 nm) with acquisition time: 10 s (5 min), 10 s (30 min), 30 s (1 h) and 3 min (2 h).
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Fig. 6.
Ex vivo fluorescence imaging of organs and tumor tissues. a,b) Fluorescence images of

organs excised from the mice in Fig. 4 injected with QD-Nluc (a) and QD-Nluc-cRGD (b).
c,d) Histology of frozen U87MG tumors slices from a mouse injected with QD-Nluc (c) and
QD-Nluc-cRGD (d). Scale bar: 10 pm.
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