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-colour (visible/near-infrared)
molecular imaging using a quantum dot/EGFP–
luciferase conjugate†

Setsuko Tsuboia and Takashi Jin *ab

Owing to its high sensitivity, bioluminescence imaging is an important tool for biosensing and bioimaging in

life sciences. Compared to fluorescence imaging, bioluminescence imaging has a superior advantage that

the background signals resulting from autofluorescence are almost zero. In addition, bioluminescence

imaging can permit long-term observation of living cells because external excitation is not needed,

leading to no photobleaching and photocytotoxicity. Although bioluminescence imaging has such

superior properties over fluorescence imaging, observation wavelengths in bioluminescence imaging are

mostly limited to the visible region. Here we present bioluminescence resonance energy transfer (BRET)

based dual-colour (visible/near-infrared) molecular imaging using a quantum dot (QD) and luciferase

protein conjugate. This bioluminescent probe is designed to emit green and near-infrared luminescence

from enhanced green fluorescent protein (EGFP) and CdSeTe/CdS (core/shell) QDs, where EGFP–Renilla

luciferase (RLuc) fused proteins are conjugated to the QDs. Since the EGFP–RLuc fused protein contains

an immunoglobulin binding domain (GB1) of protein G, it is possible to prepare a variety of molecular

imaging probes functionalized with antibodies (IgG). We show that the BRET-based QD probe can be

used for highly sensitive dual-colour (visible/near-infrared) bioluminescence molecular imaging of

membrane receptors in cancer cells.
1. Introduction

Among a variety of optical imaging modalities,1 uorescence
imaging has been widely used for molecular imaging in cells
and tissue samples.2,3 This is motivated by the high sensitivity
and spatial resolution of uorescence optical detection.
However, uorescence imaging has several drawbacks such as
autouorescence, photo-bleaching and photocytotoxicity,
which result from irradiation of excitation light. In the past
decade, to overcome these issues, bioluminescence imaging has
been developed as a new optical molecular-imaging modality in
life sciences.3,4 In bioluminescence imaging, external excitation
is not needed, leading to no photobleaching and photo-
cytotoxicity with very low background signals (e.g., auto-
uorescence) from numerous uorescent species.5,6 Thus,
bioluminescence imaging is expected to offer high signal to
background images with a wider dynamic range of the signal
compared to uorescence imaging.3
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Despite the highly sensitivity of bioluminescence imaging,
its potential use in bioimaging has been restricted at the visible
region.4 In the bioluminescence imaging at the visible region,
visible-emitting bioluminescence is strongly absorbed and
scattered in biological samples.7 To overcome this drawback,
the chemical structure of bioluminescent substrates (luciferin)
has been modied to emit at longer wavelengths.8–12 Luciferin
analogues with extended p-conjugation have been used for
bioluminescence imaging with longer wavelengths.8,10,12

Although commonly used luciferase substrates such as D-lucif-
erin and coelenterazine (CTZ) emit at around 560 nm and
480 nm,3,13 a recently developed luciferin analogue, AkaLumine
can emit in the near infrared (NIR) region over 700 nm.11 This
luciferin analogue has shown the capability of NIR biolumi-
nescence for highly sensitive deep-tissue imaging in living
mice.11,13

The use of bioluminescence resonance energy transfer
(BRET) is an alternative method to achieve bioluminescence
imaging at the longer wavelengths.14,15 BRET consists of
a luciferase–luciferin system as a resonance energy donor and
a uorescent protein or dye as a resonance energy acceptor. A
NIR uorescent dye combined with luciferase (RLuc 8.6) has
been used for BRET-based NIR imaging in living mice.11,16–18

Recently, Kizaka-Kondoh et al. developed an Alexa Fluor 680
conjugated BRET probe for the detection of ubiquitin-protease
system regulated hypoxia-inducible factor.19 They achieved
This journal is © The Royal Society of Chemistry 2019
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BRET-based NIR imaging of hypoxic liver metastasis in nude
mice. Rao et al. also developed a BRET-based NIR imaging
system which contains a uorescent phthalocyanine dye,
NIR775 as a resonance energy acceptor.20 They achieved BRET-
based in vivo lymph-node mapping and tumour imaging.20

Quantum dots (QDs) can be used as energy acceptors for BRET-
based NIR imaging.21–43 The BRET in QD–luciferase conjugates
has been applied to NIR tumour imaging in living mice.40 In the
BRET-based tumour imaging, a cyclic arginine–glycine–aspartic
acid (cRGD) peptide has been used as a targeting ligand to
integrin avb3, which expresses in many tumour cells20,40

In this paper, we present a BRET-based dual-colour (visible
and NIR) molecular-imaging probe, which can be used for the
highly sensitive detection of membrane receptors in living cells.
To design the BRET-based dual-colour probe, we examined the
bioluminescence properties for the conjugates between QDs
and several types of EGFP–RLuc fusion proteins. We developed
a BRET-based dual-colour probe, where BRET occurs from
luciferase/luciferin to QDs and to EGFP. This BRET probe emits
green and NIR luminescence from EGFP and CdSeTe/CdS (core/
shell) QDs, respectively. Since the present BRET-based dual-
colour probe contains an immunoglobulin binding domain
(GB1)44 of protein G, this probe is easily functionalized with
Fig. 1 Schematic representation for EGFP–RLuc fused proteins and
their conjugates with QDs (CdSeTe/CdS): (a) His–RLuc–EGFP–GB1
(73.6 kDa), (b) RLuc–His–EGFP–GB1 (72.6 kDa), (c) His–EGFP–RLuc–
GB1 (73.6 kDa, (d) QD–His–RLuc–EGFP–GB1, (e) QD–RLuc–His–
EGFP–GB1, and (f) QD–His–EGFP–RLuc–GB1. (g) Representative
structure of a BRET-based dual-colour molecular imaging probe. The
probe consists of a NIR-emitting QD, fused protein (His-EGFP–RLuc–
GB1), andmonoclonal antibodies. BRET is expected to occur fromCTZ
to EGFP and to QD, leading to visible and NIR dual-colour biolumi-
nescence emission.

This journal is © The Royal Society of Chemistry 2019
a variety of antibodies (IgG).43 Here, we demonstrate that the
BRET-based dual-colour probe enables highly-sensitive
bioluminescence imaging of human epidermal growth factor
receptor 2 (HER2)45 and epidermal growth factor receptor
(EGFR)45 in breast and skin cancer cells.
2. Results and discussion
2.1 Design of BRET-based molecular imaging probe

To develop BRET-based dual-colour molecular-imaging probes,
we designed three types of probes, where EGFP–RLuc fused
proteins are conjugated to NIR-emitting CdSeTe/CdS (core/
shell) QDs. The fused proteins consist of RLuc, EGFP and GB1
moieties with six histidine-tags (Fig. 1a–c). In the EGFP–RLuc
fused proteins, BRET from CTZ to EGFP can occur in the pres-
ence of RLuc. Immuno-globulin binding domain (GB1) of
protein G in the fused protein can act as a binding site for the Fc
region of the antibody (IgG).

The conjugates between QDs and EGFP–RLuc fused proteins
(Fig. 1d–f) were designed to occur dual BRET from CTZ to QDs
and from CTZ to EGFP (Fig. 1g). In addition, the QD conjugates
with EGFP–RLuc fused proteins were designed to act as
molecular imaging probes, where antibodies bound to a GB1
domain can recognize targeted biomolecules. We expected that
the QD conjugate with EGFP–RLuc fused protein can act as
BRET-based dual-colour (visible/NIR) molecular imaging
probes in living cells.
2.2 BRET between CTZ and QD

To conrm BRET between CTZ and QD in the conjugate of QD
and RLuc protein, we examined bioluminescence property for
the mixture of His–RLuc–GB1 protein and QDs, and for the
mixture of RLuc–GB1 protein and QDs. Since His–RLuc–GB1
protein has six histidine tags, this protein was expected to bind
to the surface of CdSe/ZnS QDs46 and CdSeTe/CdS QDs
(Fig. 2a).42,43 This is because histidine molecules have high
affinities for Zn2+ and Cd2+ ions.47 In contrast, RLuc–GB1 with
no his-tags was expected to show no binding ability to the QD
surface (Fig. 2a). Agarose electrophoresis clearly showed that
His–RLuc–GB1 protein binds to the surface of CdSeTe/CdS QDs,
while RLuc–GB1 protein does not bind to the QDs (Fig. 2b).

Fig. 3a shows the absorption and uorescence spectrum of
QDs together with the bioluminescence spectrum of CTZ cata-
lysed by His–RLuc–GB1. The bioluminescence spectrum of CTZ
is overlapped with the absorption spectrum of QDs which emit
at the NIR region. This nding suggests that BRET can occur
between CTZ and QD in the conjugate of QD andHis–RLuc–GB1
protein.

To demonstrate BRET from CTZ to QD in the conjugate of
QD and RLuc protein, we examined bioluminescence spectra
for the mixture of QD/His–RLuc–GB1 and the mixture of QD/
RLuc–GB1 in phosphate buffered saline (PBS). In the presence
of CTZ, the mixture of QD/His–RLuc–GB1 showed biolumines-
cence spectrum with two peaks resulting from CTZ and QD at
the visible and NIR region. (Fig. 3b). In contrast, the mixture of
QD/RLuc–GB1 showed only a visible-emitting bioluminescence
RSC Adv., 2019, 9, 34964–34971 | 34965
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Fig. 3 (a) Bioluminescence spectrum (blue line) of CTZ catalyzed by
His–RLuc–GB1, and absorption (red dotted line) and emission spec-
trum (red solid line) of CdSeTe/CdS QDs in PBS. (b) Bioluminescence
spectra for the mixture of QD and RLuc–GB1 protein (QD/RLuc–GB1),
and the mixture of QD and His–RLuc–GB1 protein (QD/His–RLuc–
GB1) in the presence of CTZ. The molar ratio of QD/fused protein was
0.1.

Fig. 2 (a) Schematic representation for the conjugation of a CdSeTe/
CdS QD to His–RLuc–GB1 and RLuc–GB1 protein. (b) Agarose gel
electrophoresis for the QD (1), the mixture of QD and His–RLuc–GB1
(2), and the mixture of QDs and RLuc–GB1 (3). The molar ratio of QD/
fused protein was 0.1.‡ The image shows NIR fluorescence detected at
the wavelength of 830 � 20 nm.

RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
O

ct
ob

er
 2

01
9.

 D
ow

nl
oa

de
d 

on
 1

0/
27

/2
02

5 
10

:4
7:

29
 P

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
which corresponds to the emission of CTZ. This difference in
the bioluminescence spectra clearly shows that the intra-
molecular BRET from CTZ to QD occurs in the conjugate of QD
and His–RLuc–GB1 protein.A3B2

For the conjugate of QD and His–RLuc–GB1 protein, BRET
efficiency (E) was estimated to about 63%, which was calculated
from the following equation: E ¼ 1 � (IDA/ID) � 100%,48,49 where
IDA and ID represent the emission intensity of CTZ in the presence
and absence of acceptor (QD), respectively. It should be noted
that NIR luminescence at 700–1000 nm weakly emitted for the
mixture of QD/RLuc–GB1. This NIR emission may have resulted
from the reabsorption of the bioluminescence of CTZ by QDs.
Fig. 4 (a) Absorption (Ab: black dotted line) and fluorescence (FL:
green dotted line) spectrum of His–EGFP–GB1 protein. A blue solid
line shows bioluminescence (BL) of CTZ catalyzed by His–RLuc–GB1.
(b–d) Bioluminescence spectra (red line) for His–RLuc–EGFP–GB1,
RLuc–His–EGFP–GB1, and His–EGFP–RLuc–GB1. Blue and green
dotted lines show the spectral contribution from CTZ and EGFP,
respectively.

Table 1 Fluorescence quantum yield (QY) and lifetime (s) of EGFP
emission in His–EGFP–GB1, His–RLuc–EGFP–GB1, RLuc–His–EGFP–
GB1, and His–EGFP–RLuc–GB1 protein
2.3 BRET in EGFP–RLuc fused proteins

To develop a BRET-based dual-colour imaging probe, we
prepared three types of EGFP–RLuc fused protein (Fig. 1a–c).
The purity and molecular weight of these proteins were checked
by SDS-PAGE (Fig. S1†). The absorption and emission spectra of
EGFP in His–EGFP–GB1 (ref. 50) protein are shown in Fig. 4a
with the bioluminescence spectrum of CTZ catalysed by His–
RLuc–GB1. Since the emission spectrum of CTZ overlapped
with the absorption spectrum of EGFP, it was expected that
BRET form CTZ to EGFP can occur in the three types of EGFP–
RLuc fused proteins, His–RLuc–EGFP–GB1, RLuc–His–EGFP–
‡The molar ratios of QD/fused protein were estimated from the concentrations
and volumes of their aqueous solutions used for the gel electrophoresis. The
concentration of QDs was 1 mM, which was estimated by using uorescence
correlation spectroscopy for the aqueous solution of QDs (see, ESI†). The
concentration of aqueous solutions of His–RLuc (Mw: 40.0 kDa) and
His–Rluc–GB1 (Mw: 45.5 kDa) was 25 and 22 mM, respectively.

34966 | RSC Adv., 2019, 9, 34964–34971
GB1, and His–EGFP–RLuc–GB1. In all three proteins, BRET
emissions from CTZ to EGFP were observed (Fig. 4b–d). Among
the EGFP–RLuc fused proteins, His–EGFP–RLuc–GB1 showed
most efficient BRET from CTZ to EGFP (Fig. 4d). The value of
BRET efficiency was estimated to 55% for His–RLuc–EGFP–GB1,
49% for RLuc–His–EGFP–GB1, and 65% for His–EGFP–RLuc–
Protein QY s(ns)

His–EGFP–GB1 0.77 2.62
His–RLuc–EGFP–GB1 0.78 2.63
RLuc–His–EGFP–GB1 0.76 2.64
His–EGFP–RLuc–GB1 0.77 2.65

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a)–(c) Agarose gel electrophoresis for the mixtures of His–RLuc–EGFP–GB1 and QD, RLuc–His–EGFP–GB1 and QD, and His–EGFP–
RLuc–GB1 and QD. The molar ratios of fused protein/QD are described in the images. The gel images were obtained by the NIR fluorescence of
QDs at 830 nm. (d)–(f) Bioluminescence spectra of QD conjugates with His–RLuc–EGFP–GB1, RLuc–His–EGFP–GB1, and His–EGFP–RLuc–
GB1 in the presence of CTZ. The molecular ratios of fused protein/QDwere 14.‡Blue and green dotted lines show the spectral contribution from
CTZ and EGFP, respectively.
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GB1. The BRET efficiency was not proportional to the linker
length between EGFP and RLuc. The linker between His–RLuc–
EGFP–GB1, RLuc–EGFP–GB1, and His–EGFP–RLuc–GB1 was
two-, nine-, and two-amino acids, respectively (Fig. S2†).

The BRET efficiency can be inuenced by the emission
quantum yield (QY) of acceptor as well as the distance between
donor and acceptor. The QYs of EGFP in three types of EGFP–
RLuc fused proteins are shown in Table 1. The QY values of
EGFP emission in the fused proteins are almost the same as
that of His–EGFP–GB1. In addition, uorescence lifetime of
EGFP emission for the three fused proteins also showed
similar values (s ¼ 2.63–2.65 ns) (Fig. S3†). These ndings
indicate that the chemical environment of EGFP is not
signicantly different in the three EGFP–RLuc fused proteins.
Thus, the difference in the BRET efficiency in the fused
proteins may be attributed to the difference in the conforma-
tion between CTZ and EGFP moieties in the protein. It is well-
known that the conformation of the transition dipoles
between donor and acceptor signicantly affects the efficiency
of resonance energy transfer.51
§ Molar extinction coefficient (3) of a QD solution was calculated by the equation: 3
¼ C � L/A, where C, L, A is the concentration of QDs, path length, and the
absorbance of a QD solution. The concentration of QD was estimated by FCS
(see, ESI†).
2.4 BRET in QD conjugates with EGFP–RLuc fused proteins

Since the EGFP–RLuc proteins (Fig. 1a–c) have six histidine tags,
these proteins can bind to the surface of CdSeTe/CdS QDs. The
binding of these proteins to the QDs was conrmed by agarose
gel electrophoresis (Fig. 5a–c). The binding affinities of EGFP–
RLuc fused proteins to the QDs were almost the same between
His–RLuc–EGFP–GB1 (Fig. 5a) and His–EGFP–RLuc–GB1
(Fig. 5c). In contrast, the binding affinity of RLuc–His–EGFP–
GB1 to the QD was two times lower than that of His–RLuc–
EGFP–GB1 and His–EGFP–RLuc–GB1 (Fig. 5b). This difference
This journal is © The Royal Society of Chemistry 2019
may be attributed to the steric hindrance of histidine tags of
RLuc–His–EGFP–GB1 in their accessibility to the surface of
QDs.

For all three types of the conjugates between QDs and EGFP–
RLuc fused proteins, strong NIR emissions owing to BRET from
CTZ to QDs were observed (Fig. 5d–f). At the same time, EGFP
emissions around at 515 nmwere observed for the three types of
QD conjugates. The overall BRET efficiency from CTZ to QDs
and EGFP was estimated to 83% for a QD/His–RLuc–EGFP–GB1
conjugate, 91% for a QD/RLuc–His–EGFP–GB1 conjugate, 69%
for a QD/His–RLuc–EGFP–GB1 conjugate (Fig. S4†). It should be
noted that the intensity of QD emission (700–1000 nm) is much
higher than that of EGFP emission (480–600 nm) in the QD/
protein conjugates. The QYs (0.76–0.78) of EGFP emission in
the three fused proteins were not signicantly different from
the QY (0.58) of NIR-emitting QDs. Thus, the brighter QD
emission due to BRET should be resulted from the large
extinction coefficient (ca. 3 � 106)§ of QDs compared to EGFP
(5.5 � 104).52 Among the QD conjugates with EGFP–RLuc fused
proteins, a QD/His–RLuc–EGFP–GB1 conjugate showed
comparable intensities for the visible (400–600 nm) and NIR
emission (700–1000 nm) (Fig. 5f). As a BRET probe for dual-
colour molecular imaging, we used a QD/His–RLuc–EGFP–
GB1 conjugate. In this QD/His–RLuc–EGFP–GB1 conjugate, the
half-life time of BRET emissions was observed to ca. 100 s
(Fig. S5†).
RSC Adv., 2019, 9, 34964–34971 | 34967
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Fig. 6 (a) Fluorescence autocorrelation curves for QDs, the mixture of
QDs and His–EGFP–RLuc–GB1, and the mixture of QDs, His–EGFP–
RLuc–GB1 and antibody (Ab) in PBS. (b) Diffusion time of QDs (1), the
mixture of QDs and His–EGFP–RLuc–GB1 (2), and themixture of QDs,
His–EGFP–RLuc–GB1 and Ab (3). The values of diffusion time were
obtained by using a single-component diffusion model.53

Fig. 7 Flow cytometric analysis of KPL-4 cells treated with QD–His–
EGFP–RLuc–GB1 (none), normal human IgG and QD–His–EGFP–
RLuc–GB1 (normal IgG), Herceptin and QD–His–EGFP–RLuc–GB1
(Herceptin), Erbitux and QD–His–EGFP–RLuc–GB1 (Erbitux). Fluo-
rescence signals were detected at >750 nm for QD emission (a) and at
525 nm for EGFP emission (b).
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2.5 Binding ability of His–EGFP–RLuc–GB1 conjugated QDs
for antibodies

The binding ability of His–EGFP–RLuc–GB1 conjugated QDs for
antibodies was examined by uorescence correlation spectros-
copy (FCS).51,53 FCS gives the value of diffusion time of uores-
cent particles from the uctuation of their uorescence
intensity at the single molecule level. FCS is very sensitive to the
change in the particle size, which affects the diffusion time of
particles in solution. By FCS, the diffusion time of QDs in PBS
was estimated to be 0.40 � 0.01 ms (Fig. 6a). The addition of
His–EGFP–RLuc–GB1 to QDs increased the diffusion time of
QDs by a factor of 1.8 (Fig. 6a and b), showing that His–EGFP–
RLuc–GB1 protein binds to the surface of the QDs. The number
of the His–EGFP–RLuc–GB1 molecule bound to one QD particle
was estimated to be 6.4 by using the size-exclusion chroma-
tography (Fig. S6†). His–EGFP–RLuc–GB1 conjugated QDs were
mono-dispersed particles with the core size of 4.0 � 0.6 nm
(Fig. S7†). Further addition of Herceptin (monoclonal anti-
HER2 antibody) to the mixture of QDs and His–EGFP–RLuc–
GB1 increased the diffusion time of QDs to be 1.31 � 0.09 ms
(Fig. 6a and b), indicating the binding of the antibody to the
surface of His–EGFP–RLuc–GB1 conjugated QDs. The binding
ability of His–EGFP–RLuc–GB1 conjugated QDs for the antibody
was also conrmed by agarose gel electrophoresis (Fig. S8†).

Further, the binding ability of a QD/His–EGFP–RLuc–GB1
conjugate to the antibody was examined in human breast
tumour cells (KPL-4),54,55{ using uorescence activated cell
sorter (FACS). KPL-4 cells are known to overexpress HER2 on
their plasma membranes, and the expression level of HER2 in
KPL-4 cell is higher than that to EGFR.54 FACS shows that
Herceptin strongly binds to the KPL-4 cell in the presence of
QD/His–EGFP–RLuc–GB1, while Erbitux (anti-EGFR mono-
clonal antibody) does not bind to the cell (Fig. 7). Normal
human IgG was used as a negative control. Control data (none)
was also obtained by using QD/His–EGFP–RLuc–GB1 conjugate.
The FACS result indicated that the QD/His–EGFP–RLuc–GB1
conjugate functionalized with the antibody can act as a molec-
ular imaging probe in living cells.
{ KPL-4 human breast cancer cells were kindly provided by Dr Kurebayashi
(Kawasaki Medical school, Kurashiki, Japan).

34968 | RSC Adv., 2019, 9, 34964–34971
2.6 BRET-based dual-colour molecular imaging

Next, we examined the capability of a QD/His–EGFP–RLuc–
GB1 conjugate for the dual-colour bioluminescence molec-
ular imaging of membrane receptors in cancer cells. We
performed BRET-based molecular imaging for KPL-4 and
A431 (human skin cancer cells)k cell pellets (�106 cells) for
the detection of HER2 and EGFR on their cell surface. In this
molecular imaging, we rst incubated cancer cells with anti-
bodies, and then, His–EGFP–RLuc–GB1 conjugated QDs were
added to the cancer cells to prevent the aggregation of QDs.**
BRET and uorescence (FL) images for KPL-4 and A431 cells
were taken immediately aer the addition of CTZ to the cell
pellets.

As shown in Fig. 8a, BRET emissions were observed both at
830 and 530 nm for KPL-4 cells treated with Herceptin and
Erbitux. In the case of A431 cells, BRET emissions were
observed only for the cells treated with Erbitux (Fig. 8b). The
BRET emissions in the control (none in Fig. 8a) may have
resulted from the nonspecic binding of QD-protein conjugates
to the KPL-4 cell surface. The results of BRET imaging for KPL-4
and A431 cells were consistent with the results of western
blotting analysis (Fig. 8c). For the KPL-4 cells, both the expres-
sion of HER2 and EGFR was observed, while for the A431 cells,
only the expression of EGFR was observed.

The comparison of BRET and uorescence (FL) images
(Fig. 8a and b) of KPL-4 and A431 cells showed higher detection
sensitivity for the BRET imaging of HER2 and EGFR (lower
graphs in Fig. 8a and b). The higher signal to background ratios
in the BRET images compared to the FL images should be
attributed to the low signals of background emissions, which
resulted from sample autouorescence.

Finally, we performed bioluminescence cellular imaging
based on BRET. For the bioluminescence cellular imaging, we
k A413 human skin cancer cells were purchased from RIKEN BRC CELL BANK.

** When themixture of antibodies and His–EGFP–RLuc–GB1 conjugated QDs was
directly added to a cell culture dish, QD aggregation was observed probably due to
electric interaction between antibodies and QDs.

This journal is © The Royal Society of Chemistry 2019
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Fig. 8 (a) BRET and fluorescence (FL) images for the pellets of (a) KPL-4 cell (�106 cells) and (b) A431 cell (�106 cells) treated with QD–His–
EGFP–RLuc–GB1 (none), normal human IgG/QD–His–EGFP–RLuc–GB1 (normal IgG), Herceptin/QD–His–EGFP–RLuc–GB1 (Herceptin), and
Erbitux/QD–His–EGFP–RLuc–GB1 (Erbitux). The lower graphs show the emission intensity of BRET and FL for the above images. BRET and FL
images were taken at 830� 20 nm and 530� 20 nm, respectively. Exposure time was 10 min both for BRET and FL imaging. (c) Western blotting
analysis for the expression level of HER2 and EGFR in KPL-4 and A431 cells.

Fig. 9 (a) Bright field (BF) and bioluminescence images of KLP-4 cells treated with Herceptin and His–EGFP–RLuc–GB1 conjugated QDs. (b)
Magnification images for the square regions in the above images. Bioluminescence images are taken at the wavelength of >715 nm for QD
emission and 495–540 nm for EGFP emission. Exposure time for the bioluminescence imaging was set to 3 min.
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used a highly sensitive imaging microscopy equipped with
a cooled EM-CCD camera,56 because of the low photon-counts
in BRET-based cellular imaging. In the BRET imaging, we
needed an exposure time of more than 3 min to get clear
images with high signal to background ratios. Fig. 9 shows the
bioluminescence images for KPL-4 cells treated with a Her-
ceptin and QD/His–EGFP–RLuc–GB1 conjugate. The localiza-
tion of HER2 at the plasma membrane was clearly visualized
This journal is © The Royal Society of Chemistry 2019
by the BRET imaging both at the visible and NIR region
(Fig. 9b). This result shows that the present BRET-based probe
can be used for the dual-colour bioluminescence molecular
imaging of membrane receptors in living cells. Although the
BRET-based QD probe has a dose-dependent cytotoxicity
(Fig. S9†),57 signicant cytotoxicities were not found under the
concentration of QDs (<50 nM) used for the BRET-based
cellular imaging.
RSC Adv., 2019, 9, 34964–34971 | 34969
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3. Conclusions

In this paper, we have presented a BRET-based molecular
imaging probe for the highly sensitive detection of membrane
receptors in cancer cells. The present BERT probe consists of
a NIR-emitting QD and EGFP–RLuc fusion protein. In addition,
this BRET probe has an immunoglobulin binding domain
(GB1). Thus, the BRET probe is applicable to a variety of
bioluminescence molecular imaging by the functionalization
with antibodies. We demonstrated that the BRET-based
molecular imaging has higher detection sensitivity for HER2
and EGFR compared to uorescence-based molecular imaging.
We further demonstrated that the present BRET probe can be
used for dual-colour molecular imaging at the visible and NIR
region.

Although bioluminescence imaging has a great potential as
an optical molecular imaging, its application has been
restricted to protein expression and protein–protein interaction
using their reporter genes. To date, there have been no reports
of BRET based dual-colour probes which can be used for
a variety of bioluminescence molecular imaging. We believe
that the present BRET probe will add a signicant progress in
the BRET-based molecular imaging at the cellular and tissue
level.
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