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Semiconductor nanocrystals, so-called quantum dots (QDs), promise potential application in bioimaging
and diagnosis in vitro and in vivo owing to their high-quality photoluminescence and excellent photosta-
bility as well as size-tunable spectra. Here, we describe a biocompatible, comparatively safe bacteria-
based system that can deliver QDs specifically into solid tumor of living animals. In our strategy, anaer-
obic bacterium Bifidobacterium bifidum (B. bifidum) that colonizes selectively in hypoxic regions of animal
body was successfully used as a vehicle to load with QDs and transported into the deep tissue of solid
tumors. The internalization of lipid-encapsuled QDs into B. bifidum was conveniently carried by electro-
poration. To improve the efficacy and specificity of tumor targeting, the QDs-carrying bacterium surface
was further conjugated with folic acids (FAs) that can bind to the folic acid receptor overexpressed tumor
cells. This new approach opens a pathway for delivering different types of functional cargos such as nano-
particles and drugs into solid tumor of live animals for imaging, diagnosis and therapy.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction

Semiconductor nanocrystals, so-called quantum dots (QDs),
have attracted widespread interests in fields ranging from chemis-
try [1], material science [2], device engineering [3] to biological
applications [4,5], owing to their high-quality photoluminescence
and excellent photostability as well as size-tunable spectra [6–8].
In comparison with organic fluorophores whose observation time
are limited by photobleaching, the excellent fluorescent intensity
and long-term stability of QDs give them the potential to become
superb fluorescent markers for in vivo imaging. When being ap-
plied in vivo biological imaging, QDs are usually covalently linked
to biorecognition molecules such as antibodies [9,10] and peptides
[11,12] as fluorescent probes. Gao et al. designed antibody-binding,
PEG-encapsulated QDs to target human prostate tumor in vivo
open a new way for QDs in vivo tumor imaging [9]. However, there
are a series of issues in connection with biorecognition molecules
and PEG on the surface of QDs that cannot be ignored, such as an
increase in molecular weight of the bioconjugated QDs which
may lead to a loss of solubility in body fluid, which in turn will lead
to a low targeting efficiency [13]. Meanwhile, the clearance of the
reticuloendothelial system (RES) of bioconjugated QDs is also a tre-
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mendous obstacle that is hard to get through. QDs will be attacked
and cleared when they enter the blood vessels [14]. In order to
have an effective imaging in vivo using QDs, it is crucial to design
a delivery system which has the following properties: a high
targeting efficacy of the tumor tissue and an excellent in vivo
biocompatibility.

Probiotic bacteria such as Bifidobacterium bifidum can geneti-
cally localize and distribute in tumor tissues of mammalian bodies
and are nonpathogenic and almost nontoxic to the host [15–17].
Taking advantages of the intrinsic properties of probiotic bacteria,
several groups that transferred genes to solid tumors are achieved
[18–21]. In 1980, Kimura first reported that B. bifidum can selec-
tively localize and proliferate in tumor hypoxic zone via systemic
intravenous method. After 48–96 h of injection, B. bifidum existed
only in tumor tissue but none in blood, bone marrow, muscle, liver,
spleen, kidney and lung. In tumor tissue, up to 106 bacterial clones
could be detected. This feature was attributed to the tumor tissue
hypoxic microenvironment which was suitable for the localization
of B. bifidum [21]. Here, we used B. bifidum as a vehicle to load with
QDs and transport into the deep tissue of solid tumors for the
following reasons: First, as a typical probiotic bacteria existing in
many kinds of mammalian bodies including human beings,
B. bifidum has been proven to be safe, without pathogenic or immu-
nogenic side effects. Second, as a type of anaerobic bacteria,
B. bifidum only colonizes in hypoxic tissues and this gives them
the potential to settle in the deep tissues of the solid tumors, rather
than normal organs and tissues. Third, the peptidoglycan-rich
surface of bacteria allows further chemical modifications, such as
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ligation of targeting molecules, to improve the specificity and effi-
cacy of QDs delivery. Fourth, the micron-scaled B. bifidum has en-
ough space inside for the nano-sized QDs to embed.

In this paper, we used the anaerobic B. bifidum, a typical probi-
otic bacteria existing in many kinds of mammalian bodies includ-
ing human beings, as a vehicle to deliver QDs into the solid tumor
of living mice via systemic intravenous method. We further modi-
fied the bacteria by joining the FAs to the bacteria surface, in order
to improve the targeting efficacy of the bacteria to tumor tissue.
Combining the advantages of their intrinsic biocompatibility and
easy preparation, the chemically modified B. bifidum could be used
as a versatile vehicle to efficiently deliver probes and therapeutic
reagents for cancer diagnostics and therapy.
2. Materials and methods

2.1. Chemicals

All chemicals were used directly without further purification.
Cadmium oxide (CdO, 99.0%, Shuanghuan Weiye Reagent Co.), sul-
fur powder (S, 99.5%, Sinopharm Chemical Reagent Co.), selenium
powder (Se, 99.95%, Meixing Chemical Reagent Co.), oleic acid
(OA, 97%, Kermel Chemical Reagent Co.), tri-n-octylphosphine
oxide (TOPO, 99%, Fluka), tri-n-octylamine (TOA, 97%, Yuanyue
Chemical Co.), folic acid (FAs, >96%, Acros), 3-(4,5-dimethylthia-
zol-2-yl)-2,5-diphenyltetrazolium bromide (MTT, 98%, Amresco).
Dimethyl sulfoxide (DMSO, 99%) and palmitoyloleoylphosphatidylch-
oline (POPC) were purchased from Sigma–Aldrich. Chloroform and
ethanol were purchased from Beijing Chemical Co. Ultrapure water
(18.2 MX cm�1) was used in the experiments.

2.2. Instruments

Absorption spectra were acquired with a TU-1901 UV–Vis spec-
trophotometer (Beijing PuXiTongYong Co.). Photoluminescence
(PL) spectra were recorded on an F-4500 fluorescence spectropho-
tometer (Hitachi). Differential interference contrast (DIC) and fluo-
rescent imaging were performed on an IX 71 inverted microscope
with a 60� oil immersion objective (NA 1.45, Olympus), equipped
with an EMCCD (iXon DV-887, Andor). The digital images were col-
lected and analyzed by using IPLab software (BD Biosciences
Bioimaging).

2.2.1. CdSeS QDs synthesis
Ternary CdSeS QDs were prepared by the reported method [22].

Typically, CdO (256.8 mg), oleic acid (OA, 2.5 mL), and tri-n-octyl-
amine (TOA, 20 mL) were mixed in a three-necked flask, and
heated to 300 �C under an argon atmosphere to get a clear solution.
A stock solution of Se (9.5 mg, 0.12 mmol) and S (192.0 mg,
6.0 mmol) in TOPO (1.0 mL) was swiftly injected into the hot
solution, and the reaction was allowed to proceed at 280 �C for
1 min. CdSeS QDs were obtained with ethanol sedimentation and
Fig. 1. Schematic illustration of QDs delivery. (A) Electroporation; (B) B. b
repeatedly washed with ethanol. The prepared CdSeS QDs dis-
played a fluorescent emission (kem, max 576 nm) with the full-
width at the half-maximum (FWHM) near 30 nm.

2.2.2. Preparation of QD576–POPC micelles
The prepared QD576 (1.0 mg) was first dissolved in POPC solu-

tion of chloroform (0.5 mL, 1.0 mg mL�1). Then the solvent was re-
moved at 45 �C with a rotary evaporator, and ultrapure water
(1.0 mL) was added. The mixed solution was oscillated at 60 �C
using an ultrasonic oscillator to obtain an optically clear solution
of QD576–POPC micelles.

2.2.3. B. bifidum culture
Bifidobacterium bifidum (CGMCC 1.2212) was anaerobically cul-

tured at 37 �C to early-log phase in broth. The culture was grown
for 5 h at 37 �C with an incubator shaker at 250 rpm until the opti-
cal density (k = 600 nm) reached 0.3–0.4. The B. bifidum was har-
vested by chilling the flasks briefly on ice and centrifuging at
2000g for 20 min at 4 �C.

2.2.4. Electroporation
The experiments were carried out on a gene pulser apparatus

(Scientz Co.) with the capacitance of 25 lF. B. bifidum (150 lL,
1.5 � 105 mL�1) and QD576–POPC solution (150 lL, 0.01 mg mL�1)
were mixed in a cold tube and then transferred into a cuvette
(pathlength, 0.2 cm). The electroporation was performed under
an optimum experimental condition (1.5 kV, 300 X, 60 min). After
a post-pulse incubation (shaking at 150 rpm for 1 h at 37 �C), the
treated bacteria were washed with PBS in a centrifuge (phosphate
buffered saline, pH 7.4) to remove the free QD576–POPC micelles.

2.2.5. FAs connected to the bacterial surface
Briefly, B. bifidum or QDs-B. bifidum (2 mL, 1 � 105 mL�1) was

mixed with the FAs solution dissolved in PBS (1.0 mL, 10 mg mL�1,
pH 7.6) in a 10-mL round-bottomed flask. Then EDC (10.0 mg,
50 lmol) and sulfo-NHS (22.0 mg, 100 lmol) were added. In order
to maintain an anaerobic condition, oxygen was driven out by ar-
gon flow in the experiments. The reactions proceeded for about
4 h at 37 �C, and the un-reactants were fully removed by quickly
centrifuging at 10,000g for 30 s at room temperature for three
times. The obtained FAs-modified bacteria were redispersed in
appropriate amount of PBS (pH 7.4).

2.2.6. Solid tumor tissue imaging
The animal experiments were performed in accordance with

the guidelines of the National Institute of Health of the USA. The
solid tumor-bearing mice model was established by inoculation
of the cultured Lewis lung cancer cells dispersed in PBS (pH 7.4;
0.2 mL, and 1 � 106 mL�1) into the left thigh muscle of mice (6–
8 week age, male C57BL/6N mice with weight of about 20 ± 1 g).
When the tumor grew to about 10 ± 0.5 mm in diameter, QDs-B.
bifidum or QDs-B. bifidum–FAs dispersed in PBS (pH 7.4; 0.2 mL,
and 1 � 105 mL�1) were injected into the tail vein. The mice were
ifidum surface modification with FAs; (C) intravenous administration.



Fig. 2. (A) Electron microscopy image of QD576; (B) normalized absorption and fluorescence spectra of QD576 (black lines) and QD576–POPC micelles (red lines); (C) fluorescent
image of QD576–POPC micelles; (D) differential interference contrast (DIC) and fluorescent images of QDs-B. bifidum; (E) confocal microscopy fluorescent images, DIC image
(bottom middle) and overlapped image (bottom right) of QDs-B. bifidum.
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sacrificed on the 1st, 2nd, 3rd, 4th and 5th days, and the tumor
tissue slices were fixed with 10% formalin for 24 h and embedded
with paraffin. The slices were about 4 lm in thickness for fluores-
cent imaging.
2.2.7. Whole animal imaging
The whole mouse fluorescent imaging was performed on an

EXPLOREMORE system (ColdSpring Co.), equipped with a 300-W
high-pressure mercury lamp, an EMCCD (iXon DV-887, Andor),
and a tunable liquid crystal filter (VariSpec, CRI Inc.). The mice
were anaesthetized with diethyl ether before the fluorescent imag-
ing. The autofluorescent signals were removed using the unmixing
function of Image J software (Ver. 1.34s).
3. Results and discussion

3.1. CdSeS QDs synthesis and lipid encapsulation

Ternary CdSeS QDs passivated by hydrophobic ligands TOPO and
OA were synthesized according to the previous reports
[22–24]. The QDs PL could be precisely tuned by conveniently con-
trolling the relative molar ratio of chemical precursors in the exper-
iments (Section 2). As shown in Fig. 2, the prepared CdSeS QD576

(kem = 576 nm) exhibited a broad absorption cross-section, a sharp
and symmetrical band gap emission (FWHM < 30 nm) as well as an
uniform sized distribution (diameter = 4.4 ± 0.4 nm (n = 100)).

It is known that liposome is an efficient carrier of plasmid, RNAs
and drugs [25]. In order to transfer QDs into the B. bifidum, the
CdSeS QDs were encapsulated by POPC. As shown in Fig. 2, the
prepared POPC encapsulated CdSeS QD576 micelles (QD576–POPC)
retained the optical quality of the uncoated CdSeS QD576 and were
homogeneously dispersed in aqueous solutions.
3.2. Electroporation

Electroporation is a traditional method to increase permeability
of the cell plasma membrane by an externally applied electrical
field, and has been widely used as a way of introducing exogenous
substance into cells. Because B. bifidum has not only a cytoplasmic
membrane as mammalian cells, but also a rigid wall, we optimized
the electroporation conditions (voltage, resistance and post-pulse
incubation time) to improve the transferring efficacy (see Support-
ing information, Figs. S1–3). The optimal electroporation parame-
ter was voltage = 1.5 kV, resistance = 300 O, post-pulse incubation
time = 60 min. Fig. 2d showed the QD576–POPC loaded B. bifidum
(QDs-B. bifidum) under the optimum experimental condition
(1.5 kV, 300 O, 60 min), and over 66.8% of bacteria had been loaded
with QD576–POPC micelles. Confocal imaging further confirmed
that QD576–POPC micelles had been transferred into B. bifidum
(Fig. 2e). Cellular viability test showed that QDs-B. bifidum was a
kind of high dynamic probe (Fig. S2). Moreover, the fluorescent
intensity of QDs-B. bifidum was stable under the B. bifidum culture
conditions and was detectable even after more than 50 days. As we
have postulated, it could be associated with the protection of the
POPC layer and the cellular shell, as well as the hypoxic environ-
ment, in which the decomposition of QDs was depressed.
3.3. In vivo tumor targeting

The in vivo QDs delivery was performed in a tumor-bearing
mice model that was established by inoculation of Lewis lung
cancer cells under skin of mice (Male C57BL/6N, Peking University
Health Science Center). Briefly, when the solid tumor reached
about 10 ± 0.5 mm in diameter, about 2 � 104 bacilli/mouse
QDs-B. bifidum dispersed in PBS (pH 7.4; 0.2 mL, 1 � 105 mL�1)



Fig. 3. Fluorescent images of solid tumor tissue slices at different time after intravenous injection of (A) QDs-B. bifidum and (C) QDs-B. bifidum–FAs, respectively; (B) DIC
images of Lewis lung cancer cells after incubation with QDs-B. bifidum (left) and QDs-B. bifidum–FAs (right), respectively.
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were injected into the tail vein (Fig. 1). Fig. 3a showed the repre-
sentative fluorescent images of the solid tumor slices at different
time after the QDs-B. bifidum administration. The fluorescent sig-
nals of QDs were clearly observed after 24 h of administration,
and the QDs distribution reached maximal between 72 and 96 h
and then gradually attenuated. These results indicated that QDs-
B. bifidum could reach the deep tissue of solid tumors through
bloodstream delivery. This could be associated with the permeabil-
ity of dysfunctional vasculature of solid tumors and the anaerobic
instincts of B. bifidum. It is known that the solid tumor growth gen-
erally comes with a rapid formation of new blood vessels for sup-
plying oxygen and nutrients. This abnormal vasculature network is
generally irregular in structure, with pores in the vessels which fa-
vor substances to permeate into the tumor tissue. Hobbs et al. ana-
lyzed the functional limits of transvascular transport. They found
that the vascular pore cutoff size was between 1.2 and 2 lm
[26]. In our studies, B. bifidum is approximately 1–2 lm in length
and 0.2–0.5 lm in diameter. Therefore, B. bifidum could pass
through the tumor vasculature freely into the solid tumor.
In another aspect, the abnormal growth of tumor vasculature
will cause a hypoxic region formed in the deep sites of tumors,
in which the average of partial oxygen pressure can be even less
than 2.5 mm Hg [27]. Together with the abnormal vasculature,
the hypoxic microenvironment favored QDs-B. bifidum to settle
and accumulate in solid tumors. It is interesting to note that, in
contrast to the reported PEG chemistry-based strategy [28], the cir-
culation half-life of QDs-B. bifidum in bloodstream was much long-
er, and the fluorescent signals could be detected even after 120 h of
administration (Fig. 3a). We are of the view that this could be due
to the intrinsic biocompatibility of the B. bifidum and the high
photostability of the encapsulated QDs.

3.4. FAs connected to the bacterial surface

Like most of cancer cells, the Lewis lung cancer cells possess
overexpressed folic acid receptors on their surface. Thus we mod-
ified the QDs-B. bifidum with FAs to enhance its binding potential
to cancer cells. To avoid possible chemical damage to the bacteria,



Y. Liu et al. / Biochemical and Biophysical Research Communications 425 (2012) 769–774 773
the B. bifidum–FAs conjugation was conducted in aqueous solution
using mild EDC/sulfo-NHS in which the FAs molecules were conju-
gated onto the peptidoglycan-rich surface of B. bifidum via carbonyl
amide bonding. By counting bacteria clones, we evaluated the cel-
lular viability of FAs-modified B. bifidum. As compared with the
normal B. bifidum, FAs-modified B. bifidum displayed a similar
growth curve (Fig. S4), indicating the FAs modification did not af-
fect the viability of B. bifidum. Fig. 3b revealed that the FAs-modi-
fied QDs-B. bifidum (QDs-B. bifidum–FAs) had a strong potential to
adhere around Lewis lung cancer cells, while B. bifidum alone did
not. It indicated that the FAs-modification could confer B. bifidum
with high affinity to tumor cells. The FAs modification induced
enhancement of targeting efficacy was demonstrated under
in vivo conditions. Fig. 3 showed the tissue slices of solid tumors
at different time after QDs-B. bifidum–FAs and QDs-B. bifidum
administration via the tail vein of the mice. In comparison with
QDs-B. bifidum, the fluorescent signals of QDs-B. bifidum–FAs dis-
tributed in the solid tumor were significantly enhanced under
the same condition (Fig. S5).

3.5. Live animal imaging

Fig. 4 showed the typical whole-animal fluorescent images of
the tumor-bearing mice after the QDs-B. bifidum, QDs-B. bifidum–
Fig. 4. Whole animal fluorescent image of mice after administration of (A) QD576–POPC
fluorescence-merged images. The label bar depictured the fluorescent intensities.
FAs and QD576–POPC (as control) administration, respectively. It
was found that, for both QDs-B. bifidum and QDs-B. bifidum–FAs
administration, the solid tumor profiles were clearly observed. In
comparison with QDs-B. bifidum–FAs administration, we noted
that some fluorescent signals were also observed in the breast part
of mice for QDs-B. bifidum administration. The result showed that
the nonspecific delivery was significantly decreased after FAs mod-
ification on B. bifidum surfaces. Together with ex vivo results
(Fig. 3), these data strongly supported that the FAs-modified B. bifi-
dum could be used as an efficient vehicle to deliver QDs into the so-
lid tumor of living mice.

It is known that the hypoxic region of solid tumors was a barrier
impacting the effectiveness of both radiation therapy and
chemotherapy [29,30]. The B. bifidum-mediated QDs delivery
under in vivo conditions opens a possible way to deliver therapeu-
tic agents, such as chemical drugs, radiation elements and photo-
therapeutic chemicals into the deep tissue of the solid tumor for
enhancing therapy efficacy. The enhancement of the specificity
and efficacy of QDs delivery after the surface modification of
B. bifidum with FAs implied that this strategy could be used for
early detection of cancer.

In summary, we have developed a new approach to deliver QDs
into the deep tissue of solid tumors in living mice by using the pro-
biotic B. bifidum as a vehicle, and the targeting efficacy was further
micelles, (B) QDs-B. bifidum, and (C) QDs-B. bifidum–FAs. Right column shows the
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improved by FAs modification of the bacteria surface. Combining
the advantages of their intrinsic biocompatibility and the ease of
preparation, the chemically modified B. bifidum could be used as
a versatile vehicle to efficiently deliver probes and therapeutic re-
agents for cancer diagnostics and therapy.
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