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D
ifferential delivery of anticancer
agents to a tumor, which eliminates
premature drug release at undesired

sites but selectively releases the drug in
the tumor, represents a main goal and key
challenge in cancer therapy.1�3 Strategies
utilizing the unique environment of the
tumor, such as redox potential, pH, or en-
zymes as the molecular cue to activate drug
release, have received widespread atten-
tion.3�7 However, these designs still allow
for undesired activation in normal tissues,
which makes it difficult to achieve differen-
tial drug delivery to a tumor in vivo. An alter-
native approach involves a system that

responds to external stimuli, such as light,
but this is limited by shallow tissue penetra-
tion for light.8�12

A unique artificial environment in a tumor,
formed by the administration of exogenous
material that selectively accumulates in
tumors, may open up new treatment para-
digms for differential anticancer drug deliv-
ery. Bacteriawere studiedas anticancer agents
since over 1 century ago.13�17 Today, bacterial
therapies for treating cancer have re-emerged
from the past and are progressing at a rapid
rate.18�22 Many different bacterial strate-
gies have been implemented in animal
models and even human trials, which have
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ABSTRACT

Differential anticancer drug delivery that selectively releases a drug within a tumor represents an ideal cancer therapy strategy. Herein, we report

differential drug delivery to the tumor through the fabrication of a special bacteria-accumulated tumor environment that responds to bacteria-sensitive

triple-layered nanogel (TLN). We demonstrate that the attenuated bacteria SBY1 selectively accumulated in tumors and were rapidly cleared from normal

tissues after intravenous administration, leading to a unique bacteria-accumulated tumor environment. Subsequent administrated doxorubicin-loaded TLN

(TLND) was thus selectively degraded in the bacteria-accumulated tumor environment after its accumulation in tumors, triggering differential doxorubicin

release and selectively killing tumor cells. This concept can be extended and improved by using other factors secreted by bacteria or materials to fabricate a

unique tumor environment for differential drug delivery, showing potential applications in drug delivery.

KEYWORDS: differential drug delivery . nanogel . bacteria . cancer therapy . doxorubicin

A
RTIC

LE



XIONG ET AL. VOL. 7 ’ NO. 12 ’ 10636–10645 ’ 2013

www.acsnano.org

10637

shown experimental success, with reduced tumor
volume and increased survival.13,23 Bacterial therapies
possess many unique mechanisms for treating cancer,
by stimulating an immune reaction to the tumor,
competing for nutrients with tumor cells, or directly
killing the tumor.13�15,19�23 Bacterial therapies have
shown several advantages in cancer therapy. The
genetics of bacteria can be easily manipulated, and
the combination of bacteria with other cancer thera-
pies will be crucial for creating novel strategies. For
example, Cheong and co-workers have utilized the
bacterial enzyme to enhance the release of liposome-
encapsulated drugs within tumors, which leads to era-
dication of tumors.20 Most importantly, bacteria can
selectively infect and proliferate in tumors owing to
the unique environment within solid tumors, including
hypoxia, aberrant neovasculature, and local immune
suppression.24�26 Meanwhile, bacteria are rapidly
cleared in normal tissues.23 Thus, the administration of
bacteria can fabricate a special bacteria-accumulated
tumor artificial environment, which can be designed as
a molecular cue for differential drug delivery.
Our previous work developed a lipase-sensitive

polymeric triple-layered nanogel (TLN) for differential
delivery of antimicrobials to bacterial infection sites,
which shows little antibiotic release prior to reaching
bacterial infection sites but rapidly releases antimicro-
bials once bacteria are sensed due to the degradation
of the poly(ε-caprolactone) (PCL) molecular fence by
the activity of bacterial lipases.27 Here, we demonstrate
that the TLN can be used as a carrier for differential
anticancer drug delivery, in which drug release is in the
“OFF” state in the absence of bacteria, but the drug is
selectively released in response to a lipase-secreting
bacteria-infected tumor environment (Figure 1). By
intravenous administration of lipase-secreting attenu-
ated bacteria into tumor-bearing mice, the bacteria
preferentially enrich in the tumor but are rapidly
cleared in normal tissues. Subsequent administra-
tion of anticancer drug doxorubicin (DOX)-loaded
TLN (TLND) led to nanoparticle accumulation in tumors

through the enhanced permeabilization and retention
(EPR) effect.28 The bacteria selectively degrade the PCL
molecular fence of TLND, triggering differential DOX
release and selectively killing tumor cells.

RESULTS AND DISCUSSION

Bacteria Selectively Degrade the PCL Fence of TLND To Trigger
DOX Release. TLNs are nanogel particles with an average
diameter around 420 nm in water, consisting of a
hydrophilic poly(ethylene glycol) shell, a cross-linked
polyphosphoester core as the drug reservoir, and a
degradable PCL interlayer sensitive to bacterial lipase.27

The anticancer drug DOX was encapsulated into TLN
by heating the salt form of DOX with TLN in dimethyl
sulfoxide (DMSO) overnight at 60 �C, followed by
the addition of water dropwise to shrink the PCL fence.
The diameter of TLND was 415 nm, which was almost
the same as TLN. The drug loading content was 5.98(
0.42%, with a fixed feeding of DOX at 50 mg mL�1.
The fluorescence of DOX loaded in TLND was self-
quenched, corresponding to 15% of the emission
intensity of DOX in water at the same concentration,
due to the high local concentration of DOX in the core
(Supporting Information Figure S1).27 The enzymatic
degradation in the presence of Pseudomonas lipase
was tested by analyzing the size and count rate of
TLND according to our previous work.27 As shown in
Figure S2, culturing the TLND for 24 h in Tris-HCl buffer
in the absence of the enzyme did not significantly
change the diameter and count rate. However, with
Pseudomonas lipase, TLND was degraded and rapidly
aggregated with notable precipitation. At the same
time, the count rates continuously decreased with the
increased culture time.

In this study, an attenuated strain of Staphylococcus
aureus NCTC8325 SBY1 was used as a model bacter-
ium, whichwas provedwith lipase-secreting ability but
with significantly reduced virulence.29 To demonstrate
selectively triggered DOX release from TLND in the
presence of lipase-secreting bacteria, a 2 μL culture of
green fluorescent protein-expressing SBY1 (SBY1-GFP)

Figure 1. Doxorubicin-loaded triple-layered nanogel (TLND) for differential drug delivery to a lipase-secreting bacteria-
infected tumor. By intravenous administration, lipase-secreting attenuated bacteria selectively accumulate in the tumor (a),
and subsequent injection of TLND leads to its enrichment in the tumor via the EPR effect (b). The bacteria in the tumor
selectively degrade the PCL fence of TLND to trigger DOX release and thus kill tumor cells (c).
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was spotted on the center of a TSB agar plate supple-
mentedwith TLND and incubated at 37 �C. As shown in
Figure 2a, we can observe obvious zones of fluorescent
recovery of DOX around the colonies of SBY1-GFP,
along with the lapse of incubation time and the growth
of bacteria. Further quantitative analyses of DOX fluo-
rescence indicated 8.3 times stronger DOX fluorescence
at 48 h as compared with that at 4 h in the presence of
SBY1-GFP (Figure S3). On the contrary, no significant
DOXfluorescence recoverywas observed in the absence
of SBY1-GFP. It should be noted that SBY1-GFP bacteria
showed no interfering fluorescence signal in the DOX
channel. The data demonstrate that the attenuated
bacteria SBY1-GFP trigger DOX release from TLND.

To further reveal that bacterial-triggered DOX re-
lease is related to secreted lipase, we determined the
DOX release profile in Tris-HCl buffer with or without
Pseudomonas lipase, an enzyme known to degrade
PCL.27,30 The results shown in Figure 2b demonstrate
that, without the catalyzed degradation of PCL by
the lipase, DOX release was very slow, exhibiting only
∼5.0% cumulative release over 7 days of incubation; no
significant burst of DOX release was observed. Further
addition of alkaline phosphatase (ALP) on day 7 did not
accelerate the drug release rate either, though ALP
is an enzyme known to catalyze the degradation of
polyphosphoester,31,32 indicating that the interaction
of ALP with the polyphosphoester core was prevented

Figure 2. Lipase-secretingbacteria selectively degrade the PCL fenceof TLND to triggerDOX release and selectively kill tumor
cells. (a) A 2 μL culture of green fluorescent protein-expressing SBY1 (SBY1-GFP) was spotted on the center of a TSB agar plate
supplemented with TLND and incubated at 37 �C. The fluorescent images of DOX and green fluorescent protein (GFP) were
acquired at indicated time of incubation. (b) Cumulative DOX release from TLND in the absence or presence of Pseudomonas
lipase. Alkaline phosphatase (ALP) was added on day 7. (c) Intracellular DOX fluorescence of H22 cells incubated with TLND
with or without SBY1. (d) Cytotoxicity of DOX and TLND to H22 tumor cells analyzed byMTT assay. (e) Cytotoxicity of TLND to
H22 tumor cells with or without SBY1 evaluated by trypan blue staining.

A
RTIC

LE



XIONG ET AL. VOL. 7 ’ NO. 12 ’ 10636–10645 ’ 2013

www.acsnano.org

10639

by the PCL fence. However, when TLND was incubated
with Pseudomonas lipase, we observed rapid DOX
release, reaching 33.7% of the total encapsulated
amount in the first day and 43.5% in 7 days. This
phenomenon could be accounted for through the
destruction of the PCL fence by enzyme-catalyzed
degradation. The addition of ALP on day 7 further
accelerated drug release, resulting in a further 33.0%
release of the total encapsulated DOX in the following
33 days. This was most likely due to the degradation
of the core of TLND by ALP after the degradation of
the PCL fence, which is consistent with our previous
observations.27

Lipases are mostly secreted in the digestive system
in humans, and it has been reported that lipase is
secreted in a portion of human cells.33,34 However, to
the best of our knowledge, there are very limited
studies that quantify exact cellular lipase concentra-
tions. We analyzed the lipase expression in H22,
HCT116 cells, hepatic cell HL-7702, and SBY1 bacterial
cells. As shown in Figure S4, the lipase expression in
H22 cells, HCT116 cells, and HL-7702 cells was over 106

times lower than that of SBY1 bacteria. Lipase expres-
sion in dead H22 cells, which were starved to death,
was also very low. We also incubated H22 cells with
SBY1 and collected the culture medium and lysed the
cells to examine the lipase expression. The results
indicated that lipase expression was significantly up-
regulated with the incubation of SBY1 in both the
culture medium and lysed cells. Considering that
lipases are mostly secreted in the digestive system in
humans and are found more abundant in bacteria,33,34

lipase may be a good enzyme to achieve differential
drug delivery. We then analyzed the fluorescence of
mouse hepatoma H22 cells after coculturing TLND and
SBY1 with H22 cells for 3 h (Figure 2c). Culturing the
cells with TLND together with SBY1 significantly en-
hanced the intracellular DOX fluorescence of cancer
cells, demonstrating that SBY1 triggered DOX release
from TLND and resulted in a fluorescence recovery of
DOX. The same phenomenon was observed in the
human colorectal carcinoma HCT116 cells (Figure S5).

SBY1 Bacteria Promote the Cytotoxicity of TLND to Tumor
Cells. We next evaluated the effect of SBY1 bacteria-
promoted differential DOX release from TLND on
tumor cell cytotoxicity. As illustrated in Figure 2d
and Figure S6, TLND alone did not exhibit significant
cytotoxicity to H22 cells or HCT116 cells or human
normal liver HL-7702 cells at a concentration up to
50μgmL�1 without the presence of SBY1, as determined
by the MTT assay, which was in contrast to treatment
with free DOX. The results indicated that only a small
fraction of loaded DOX was released intracellular and
the PCL fence could not be degraded by lipase in
healthy cells. We then incubated H22 cells or HCT116
cells with TLND and treated the cells with SBY1. Cell
death evaluated by trypan blue staining (Figure 2e and

Figure S7) indicated that SBY1 significantly promoted
the cytotoxicity of TLND in both H22 cells and HCT116
cells; this was not due to the effect of SBY1 alone on the
cells during 6 h of incubation, suggesting that differ-
ential DOX release from TLND was triggered by SBY1
bacteria and the release DOX subsequently killed the
tumor cells.

SBY1 Bacteria and TLND Preferentially Distribute in the
Tumor. We next analyzed the biodistribution of SBY1
bacteria in H22 tumor-bearing mice at different time
points following intravenous injection of the bacteria.
Bacterial burdens in blood, heart, liver, spleen, lung,
and tumor were monitored. As shown in Figure 3a�c,
SBY1 bacteria preferentially accumulated in tumors
with a tumor-to-liver bacterial burden ratio of 610:1
at 3 days after SBY1 administration. Bacteria in the
blood, heart, liver, spleen, and lung were gradually
cleared over time and almost disappeared in those
organs by day 7. Nevertheless, bacteria in the tumor
did not significantly decrease over time, and the
tumor-to-liver bacteria burden increased to 11291:1
and 2002:1 at 7 and 14 days, respectively. We also
studied the biodistribution of bacteria SBY1 in the
mesenteric lymph gland, left and right inguinal lymph
nodes, and axillary lymph nodes. No bacteria in the
lymph nodes was observed in 3, 7, and 14 days after
SBY1 administration. These results suggest that injec-
tion of SBY1 bacteria provided a bacteria-accumulated
artificial environment in the tumor.

On the other hand, the biodistribution of DOX was
also evaluated in H22 tumor-bearing mice. TLND and
DOX were administrated 7 days after bacteria injection
when most of bacteria were cleared from endothelial
organs but accumulated in the tumor. After 24 h, the
tissues were collected, and DOX concentration was
analyzed after thorough extraction from tissues ac-
cording to the procedure that allowed full release of
DOX from TLND. As shown in Figure 3d, in comparison
to administration of free DOX at an equivalent dose at
10 mg per kilogram of body weight, a 6-fold higher
DOX concentration was detected in tumors when
TLND was administered 24 h after intravenous admin-
istration, owing to the EPR effect of TLND mediated by
the abnormal tumor vasculature. It must bementioned
that administration of SBY1 bacteria did not signifi-
cantly affect the biodistribution of drug in tumor and
normal tissues (Supporting Information Figure S8).

TLND Differentially Releases DOX in SBY1-Infected Tumors.
To investigate whether TLND differentially releases
DOX in tumors with a bacteria-accumulated artificial
environment after TLND accumulated in the tumor, we
i.v. injected SBY1-GFP bacteria to H22 tumor-bearing
mice, and after 7 days, TLND was i.v. injected. The
distribution of DOX was analyzed from tissue sections
of tumor and liver 24 h later. Figure 4 shows that SBY1-
GFP preferentially accumulated in tumors but was
cleared from the liver 7 days after injection. On the

A
RTIC

LE



XIONG ET AL. VOL. 7 ’ NO. 12 ’ 10636–10645 ’ 2013

www.acsnano.org

10640

other hand, TLND injection led to stronger fluores-
cence of DOX in tumors in comparison with free DOX
injection, consistent with previous observations. More
importantly,more fluorescence of DOXwas localized in
the nuclei of tumor cells if SBY1-GFPwas administrated
before themouse received the TLND injection, strongly
suggesting that SBY1-GFP in the tumor triggered
DOX release from TLND. In addition, although the red
fluorescence of DOX was observed in the liver of a
mouse receiving TLND injections, the fluorescent sig-
nal was not localized in the cell nuclei, regardless of
whether there was an SBY1-GFP injection, indicating
that DOXmight not be released from TLND in the liver.
An extra image set in a different region is given in
Figure S9. These results demonstrate that, following
TLND accumulation in the tumor, DOX release in
response to the bacteria-accumulated artificial envi-
ronment in the tumor facilitated differential drug
delivery to tumor cells.

SBY1 Bacteria Enhance the Anticancer Efficacy of TLND. The
merit of differential DOX delivery by TLND to tumor

cells when combined with the bacteria-accumulated
artificial environment was confirmed by the inhibition
of tumor growth and the increased survival of mice.
As shown in Figure 5, without SBY1 bacteria injection,
the tumor continued to grow, and no significant
inhibition of tumor growth was observed when H22
tumor-bearing mice received a single injection of free
DOX or TLND at 5 mg per kilogram. Three injections of
free DOX or TLND at the same doses did not inhibit
HCT116 tumor growth either. The treatment of SBY1
alone exhibited obvious inhibition of tumor growth in
both models in the initial stage, but the tumors regrew
quickly after then, and the SBY1 treatment alone did
not improve the survival of HCT116 tumor-bearing
mice. The combination of TLND with SBY1 resulted in
the prolonged regression of tumors. What's more, 90%
of mice remained alive after 170 days when the mice
were treated with TLND, which was significantly super-
ior to the other treatments. From the weight change
of tumor-bearing mice following SBY1 administration,
a slight weight loss was observed in the first 7 days

Figure 3. SBY1 and TLND preferentially distribute in tumors. (a�c) Bacterial burden in blood, heart, liver, spleen, lung, and
tumor at 3 (a), 7 (b), and 14 days (c) after intravenous administration of SBY1 into H22 tumor-bearingmice; (d) amount of DOX
in tumor with or without the administration of SBY1. The amount of DOX in tumor wasmeasured by high-performance liquid
chromatography. Means and standard deviations from four mice are shown (mean ( SD, n = 4).
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(Figure S10). Further TLND administration did not
significantly decrease the weights of both H22-bearing
mice and HCT116-bearing mice, while further injection
of free DOX dramatically reduced the weights of mice.
We have further investigated the potential toxicity of
such treatment to the liver by analyzing the levels of
alanine transaminase (ALT). As shown in Figure S11,
no significant elevation was detected following the
treatment.

In a separate experiment, the mice bearing H22
xenografts started out in two groups, treated with
either SBY1 or PBS on day 15. The animals were then
randomized into the treatment groups on day 22
and received DOX or TLND treatment. As shown in
Figure S12, without SBY1 bacteria injection, the tumor
continued to grow, and no significant inhibition of tumor
growth was observed after administration of a single
injection of free DOX or TLND at 5 mg per kilogram

mouse weight. The treatment of SBY1 alone exhib-
ited obvious inhibition to tumor growth at the initial
stage, but the tumors grew quickly after then. Com-
binational treatment of TLND and SBY1 resulted in
prolonged regression of tumors. This result has also
been demonstrated when the tumor weights were
measured.

It should be mentioned that at day 1 and day 7 the
expressions of immune factors TNFR, IL-6, and IFN-R in
mice receiving SBY1 administration were all signifi-
cantly higher when compared with that in mice receiv-
ing PBS injection (Figure S13). The phenomenon was
found in both H22-bearing immunocompetent BALB/c
mice and HCT116-bearing nudemice. The local inflam-
mation in the liver and tumor was also analyzed using
hematoxylin and eosin staining (H&E staining) in both
H22-bearing mice and HCT116-bearing mice. As shown
in Figure S14, administration of SBY1 did not induce

Figure 4. TLND differentially releases DOX in SBY1-infected tumors. SBY1-GFP (green) was administered tomice bearing H22
tumors, and after 7 days, DOX and TLND were injected intravenously at an equivalent dose of 10 mg of DOX per kilogram of
body weight; the tissues were excised 24 h after drug administration. Confocal images were taken to investigate the
distribution of DOX (red) in tissue sections from the tumor (a) and liver (b). DAPI (40,6-diamidino-2-phenylindole, blue) was
used to stain cell nuclei.
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significant inflammation in the liver at day 1 and day 7
in both tumor models. Nevertheless, necrosis was
found in the tumor at the same observation time after
SBY1 administration, likely owing to the inflammatory
reaction.35�37

CONCLUSIONS

In summary, we developed a new strategy for dif-
ferential delivery of an anticancer drug, using bacteria-
sensitive TLN as a drug carrier to selectively release
drug in the bacteria-accumulated tumor. Taking SBY1
as the model bacterium, we successfully fabricated a

unique bacteria-accumulated tumor artificial environ-
ment. Subsequent administrated TLND was thus selec-
tively degraded in the bacteria-accumulated tumor
environment, triggering differential doxorubicin re-
lease and selectively killing tumor cells. One of the
encouraging observations in our study is that the
combination of the bacteria-responsive TLND and
SBY1 could theoretically increase the specificity and
efficacy of an anticancer drug. The concept could easily
be extended and improved by the combination of
other tumor artificial environments and nanoparticles
that are sensitive to the artificial environments.

MATERIALS AND METHODS

Materials. TLN was synthesized according to a procedure
previously reported by us.27 Agar A was obtained from Sangon
Biotech (Shanghai) Co., Ltd. (China). Lipase from Pseudomonas
cepacia and alkaline phosphatase (ALP) were obtained from
Sigma-Aldrich Chemical Co. (USA). Bacto tryptic soy broth (TSB)
was obtained from BD Biosciences (USA). The anticancer drug
doxorubicin hydrochloride (DOX) was a product of ZhejiangHisun
Pharmaceutical Co, Ltd. All other solvents and reagents were used
as received. An attenuated strain (i.e., a methylthioadenosine/

S-adenosylhomocysteine nucleosidase mutant strain on the back-
ground of Staphylococcus aureus NCTC8325, named as SBY1) and
green fluorescent protein expression SBY1 (SBY1-GFP) were kindly
provided by Prof. Baolin Sun from the University of Science and
Technology of China. The bacterial strain was grown in TSB at 37 �C
with shaking, and then thebacteriawere collectedbycentrifugation
and then washed with PBS three times. Prior to the administration
of the bacteria, the bacteria were then suspended in PBS with a
concentration of about 1.5 � 108 CFU mL�1, then 200 μL of the
bacteria solution in PBS was injected into the tumor-bearing mice.

Figure 5. SBY1 treatment enhances the anticancer efficacy of TLND in mice. Tumor growth inhibition in BALB/c mice bearing
H22 xenografts (a, n = 5, mean ( SEM) and nude mice bearing HCT116 human colorectal carcinoma xenografts (b, n = 10,
mean( SEM) after tail vein injectionof different formulations; V represents the intravenous administration of SBY1at a doseof
3� 107, and v represents the intravenous administration of DOX or TLND at a dose of 5mg of DOX per kilogrambodyweight.
After treatment, the mice bearing H22 tumors were sacrificed and the tumors were collected and weighed (c), and the mice
bearing HCT116 cancer xenografts were monitored to observe the survival rate (d). The differences between “SBY1, TLND”
treatment group and all other groups were significant (P values were 0.013, 0.014, 0.004, 0.041, and 0.0007 for “PBS”, “DOX”,
“TLND”, “SBY1”, and “SBY1, DOX” treatments, respectively, log-rank test) in the survival curves.
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Cell Culture. The tumor cell lines H22 andHCT116 and human
normal liver HL-7702 cells were cultured in Dulbecco's modified
Eagle medium (DMEM, Gibco, Carlsbad, CA) with 10% fetal
bovine serum (Gibco) at 37 �C with 5% CO2.

Animals and Tumor Xenograft Model. Six to eight week old male
BALB/c or female nudemice (from Vital River Laboratory Animal
Technology Co. Ltd.) were implanted with subcutaneous injec-
tions of 3 � 106 H22 cells or 5 � 106 HCT116 cells, respectively.
Tumor volume (mm3) was determined bymeasuring the length
(l) and width (w) and calculated as V = l � w2/2. All animals
received care in compliance with the guidelines outlined in the
Guide for the Care and Use of Laboratory Animals. The proce-
dures were approved by the University of Science and Technol-
ogy of China Animal Care and Use Committee.

Drug Loading and Release. DOX was loaded into TLN by mixing
TLN (60 mg) with DOX (6 mg) in DMSO at a DOX concentration
of 50 mg mL�1 at 60 �C overnight. Water (12 mL) was then
added dropwise. After 3 h of incubation at 60 �C, the mixture
was placed at room temperature for 2 days. The DOX-loaded
TLN was purified by dialysis (Spectra/Por 4, MWCO 12 000 to
14 000) against Milli-Q water for 1 day and ultrafiltrated with
Millipore's Amicon Ultra-4 centrifugal filter (NMWL 100 kDa) to
remove unloaded DOX which should be kept germ-free. The
content of DOX loaded into TLN was calculated by subtracting
the unloaded amount of DOX from the total amount used
determined by high-performance liquid chromatography
(HPLC), as described in the literature.38

The semisolid TSB-agar plate supplemented with TLND
(0.125 mg mL�1 DOX) was prepared, on which 2 μL of SBY1-
GFP culture was spotted, and was cultured at 37 �C. The
fluorescent image acquisition of DOX and GFP was performed
at different time intervals using a Xenogen IVIS Lumina system
(Caliper Life Science, USA). Results were analyzed using Living
Image 3.1 software (Caliper Life Sciences).

The release profiles of DOX from the TLND with or without
Pseudomonas lipase (1 mg mL�1) were studied at 37 �C in
medium (Tris-HCl buffer, 0.01 mol L�1, pH 7.4, containing 1 mM
MgCl2 and 50 mM KCl) using dialysis membrane tubing
(Spectra/Por, Float-A-Lyzer, MWCO 12 000 to 14 000). At pre-
determined intervals, all the medium outside the tubing was
collected to determine the amount of DOX released by HPLC,
and fresh medium was provided. ALP (20 units L�1) was added
to the tubing at day 7.

H22 cells or HCT116 cells (1 � 105) were treated with PBS,
SBY1 (1 � 106), TLND, or TLND plus SBY1 (1 � 106) with a DOX
concentration of 0.5 μgmL�1. After 3 h of incubation, cells were
trypsinized, washed twice with PBS, and subjected to flow
cytometric analysis.

Cytotoxicity. The relative cytotoxicity of the DOX or TLNDwas
assessed with a methyl tetrazolium (MTT, Sigma-Aldrich Che-
mical Co.) viability assay against H22 cells, HCT116 cells, or
HL-7702 cells according to the literature.39 Briefly, the cells
(1 � 105) were incubated with DOX or TLND at different
concentrations for 24 h. The cell viability was normalized to that
of cells cultured in complete culture medium.

The cell viability of H22 cells or HCT116 cells treated with
PBS, SBY1, TLND, or TLND plus SBY1 was evaluated by trypan
blue staining. Briefly, cells (50 000 cells per well in 24-well plate)
were incubated with TLND at a concentration of DOX at
10 μg mL�1 for 18 h before the addition of SBY1 (5� 105). After
another 6 h of incubation, the cells were collected and sus-
pended in 0.4% (w/v) trypan blue in PBS for 1 min that only
stained dead cells, and then stained and unstained cells were
counted on a hemocytometer.

Determination of the Biodistribution of SBY1 in Tumor-Bearing Mice.
SBY1 bacteria, at a dose of 3 � 107 CFU, were administrated
intravenously into H22 tumor-bearing mice. At different time
intervals, mice were euthanized and the organs were harvested,
weighed, and homogenized in sterile water. The number of
viable bacteria per gram of organ was determined by plating
serial dilutions of homogenized organs on TSB-agar culture
medium and counting the colony forming units (CFU) of sur-
viving bacteria.

Studies of the Biodistribution of Doxorubicin in Tumor-Bearing Mice.
The biodistribution of DOX in the H22 tumor-bearing mice was

investigated according to the literature.39 Briefly, DOX or TLND
was administrated intravenously to mice with or without pre-
vious infection with SBY1 (3 � 107 CFU). The bacteria were
intravenously injected 7 days before the administration of DOX
or TLND with an equivalent DOX dose of 10 mg per kilogram of
body weight. After 24 h, the tissue samples were harvested and
weighed; the tissues were then dissolved in KH2PO4 solu-
tion (20 mM, pH 2.8) and homogenized with Ultra-Turrax T18
homogenizer (IKA, USA). Then, 200 μL of 10% (w/v) tissue
homogenate was exposed to 50 μL of 5 M HCl at 50 �C for 1.5 h.
After being cooled to room temperature, 50 μL of 1 M sodium
hydroxide was added. The above mixture was subsequently
extracted with chloroform/isopropyl alcohol (4:1, v/v) by vortex
mixing for 1 min. Following centrifugation (10 000g, 5 min), the
organic phase was collected and evaporated to dryness. The
residue was then dissolved in 200 μL of mobile phase and
centrifuged (10 000g, 5 min) to collect the supernatant for HPLC
analysis. To generate the standard curve of DOX, the samples
were prepared by adding free DOX to the tissues from un-
treated mice. The samples were treated and analyzed with the
same approach as described above.

Confocal Laser Scanning Microscopy Studies of Distribution of SBY1 and
DOX in Vivo. Seven days after the administration of SBY1-GFP
(3� 107 CFU), DOX and TLND were intravenously injected at an
equivalent DOX dose of 10mgper kilogramof bodyweight. The
mice were sacrificed, and tissues including tumors and livers
were collected after 24 h. The tissues were fixed in 4% para-
formaldehyde overnight at 4 �C and then immersed overnight in
a 30% sucrose solution. Tissues were then sequentially sec-
tioned (10 μm thick) and counterstained with DAPI to indicate
cell nuclei following the standard protocol of the manufacturer.
The coverslips were mounted on glass microscope slides with a
drop of antifade mounting media (Sigma-Aldrich Co., USA) to
reduce fluorescence photobleaching. The images were taken
under a laser scanning confocal microscope (LSM710Meta, Carl
Zeiss Inc., Thornwood, NY).

Inhibition of Tumor Growth in Vivo. The tumor models with H22
and HCT116 xenografts were established as described above.
Themice were treated with PBS or SBY1 (3� 107 CFU), and after
1 week, DOX or TLND was intravenously administrated at an
equivalent dose of 5 mg of DOX per kilogram of body weight.
HCT116 tumor-bearing mice received three injections at an
interval of 3 days of DOX or TLND 7 days after bacteria injection.
Tumor growth was monitored by measuring the perpendicular
diameter of the tumor using calipers. The survival of HCT116
tumor-bearing mice after treatment was assessed for 170 days
after tumor implantation.

Statistical Analysis. Survival experiments were evaluated
using the Kaplan�Meier method. Comparisons between curves
were made using the log-rank test. Statistical analyses were
performed using GraphPad Prism version 4.0. Statistical signifi-
cance was assumed at a P value below 0.05.
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