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A B S T R A C T

Bacteria-driven drug-delivery systems have attracted great attention for their enhanced therapeutic specificity
and efficacy in cancer treatment. YB1, a particularly attractive genetically modified safe Salmonella Typhimurium
strain, is known to penetrate hypoxic tumor cores with its self-driven properties while remarkably avoiding
damage to normal tissues. Herein, nanophotosensitizers (indocyanine green (ICG)-loaded nanoparticles, INPs)
were covalently attached to the surface of YB1 with amide bonds to develop a biotic/abiotic cross-linked system
(YB1-INPs) for tumor precision therapy. YB1 microswimmer retained its viability after efficiently linking with
INPs. This YB1-INPs treatment strategy demonstrated specific hypoxia targeting to solid tumors, perfect pho-
tothermal conversion, and efficient fluorescence (FL) imaging properties. Benefited from the combined con-
tribution of tumor tissue destruction and the bacteria-attracting nutrients generation after photothermal treat-
ment, the bioaccumulation of YB1-INPs was significantly improved 14-fold compared to no photothermal
intervention. Furthermore, YB1-INPs pervaded throughout the large solid tumor (≥500mm3). Under near-in-
frared (NIR) laser irradiation, YB1-INPs exhibited a dependable and highly efficient photothermal killing ability
for eradicating the large solid tumor without relapse. This strategy of bacteria-driven hypoxia-targeting delivery
has a great value for large solid tumors therapy with low toxicity and high efficiency.

1. Introduction

Medicines are often taken to kill unwanted bacteria. However, a
counter-intuitive approach—converting bacteria into medicine—has
recently been gaining application [1,2]. Bacteria-mediated treatments
have attracted significant attention, especially for tumor therapy due to
the unique tumor colonizing ability of bacteria [3–5]. Various geneti-
cally modified bacterial strains have been constructed for cancer
treatment. Such strains are characterized by high tumor accumulation
and reduced toxicity and can deliver cytotoxic agents, cytokines,

angiogenesis inhibitors, antigens, and antibodies to disease sites, in-
cluding tumors [6–9].

Salmonella Typhimurium YB1 (YB1), Clostridium and Bifidobacterium
effectively targets tumor hypoxic cores as therapeutic vectors [10–13].
In YB1 (a genetically modified safe bacterial strain), the essential gene
asd was replaced with a construct containing a gene that is controlled
by hypoxia-targeted promoters. This substitution endowed YB1 micro-
swimmer with an excellent hypoxia-targeting ability. Meanwhile,
YB1can penetrate tumors by detecting and chemotaxing towards nu-
triment [14,15]. This YB1 strain has been demonstrated to accumulate
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up to 1000 times more in tumors than in other organs [16]. YB1 was
also proven to reduce the risk of septic shock in the host [16]. However,
YB1 is still limited in cancer therapy, especially for large solid tumors
(≥500mm3 in volume) due to unsatisfactory therapeutic efficiency and
easy recurrence [17–19]. The reason is that anaerobes can selectively
colonize and destroy hypoxic regions but leave a well-oxygenated outer
rim of the large solid tumors that can lead to tumor recurrence [20–22].

The combination of nanotechnology and biological carriers has been
demonstrated as a promising strategy for overcoming delivery through
physiological barriers (tumor hypoxic barrier, blood–brain barrier,
tissue penetration barrier, etc.) and achieving enhanced antitumor ef-
fectiveness [23,24]. One example is the Magnetococcus marinus strain
MC-1. MC-1 bacteria rely on geomagnetic-assisted aerotaxis (known as
magneto-aerotaxis) to efficiently deliver drug-containing nanolipo-
somes to the oxic–anoxic transition zone (OATZ) [25]. As endogenous
cells, neutrophils carrying liposomes that contain paclitaxel can pene-
trate the brain and suppress the recurrence of glioma in mice whose
tumor has been resected surgically [26]. However, both of these stra-
tegies have intrinsic drawbacks. Chemotherapy drugs inevitably pro-
duce potential toxic side effects to biological carriers. Previously, we
developed indocyanine green (ICG)-loaded nanoparticles (INPs) as a
nanophotosensitizer for fluorescence-guided photothermal therapy
(PTT) of tumors. Compared with widely used photothermal agents
[27–34], INPs are of particular interest because they have good bio-
compatibility, and exhibit high spatiotemporal selectivity or excellent
photothermal conversion efficiency [35,36]. By combining the ad-
vantages of nanophotosensitizers and microbes, INPs can potentially
overcome the shortcomings of low tumor inhibition by native bacteria
and effectively reduce the therapeutic dosage of nanodrugs. With the
potential to benefit from the mutual advantages of both nanophoto-
sensitizers and microbes, this combination could achieve safer and
more effective treatment of large solid tumors.

Here, we developed a biotic/abiotic cross-linked system (YB1-INPs)
for large solid tumor precision therapy (Fig. 1). The YB1-INPs main-
tained the viability of YB1 microswimmers and the theranostics prop-
erties of INPs, after INPs were covalently linked on the surface of YB1.
We sought to harness the hypoxia-targeting ability of YB1 to deliver the

biocompatible photothermal agent (INPs) to hypoxic tumor cores,
which facilitated the effective tumor accumulation of INPs. Afterwards,
the photothermal effects of INPs could kill tumor cells and loosen the
tumor tissue, resulting in attracting abundant YB1-INPs and promoting
YB1-INPs infiltration throughout the whole tumor. Finally, under near-
infrared (NIR) laser irradiation, the temperature up to 63 °C in the
tumor area, so that both the tumors and intratumoral YB1 were era-
dicated simultaneously to achieve a high efficiency photothermal
therapy. This work presents a bacteria-mediated hypoxia-targeting
strategy for the diagnosis and eradication of deep-seated or advanced
solid tumors.

2. Materials and methods

2.1. Materials

ICG, PLGA (lactide, glycolide (50:50); MW, 5000–15000), and he-
matoxylin and eosin (H&E) were purchased from Sigma–Aldrich (USA).
Soybean lecithin and distearoylphosphatidylethanolamine derivatives
of PEG with a terminal carboxyl group (DSPE-PEG2000-COOH) were
obtained from Avanti (USA). Cholesterol, N-hydroxysulfosuccinimide
(sulfo-NHS), 1-ethyl-3-[3-(dimethylamino) propyl]-carbodiimide
(EDC), 2-(N-morpholino)-ethanesulfonic acid (MES), Sepharose CL-4B,
glutaraldehyde and phosphate-buffered saline (PBS) were all acquired
from Sigma–Aldrich (USA). Hoechst 33258 was purchased from
Invitrogen (USA). Penicillin–streptomycin, fetal bovine serum, Luria
Broth (LB) medium, Dulbecco's modified Eagle's medium (DMEM)/F12
medium, and trypsin ethylenediaminetetraacetic acid (EDTA) were
acquired from Gibco Life Technologies (USA). The LIVE/DEAD
BacLight bacterial viability kit was obtained from Invitrogen (USA).
Amicon ultra-4 centrifugal filters with a molecular weight cutoff of
10 kDa were purchased from Millipore (USA). Sterile 6.5-mm
Transwell® plates with 3.0-μm pore polycarbonate membrane inserts
were obtained from Corning (USA). The KIT-9710 UltraSensitive™ S-P
Hypersensitivity Kit (rat/rabbit) and DAB-2031 enhanced DAB chro-
mogenic kit were provided by MXB (CHN). Anti-Salmonella antibody
and goat anti-rabbit IgG H&L (Alexa Fluor® 594) were obtained from

Fig. 1. Schematic illustration of nanophotosensitizers (INPs)-attached YB1 as a hypoxia-targeting delivery system for large solid tumors photothermal therapy. A)
Preparation procedure of YB1-INPs. Synthesized INPs with single-step sonication were attached to YB1 through amide bonds. B) YB1-INPs with hypoxia-targeting and
photothermal-assisted bioaccumulation for tumor penetrative therapy. After migrating into tumor hypoxic cores and subsequently irradiating with NIR laser, the
loosening of tumor tissue and tumor lysis generate bacteria-attracting nutrients, which further enhances the accumulation and coverage of YB1-INPs in large solid
tumors. Ultimately, the enriched YB1-INPs under NIR laser irradiation completely ablated the large solid tumor without relapse.
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Abcam (U.K.). The HypoxyprobeTM-1 Plus Kit was purchased from
Hypoxyprobe, Inc (USA). The liver or renal function activity assay kit
was obtained from Jian Cheng Biotech (CHN). Glucose, glucose oxidase,
and catalase were acquired from Aladdin (CHN).

2.2. Formulation of INPs

INPs were synthesized from PLGA, soybean lecithin, ICG, and DSPE-
PEG-COOH using a previously reported single-step sonication method
[36]. PLGA was dissolved in 80% acetonitrile aqueous solution at a
concentration of 2mg/mL. To generate INPs, (lecithin)/(DSPE-PEG-
COOH) (mass ratio was 2:3) with a total mass ratio of 15% to PLGA
polymer and 750 μg of ICG were added in 3mL of 4%-ethanol aqueous
solution, and the PLGA solution was added dropwise under sonication
using an ultrasonics processor (VCX130, USA) at a frequency of 20 k Hz
and a power of 130W for 5min. Finally, the INPs were washed three
times using an Amicon ultra-4 centrifugal filter.

2.3. Characterization of the INPs

The morphology of the INPs was characterized by TEM (FEI Tecnai
G2 F20 S-Twin, USA). The size distribution of the INPs was measured by
a Zetasizer Nano ZS (Malvern, U.K.). The UV–vis absorption spectra of
the INPs and YB1-INPs were measured by UV/vis spectrometry
(Lambda25, Perkin-Elmer, USA) in dimethyl sulfoxide (DMSO). The
fluorescence spectra of the INPs and YB1-INPs were obtained by
fluorescence spectroscopy with excitation at 808 nm (F900, Edinburgh
Instruments, Ltd., U.K.) in dimethyl sulfoxide (DMSO). Quartz cuvettes
with the INPs, free ICG and PBS were treated with 1W/cm2 808-nm
laser irradiation (Leimai, China) for 10min. Infrared thermographic
maps were obtained by an infrared thermal imaging camera (Fluke
Ti27, USA).

2.4. Salmonella YB1 and tumor cells culture

S. typhimurium strain YB1 was kindly provided by Dr. Jiandong
Huang. YB1 was inoculated into a tube containing LB broth supplied
with 25 μg/mL chloramphenicol and cultured at 37 °C with shaking at
220 rpm overnight. The YB1 cultures were then transferred twice and
grown to logarithmic phase. Finally, YB1 was suspended in PBS buffer
for internal and external experiments.

The MB49 mouse bladder cancer cell line was maintained in DMEM
supplemented with 10% heat-inactivated fetal bovine serum, 1%
streptomycin and 1% penicillin. Cells were cultivated at 37 °C in a
humidified atmosphere of 5% CO2.

2.5. Covalent coupling of carboxylated INPs to YB1 using
carbodiimide chemistry

To stably couple INPs to the surface of YB1 bacteria, we exploited
the fact that cells have high levels of intrinsic amine groups on their
surfaces [25]. The most straightforward approach to immobilize and
maintain functionalized INPs with reactive carboxylic acid groups
(-COOH) to the surface amine groups (-NH2) of bacteria is to use direct
covalent chemical conjugation [37].

First, 1 mL of INP solution (400 μg/mL) were activated by incuba-
tion with the EDC and sulfo-NHS (EDC/NHS/DSPE-PEG-COOH molar
ratio were 30:30:3) for 40min in 3mL MES buffer (pH=5.5) at room
temperature. A dialysis bag (MW:3500) was used to remove the excess
reagents. Subsequently, bioconjugation was achieved by incubating
approximately 108 CFU of YB1 with activated INPs in PBS. The mixture
was then incubated for 2 h at 37 °C under gentle agitation to permit
amide coupling. YB1-INPs were separated from unbound INPs using
3500 rotation centrifugation followed by three rinses with PBS. The
sample was resuspended in PBS at pH 7.4.

2.6. Assessment of nanoparticle attachment to YB1 microswimmers

The morphology of YB1 and YB1-INPs was characterized by SEM
(VEGA 3 SBH, Czech Republic). Detailed SEM samples were prepared as
follows. First, YB1-INPs were fixed with 4% glutaraldehyde in 0.5mL of
PBS (pH 7.2) at 4 °C. Fixed samples (50 μL) were placed onto silicon
slices and then rinsed with ultrapure water. Next, the samples were
dehydrated in a series of ethanol/water solutions with increasing
ethanol content from 30% to 100%. The ethanol was displaced in a
series of tert-butyl alcohol/water solutions of increasing tert-butyl al-
cohol content from 40% to 100%. Finally, the tert-butyl alcohol in the
sample was removed by freeze-drying [25].

YB1-INPs (200 μL of PBS, 1×107/well) were added in eight-well
chambered coverglasses (Lab-Tek, Nunc, USA). Images were observed
through a 63.0× 1.4 oil-immersion objective, and FL signals from YB1-
INPs were acquired using TCS SP5 confocal laser scanning microscopy
(TCS SP5II, Leica, Ernst-Leitz-Strasse, Germany).

The size distributions of the INPs, YB1 and YB1-INPs were detected
by a Zetasizer Nano ZS (Malvern, U.K.). The absorption spectra of the
INPs and YB1-INPs were evaluated by UV/vis spectrometry (Lambda25,
Perkin-Elmer, USA), and the FL spectra of the INPs and YB1-INPs were
evaluated using FL spectroscopy with excitation at 740 nm (F900,
Edinburgh Instruments, Ltd., U.K.). The ICG concentrations of the INPs
and YB1-INPs were quantified by measuring the FL intensity at 808 nm.

2.7. Bacterial viability assay

The effect of the INPs on the viability of YB1 was evaluated using a
LIVE/DEAD BacLight bacterial viability kit (Invitrogen, USA) according
to the manufacturer's protocol [38]. The assay kit included green FL
SYTO 9 dye to mark viable bacteria and propidium iodide (PI) dye to
detect dead bacteria. Live YB1 was stained green, and dead YB1 was
stained red with PI. The stained bacterial suspension was placed be-
tween a slide and an 18-mm2 coverslip for examination by FL micro-
scopy.

To further evaluate the safety of INPs, YB1 and YB1-INPs containing
equal amounts of YB1 at 10×dilution (three repeated trials) were
cultured on solid LB agar (Gibco Life Technologies, USA) for 24 h, and
bacterial growth was observed by counting the bacterial colonies [39].

2.8. Chemotaxis machinery of YB1-INPs microswimmers

The chemotaxis of YB1-INPs was investigated using a Transwell
migration assay (Transwell polycarbonate membrane: 3 μm pore size,
6.5 mm diameter and 0.33 cm2 membrane surface area) (Corning,
USA).

For hypoxia simulation, YB1-INPs (200 μL, 5× 107 CFU/mL) were
added to the upper chamber, and 0.4mL of glucose solution (0.4mg/
mL), glucose oxidase (0.5 KU) and catalase (0.5 KU) were added to the
bottom chamber. We utilized glucose and glucose oxidase reactions to
simulate hypoxia. We utilized catalase to eliminate the hydrogen per-
oxide produced by the above reaction. For the control group, the
bottom chamber was filled with 0.4mL of glucose solution. The YB1-
INPs in the bottom and upper chamber were collected for DAPI (4′,6-
diamidino-2-phenylindole) staining at various time points. Afterwards,
the quantity of bacteria in the bottom and upper chamber was detected
by flow cytometry. To more intuitively observe the migration of YB1-
INPs microswimmers, the contents of the bottom chamber were trans-
ferred to eight-well chambered coverglasses (Lab-Tek, Nunc, USA) after
a 40min migration period. FL signals from the YB1-INPs were acquired
using TCS SP5 confocal laser scanning microscopy (TCS SP5II, Leica,
Ernst-Leitz-Strasse, Germany).

For nutrition simulation, YB1-INPs (200 μL, 5×107 CFU/mL) and
MB49 cells (200 μL of PBS, 1× 105 cells) were added to the upper and
bottom chambers, respectively. The bottom chamber was then filled
with 0.2mL of INPs solution (35 μg/mL) and treated with NIR laser
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irradiation (808 nm, 1W/cm2, 5min) to kill the MB49 cells. Bacterium-
attracting nutrients generated by cell death induced the migration of
the YB1-INPs. The quantity of YB1-INPs in the bottom chamber was
counted via an LB agar plate assay at various time points. After a 40-min
migration period, the YB1-INPs in the bottom chamber were separated
from free INPs by centrifugation at 3500 rpm followed by three rinses
with PBS. Subsequently, the sample was added to eight-well chambered
coverglasses for confocal imaging.

2.9. Animals and tumor model

Animals received care in accordance with the Guidance Suggestions
for the Care and Use of Laboratory Animals. The procedures were ap-
proved by the Animal Care and Use Committee (Shenzhen Institutes of
Advanced Technology, Chinese Academy of Sciences). Four-to six-week-
old female C57 BL/6 mice (Vital River Laboratory Animal Technology
Co. Ltd, CHN) were subcutaneously injected with MB49 cells (1×106)
in the flank region. Tumor volume was calculated according to the fol-
lowing formula: tumor volume= length× (width) 2/2.

2.10. In vivo imaging and biodistribution analysis

When the volumes of the MB49 tumors reached about 500mm3, the
C57BL/6 mice were randomly divided into three groups and injected
with INPs or YB1-INPs (125 μL, 56 μg/mL INPs) via the tail vein. A 125-
μL volume of YB1-INPs contained 107 YB1. The YB1-INPs (+) group
was treated with NIR laser irradiation at 12 h after intravenous injec-
tion of YB1-INPs. The FL signals of ICG were obtained by an ex/in vivo
imaging system (CRi Maestro, USA) (ex: 704 nm and filter: 735 nm).
The mice were killed 72 h after injection. The major organs (heart,
liver, spleen, lung, kidneys) and tumors were collected for semi-
quantitative biodistribution analysis and imaging using the ex/in vivo
imaging system (CRi Maestro, USA).

The FL signal from tissue and plasma samples treated with ICG
were> 20 times higher than the signal from non-treated samples (i.e.
background), FL spectrometry was successfully used for in vivo quan-
tification of ICG [40]. To extract ICG, the urine/feces of C57BL/6 mice
were homogenized in 5mL of dimethyl sulfoxide (DMSO), and cen-
trifuged at 9000 rpm for 15min. The ICG content of each sample was
determined by FL spectrometry. Blood samples was centrifuged at
16000 g for 5min, and the plasma was utilized for evaluation of blood
circulation time curve.

2.11. Immunohistochemical staining

Tumor-bearing mice were intravenously (i.v.) injected with INPs
and YB1-INPs at an INPs dose of 0.35mg/kg. The tumors were em-
bedded in optimal cutting temperature compound (OTC) and sectioned
72 h after injection (Leica, Germany). To detect YB1, tumor sections
were incubated with a KIT-9710 UltraSensitive™ S-P Hypersensitivity
Kit (rat/rabbit, MXB, CHN) to stain YB1. After staining nuclei with
DAPI, the slices were observed by an FL optical microscope [24].

2.12. Immunofluorescence staining

To better visualize the hypoxic tumor regions and to demonstrate
colocalization of YB1, tumor-bearing mice were i.v. injected with INPs
and YB1-INPs at an INPs dose of 0.35 mg/kg, respectively. The YB1-
INPs (+) group were treated with NIR laser irradiation at 12 h after
intravenous injection of YB1-INPs. At 72 h post-injection, the mice were
intraperitoneally injected with pimonidazole hydrochloride (60 mg/kg)
(HypoxyprobeTM-1 Plus Kit) [41]. One hour later, the tumors were
harvested from the various groups, sectioned and incubated with FITC-
Mab1 (dilution 1:100) (HypoxyprobeTM-1 Plus Kit) and polyclonal
rabbit anti-YB1 receptor (dilution 1/100 for 2 h at room temperature)
antibodies. The slides were then incubated with goat anti-rabbit IgG H&

L (Alexa Fluor® 594) to visualize YB1 receptors based on purple color
development (dilution 1/100 for 1 h at room temperature).

After staining with DAPI, the slices were observed by an Invitrogen
EVOS FL Auto 2 system (Thermo Fisher Scientific, CHN).
Immunofluorescence images of tumor sections were analyzed using
Celleste™ and converted to corresponding surface plot images [42]. To
explore the hypoxic targeting capability and the photothermal-assisted
bioaccumulation efficiency of the YB1-INPs, the fluorescent data at the
arrow in the surface plot images were further extracted for semi-
quantitative analysis.

2.13. Temperature measurement during laser irradiation

C57BL/6 mice bearing MB49 tumors were injected i.v. with INPs or
YB1-INPs (56 μg/mL INPs, 125 μL), and control mice were treated with
125 μL of PBS. At 72 h, the tumors were irradiated with a laser (808 nm,
1W/cm2) for 5min. The regional maximum temperatures and infrared
thermographic maps were obtained by a Ti27 infrared thermal imaging
camera (Fluke, USA).

2.14. Temperature tolerance analysis of YB1

YB1-INPs (1mL, 6×106 CFU/mL) were added to quartz cuvettes
and treated with NIR laser irradiation (808 nm, 1W/cm2). The number
of live bacteria were counted via an LB agar plate assay with increasing
temperature.

2.15. Antitumor effect and biosafety of biohybrid microswimmers
(YB1-INPs) in vivo

C57BL/6 mice (5 per group) bearing large solid tumors (≥500mm3 in
volume) were injected with YB1-INPs (125 μL, containing 56 μg/mL INPs
and 107 CFU of YB1), INPs (125 μL, 56 μg/mL INPs) and PBS (125 μL) via
the tail vein [18,19]. At 12 h post-injection, the first dose of laser irra-
diation (808 nm, 1W/cm2, 5min) was used to kill tumor cells to produce
bacteria-attracting nutrients and further damage the tumor tissue, re-
sulting in the recruitment of more YB1-INPs and promoting YB1-INP in-
filtration. At 72 h post-injection, the second laser dose (808 nm, 1W/cm2)
was used to irradiate the tumors for 5min. One group of mice with YB1-
INPs was not irradiated with the laser. The body weights of the mice and
tumor volumes were monitored every 2 days. The appearance of the mice
was photographed every 2 days with a Nikon camera (JPN). According to
the animal protocol, the mice were assumed to be death when tumor size
over 3000mm3. To evaluate necrosis in tumor cell, representative tumors
from each group of animals were collected, and stained with H&E at day 3.

C57BL/6 mice were injected with YB1-INPs and PBS via the tail
vein. At 28 days post-treatment, ALT/ALP or UREA/CRE was evaluated
using a liver or renal function activity assay kit (Jian Cheng Biotech,
CHN). Major organs were excised and cut into 8-μm sections for H&E
staining, and sections were observed using an Olympus microscope
(Olympus BX53, JPN).

3. Results and discussion

3.1. Preparation and characterization of YB1-INPs microswimmers

The fabrication process of YB1-INPs is described in Fig. 1A. First,
nanophotosensitizers with carboxy groups in the shell (INPs) were self-
assembled from ICG, poly (lactic-co-glycolic acid) (PLGA), soybean le-
cithin, and PEGylated phospholipid (DSPE-PEG-COOH) through a
single-step sonication method [36]. Then, terminal amine groups on the
outer membrane of bacteria and carboxy groups of INPs with amide
bonds were conjugated using 1-ethyl-3-[3-(dimethylamino)propyl]-
carbodiimide/N-hydroxysulfosuccinimide (EDC/NHS) crosslinking,
forming biohybrid microswimmers (YB1-INPs). Representative scan-
ning electron microscopy (SEM) images showed that over 60 INPs were
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attached to the surface of each YB1 (Fig. 2A). Dynamic light scattering
measurements revealed that the hydrodynamic sizes of YB1-INPs were
slightly larger than YB1 due to the efficient attachment of INPs (ap-
proximately 50 nm) to the surface of YB1 (Fig. 2B). Infrared thermo-
graphic images of INPs indicated that INPs have excellent photothermal
conversion efficiency as ICG (Fig. S1). Compared with INPs, the UV–vis
spectra of YB1-INPs showed strong absorption peaks at 780 nm, the
same as the absorption characteristic of INPs. Moreover, the fluorescent
emission peak of YB1-INPs at 815 nm was consistent with that of INPs
(Fig. S2). Fluorescence (FL) imaging results indicated that INPs, even
after washing 3 times, still resided on the surface of YB1, allow real-
time tracking of biohybrid microswimmers (YB1-INPs) (Fig. 2C). We
next sought to improve the conjugation efficiency of INPs on the surface
of YB1, YB1 was incubated with different concentrations of INPs for 2 h.
We found that the amount of INPs anchoring was concentration-de-
pendent. When the concentration of INPs was 100 μg/mL, the con-
jugation efficiency (108 CFU YB1) reached saturation. Thus, we chose
INPs with a concentration of 100 μg/mL for all further experiments and

analyses (Fig. 2D). Additionally, to investigate whether INPs conjuga-
tion affects the viability of YB1, live YB1 was stained green with SYTO
9, and dead YB1 was stained red with propidium iodide (PI) [38]. We
found that conjugation of INPs with YB1 did not affect the viability of
YB1 microswimmers (Fig. 2E). To further evaluate the safety of INPs,
YB1 and YB1-INPs containing equal amounts of YB1 at 10×dilution
(three repeated trials) were cultured on solid Luria broth (LB) agar for
24 h, and bacterial growth was observed by counting the bacterial co-
lonies. The results in Fig. 2F revealed that the number of bacteria co-
lonies formed by YB1 and YB1-INPs were similar, which indicated that
the INPs material and conjugation process were safe to YB1.

3.2. Evaluation of hypoxia/nutritional migration of YB1-INPs
microswimmers

To determine efficient hypoxia-targeting of YB1-INPs and the cor-
responding hypothesis of synergistic photothermy, the well-established
hypoxia/nutritional simulation was employed as an in vitro model

Fig. 2. Characterization of biohybrid microswimmers (YB1-INPs). A) SEM images of YB1 and YB1-INPs. B) Size distribution of INPs, YB1 and YB1-INPs. Inset: TEM
image of INPs. C) Confocal microscopy images of ICG-labeled (red FL) YB1-INPs. D) INP weights attached to 108 CFU YB1. Inset: ICG FL images of the corresponding
YB1-INP solutions. E) FL microscopic images of YB1-INPs. Live YB1 was stained green with SYTO 9, and dead YB1 was stained red with PI. F) Growth of YB1 and YB1-
INPs was evaluated on solid LB agar. (Three independent experiments were performed.). (For interpretation of the references to color in this figure legend, the reader
is referred to the Web version of this article.)

F. Chen, et al. Biomaterials 214 (2019) 119226

5



[26,43]. In the hypoxia simulation model, the solution of the mixture
including glucose, glucose oxidase and catalase were placed in the
bottom of the chamber to construct a hypoxic microenvironment.
Bacteria cultured in inserts were separated from the bottom chamber by
polycarbonate membranes with a pore size of 3 μm. To explore the
migration of YB1 under hypoxia induction, the quantity of YB1 with
ICG-loaded nanoparticles in the bottom chamber was detected by flow
cytometry at various points in time (Fig. 3B). We found that the tested
YB1-INPs showed extremely low migration through the polycarbonate
membrane under normoxic conditions. The quantity of YB1-INPs in the
bottom chamber was only 19% after a 40-min migration period. In
contrast, the quantity of YB1-INPs in the bottom chamber dramatically
increased to 51% under hypoxic conditions (Fig. 3D). Notably, sig-
nificant enhancement in the FL intensity could be observed after 40min
of migration, further indicating that a hypoxic environment can induce
the migration of YB1-INPs to tumors (Fig. 3F).

MB49 cells in the bottom chamber were killed to generate bacteria-
attracting nutrients by the INPs + laser, revealing the nutritive che-
motaxis of YB1-INPs. As expected, the nutrients generated by cell death
dramatically induced the migration of YB1-INPs according to quanti-
tative analysis of flow cytometry and confocal laser scanning micro-
scopy (CLSM) compared with the control group (PBS) (Fig. 3C and G).
Finally, 32% of the total YB1-INPs migrated to the bottom chamber
under nutrient condition, while only 4% migrated to the bottom
chamber in the control group (Fig. 3E). Taken together, these results
suggest that YB1-INPs as bacteria-driven microswimmers have the
characteristics of hypoxia targeting and nutrition chemotaxis.

3.3. In vivo imaging and biodistribution analysis

Although the hypoxic microenvironment of large solid tumors is a
barrier for many therapies, it is an ideal environment for a number of
anaerobic bacteria [44,45]. We thus harnessed the tumor-targeting
ability of YB1 to deliver INPs to hypoxic tumor areas. To explore the
biodistribution of YB1-INPs, C57BL/6 mice bearing a transplanted
MB49 tumor were intravenously injected with INPs or YB1-INPs. At
12 h postinjection, subgroups of mice were treated with or without laser
irradiation. We then used an in vivo imaging system to monitor ICG FL
in the animals over 72 h. There were obvious differences in the FL
distribution among the samples. No obvious FL signals were detected in
the INPs group because of the lack of active targeting, while the YB1-
INPs treatment resulted in abundant aggregation of YB1-INPs in the
tumor due to the live bacteria carrier targeting the tumor hypoxic re-
gions. Furthermore, the YB1-INPs with laser-induced photothermal
treatment (abbreviated as YB1-INPs (+)) resulted in a pronounced in-
crease in the fluorescent signal at the tumor site within 24 h, and the
intensity at the site increased throughout the remainder of the time
course (Fig. 4A). At 72 h after injection, the tumors and major organs of
the mice were collected to further investigate the distribution of YB1-
INPs. As shown in Fig. S3, the YB1-INPs with laser irradiation exhibited
a high degree of tumor accumulation.

We conducted 4′,6-diamidino-2-phenylindole (DAPI) nuclear
staining and UltraSensitive™ S-P Kit (mouse/rabbit) YB1 staining of
tumor sections for the 72-h treated samples to explore whether bacteria
entered the tumor. The INPs-treated mice demonstrated no bacterial

Fig. 3. Evaluation of the migration of YB1-INPs microswimmers in hypoxic or nutritional environments. A) Schematic illustration of the hypoxia and nutritional
simulation model using a transwell system to evaluate the chemotaxis of YB1-INPs. B, C) YB1-INPs migration to the bottom chamber in the hypoxia-induced B) and
nutrition (dead MB49 cells after photothermal therapy)-induced C) environments. The cells were counted by flow cytometry and LB agar plate assay. D, E) Percentage
of migrated YB1-INPs after 40min of incubation in hypoxic D) and nutritive E) solutions. F, G) FL imaging of hypoxia-induced F) and nutrition-induced G) migration
of YB1-INPs to the bottom chamber.
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distribution in the tumor sections, while the YB1-INPs-treated mice
exhibited apparent bacterial (black dots) accumulation. The YB1-INPs
mice that received photothermal treatment had a vastly different ap-
pearance. There was obvious damage and loosening in the tumor, and a
great deal of bacteria (black dots) were apparently aggregated in gaps
along the surface (Fig. 4B). The results showed that perfect photo-
thermal intervention of YB1-INPs could break through formidable
physical barrier (dense packing of tumor cells and the fibrous tumor
stroma) to promote bacterial diffusion in tumor.

The time curve of blood circulation was investigated by quantifying
the ICG concentration at different time points after the intravenous
injection of YB1-INPs or INPs to C57BL/6 mice (Fig. S4). ICG con-
centration in the blood when loaded to YB1 was significantly higher
than that of INPs at the first 15min after injection. The AUC24h (the
area under the plasma drug concentration-time curve over the period of
24 h) of YB1-INPs was 224 μgmin·mL−1, which was 3-fold higher than
that of INPs (69 μgmin·mL−1). These data indicated that YB1-INPs
could significantly improve the drug bioavailability.

Meanwhile, we investigated the excretion pathway of YB1-INPs
from the body. According to the reported method [40], we measured
ICG content in urine and feces of C57BL/6 mice at 24 h post-injection.
The excretion of urine ICG was 2.21 ± 0.97 μg, and fecal ICG excretion
was 0.03 ± 0.02 μg in 24 h, which suggested that ICG in INPs had the
excretion pathways mainly from the liver into the small intestine and
subsequently into fecal excretion. Moreover, neutrophils effectively kill
Salmonella, primarily via production of lethal concentrations of ROS or
hypochlorite (chlorox) in the phagosome [46,47]. YB1 were mainly
cleared by neutrophils in mice, not by fecal and urine excretion [46,47].

3.4. Assessment of YB1-driven hypoxia-targeting and photothermal-assisted
bioaccumulation in whole tumors

To better visualize the hypoxic tumor regions and to demonstrate
colocalization of YB1, ex vivo immunofluorescence imaging of trans-
verse tumor sections of the YB1-INP group were acquired using an
Invitrogen EVOS FL Auto 2 system (Fig. 5A). Sections were stained with

anti-Salmonella antibody (YB1, purple), FITC-Mab1 (hypoxia, green),
DAPI (DNA, blue), and ICG (INPs, red). The colocalization of YB1 and
ICG revealed that conjugated YB1-INPs as a whole enter the large solid
tumor after circulating in the blood (Fig. 5A, a1, a2). Transverse tumor
section images and corresponding surface plot images demonstrated
that YB1-INPs microswimmers with self-driven power can realize tumor
accumulation by targeting hypoxia in the tumor cores (Fig. 5A, a2, 5a3,
5a6, 5a7 and 5C).

To explore the photothermal-assisted bioaccumulation efficiency of
YB1-INPs, transverse tumor sections of the YB1-INPs (+) laser group
were stained for immunofluorescence imaging (Fig. 5b1-b4), and the
images were converted to surface plots (Fig. 5b5-b8). As shown in
Fig. 5b1, the large areas of the ICG FL signal indicated that the YB1-INPs
were more extensively distributed throughout the large solid tumor after
laser intervention. However, YB1-INPs were mainly localized in the
tumor cores region in the absence of the laser irradiation (Fig. 5a1, 5a5).

To further test whether photothermal assistance at 12 h post-injec-
tion could effectively increase the accumulation of YB1-INPs for tumor
penetrative therapy, the FL intensity at the arrows in Fig. 5a1 and
Fig. 5b1 was measured by semiquantitative analysis (Fig. 5D). These
integral results of the FL intensity indicated that INPs-mediated pho-
tothermal intervention for damaging the tumor tissue could sig-
nificantly promote 14-fold more YB1-INPs to pass into the whole tumor,
as shown by the result in Fig. S3b. The results indicated that the YB1-
INPs penetrated into tumor hypoxic cores, and tissue damage induced
by laser irradiation promoted the bioaccumulation of YB1-INPs in large
solid tumors.

3.5. In vivo photothermal therapy of YB1-INPs enhanced by hypoxia-
targeting and photothermal-assisted bioaccumulation

Next, we sought to evaluate the therapeutic effect of photothermal
therapy paired with YB1-INPs for large solid tumors (≥500mm3 in
volume). The tumor regions were treated with the first dose of NIR laser
irradiation (denoted as (+)) at 12 h after intravenous injection of YB1-
INPs. The first dose of laser irradiation could kill tumor cells to produce

Fig. 4. In vivo photothermal-assisted bioaccumulation of YB1-INPs in large solid tumors. A) In vivo FL imaging of INPs, YB1-INPs and YB1-INPs (+) at different time
points. (+) refers to laser irradiation at 12 h for promoting bioaccumulation of YB1-INPs. The ex vivo NIR FL images of tumors at 72 h. B) Immunohistochemistry
images of tumor sections at 72 h. The results showed enhanced bioaccumulation of YB1-INPs in photothermal-disrupted tumors. The black dots indicated by arrows
represent YB1-INPs colonies.
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bacteria-attracting nutrients and further loosen the tumor tissue, re-
sulting in the recruitment of more YB1-INPs and promoting YB1-INP
infiltration. The second laser (denoted as + laser) was used to ablate
the tumor on day 3 (Fig. 6A). As shown in Fig. 6B, the temperature
increase in the tumor region after second laser irradiation was in-
vestigated on day 3. For the PBS (+) + laser or INPs (+) + laser
groups, the temperature of tumors only increased to 40 or 42 °C, which
was not high enough to destroy the tumors (43 °C causes irreversible
tumor damage) (Fig. 6B) [35]. Due to YB1-driven hypoxia targeting and
photothermal-assisted bioaccumulation, YB1-INPs induced a maximum
temperature up to 63 °C, which successfully aided in killing tumor cells
(Fig. 6B). It is worth noting that hyperthermia (63 °C) could also
eliminate YB1 in the tumors to realize a safe and effective treatment.
(Fig. S5).

As shown in Fig. 6D, MB49 tumors treated with PBS (+) + laser
grew rapidly, illustrating that laser irradiation had no effect on tumor

growth (Fig. S6). There was also no apparent efficacy in restricting the
growth of tumors in the INPs (+) + laser group due to the low tumor
accumulation of INPs after intravenous injection and the first laser in-
tervention (Fig. 6D and C). YB1-INPs could inhibit tumor growth, but
tumor growth eventually recurred (Fig. 6D and C). Due to YB1-driven
hypoxia targeting and photothermal-assisted bioaccumulation, YB1-
INPs (+) + laser achieved a low dose and high efficiency photothermal
therapy. The treatment dose of YB1-INPs (+) + laser was reduced to
approximately one-fifth dose of already reported INPs [35]. Notably,
the tumor inhibition rate of YB1-INPs (+) + laser was 100% at 28
days. And even more exciting the survival rate (YB1- INPs (+) + laser)
was 100% at the end of the experiment (Fig. 6E). The tumor tissue
damage after different treatment was evaluated at 3 days post-treat-
ment (Fig. 6F). As expected, YB1-INPs (+) Laser group exhibited the
highest level of cancer-cell damage, due to YB1 mediated anti-tumor
effect and INPs induced thermal damage. The toxicity of YB1-INPs to

Fig. 5. Hypoxia targeting of YB1-INPs and photothermal-assisted bioaccumulation in large solid tumors. A, B) Immunofluorescence imaging of transverse tumor
sections at 72 h. Sections were stained with anti-Salmonella antibody (YB1, purple), FITC-Mab1 (hypoxia, green), DAPI (DNA, blue), and ICG (INPs, red) (Fig. 5a1-a4,
b1-b4). Surface plot images were analyzed with Celleste™ software (Fig. 5a5-a8, b5-b8). (+) refers to laser irradiation. C) FL intensity of the underlined part in Figure
a2 and a3 indicates that YB1-INPs achieved tumor accumulation by targeting hypoxia in the tumor cores. D) ICG FL intensity of YB1-INPs (a1) and YB1-INPs (+) (b1)
demonstrated that laser irradiation significantly enhanced YB1-INPs accumulation. (For interpretation of the references to color in this figure legend, the reader is
referred to the Web version of this article.)
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major organs was investigated by hematoxylin and eosin (H&E) staining
and liver/kidney function indices (liver function indices: alanine ami-
notransferase (ALT), alkaline phosphatase (ALP); kidney function in-
dices: creatinine (CREA) and UREA according to blood biochemistry
tests (Figs. 6G and S8). As shown in Fig. 6G, H&E staining revealed that
the distribution of neutrophils in the spleen of the YB1-INPs
(+) + laser group differed from that of the control group because the

spleen is the main metabolic organ of bacteria. The histological mor-
phology of other organs showed no obvious change compared with the
control group. The body weights of the mice increased, suggesting that
the YB1-INPs (+) + laser treatment was well tolerated by the mice
(Fig. S7). The concentrations of ALT/ALP/CREA/UREA showed no
obvious changes compared with the control group (Fig. S8). These re-
sults demonstrated that the YB1-INPs under laser excitation can offer

Fig. 6. In vivo YB1-INPs photothermal therapy of
large solid tumors. A) Schematic diagram de-
picting the YB1-INPs treatment protocol for tumor
eradication. B) Infrared thermal images of MB49
tumor-bearing mice exposed to laser irradiation
after intravenous injection of PBS, INPs or YB1-
INPs at 72 h. C) Representative photos of mice
bearing MB49 tumors after treatment. D) Tumor
growth curves after treatment (n = 5). YB1-INPs
(+) + laser conferred a higher photothermal
therapy effect and no tumor recurrence. E)
Survival rates of mice (n = 5). F) H&E stained
histological sections of the excised tumors 72 h
after injection of PBS, INPs, and YB1-INPs under
laser irradiation. G) H&E staining of the major
organs of mice on day 28.
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high-safety and high-efficiency photothermal therapy for large solid
tumors.

4. Conclusion

We developed a biotic/abiotic hybrid system, YB1-INPs, to achieve
high-efficiency tumor targeting and tumor elimination. By exploiting
the inherent nature of YB1 strains, the use of self-motivated YB1 al-
lowed us to overcome the shortcomings of classical nanoparticles in
tumor targeting and penetration. Such a YB1-INPs bacteria-driven de-
livery strategy achieved highly selective hypoxia-targeting of delivering
INPs, and most importantly, photothermal tumor lysis, as the bacteria-
attracting nutrients also improved the accumulation of YB1-INPs. In
addition, the YB1-INPs displayed excellent real-time FL imaging ability,
which allowed us to more accurately monitor the tumor-targeting and
tumor penetration of YB1-INPs. Benefiting from the mutual promotion
of both YB1 and INPs, YB1 enabled the penetration of INPs deep into
tumors; subsequently, the tumor regions temperature rose to 63 °C after
NIR laser irradiation treatment, resulting in the simultaneous eradica-
tion both of intratumoral YB1 and the large solid tumor (≥500mm3).
The corresponding in vitro and in vivo results confirmed the unique
advantages of YB1-INPs in tumor hypoxia-targeting and tumor tissue
penetration. Overall, this bacteria-mediated hypoxia-targeting delivery
strategy provides a new approach for combining theranostics nano-
technology with bacterial microswimmers to achieve superior antic-
ancer effects.
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