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Background: Chemotherapy still plays a dominant role in cancer treatment. However, the inability of conventional chemotherapeutic
drugs to reach the hypoxic zone of solid tumors significantly weakens their efficacy. Bacteria-mediated drug delivery systems can be
an effective targeting strategy for improving the therapeutic outcomes in cancer. Anaerobic bacteria have the unique ability to
selectively transport drug loads to the hypoxic regions of tumors.

Methods: We designed a Bifidobacterium infantis (Bif)-based biohybrid (Bif@PDA-PTX-NPs) to deliver polydopamine (PDA)-
coated paclitaxel nanoparticles (PTX-NPs) to tumor tissues.

Results: The self-driven Bif@PDA-PTX-NPs maintained the toxicity of PTX as well as the hypoxic homing tendency of Bif.
Furthermore, Bif@PDA-PTX-NPs significantly inhibited the growth of A549 xenografts in nude mice, and prolonged the survival of
the tumor-bearing mice compared to the other PTX formulations without any systemic or localized toxicity.

Conclusion: The Bif@PDA-PTX-NPs biohybrids provide a new therapeutic strategy for targeted chemotherapy to solid tumors.
Keywords: tumor hypoxia, bifidobacterium infantis, paclitaxel, nanoparticles, lung cancer

Introduction

Hypoxia is a prevalent characteristic of most solid tumors and limits the efficacy of chemotherapy.' Most conventional
therapeutic drugs cannot penetrate into the deeper hypoxic regions of tumor tissues.® This not only lowers the intra-
tumoral drug concentration but also results in off-target effects,” eventually leading to treatment failure due to systemic
toxicity. Therefore, the current focus of cancer therapies is to specifically deliver chemotherapeutic drugs to the hypoxic
regions of tumors™*® using nanoparticle (NP) carriers, biological camouflage’® or magnetic induction’ in order to increase
the effective drug concentration in tumor tissues. NPs are preferable drug carriers since they can improve the water
solubility of hydrophobic drugs, release drugs continuously and prolong their circulation in blood.'®!'" The diblock
copolymer methoxy poly(ethylene glycol)-poly(e-caprolactone) (mPEG-PCL) consists of hydrophobic PCL segments
and hydrophilic mPEG segments that self-assemble into micelles in water, which can be used to load hydrophobic
antineoplastic drugs. Chemotherapeutic drugs can be delivered to the tumor site using mPEG-PCL NP carriers.'?'
However, NPs usually enter tumor tissue passively by means of the enhanced permeability and retention (EPR) effect,
wherein they pass through blood circulation to reach the microvessels in the tumor.! Although the EPR-dependent nano-
formulations have achieved good therapeutic effects in tumor-bearing mouse models, the EPR effect has not been
observed in the human body, which obfuscates the clinical potential of these NPs.'> Actively targeting NPs have been
designed by grafting biorecognition molecules (ligands) onto their surface. Although these NPs can directly deliver anti-
cancer drugs to tumor tissues via ligand-receptor binding and increase drug uptake by tumor cells,'® their accessibility to
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the hypoxic areas of solid tumors is still limited.'”'® Therefore, it is necessary to construct new drug delivery systems for
targeting the hypoxic tumor tissues.

Bacteria have long been used to treat human diseases,'” and anaerobic bacteria that can effectively aggregate in
hypoxic regions of tumors can be used as natural drug carriers for targeted therapy.”® Studies show that photosynthetic
bacteria,” Salmonella®' and E. coli’® can actively target to the hypoxic areas of malignant tumors after intravenous
injection. Biohybrids of anaerobic bacteria and multifunctional NPs can selectively deliver chemotherapeutic drugs,
photothermal agents or immunotherapeutic drugs to the hypoxic regions of solid tumors. However, most biohybrids
reported so far use pathogenic bacteria rather than probiotics.”*** Bifidobacterium infantis (Bif) is a probiotic, anaerobic
bacteria that is harmless to humans and does not require any genetic modification.”>*° Bif can be combined with nano-
drugs in vitro or through antigen-antibody binding in vivo to form biohybrids for targeted drug delivery to hypoxic tumor
zones.”’

Given the affinity of bacteria to proteins, we previously constructed a bacteria-driven biohybrid drug carrier by
directly attaching drug-loaded albumin NPs to bacterial cells.”” However, the NPs were easily dislodged from the
bacterial cells due to the impact of blood flow, which reduced the efficiency of the biohybrids. To overcome this
limitation, we coated the NPs with the biocompatible polydopamine (PDA), which can not only strengthen the adhesion
of NPs to the bacterial cells but also prevent early drug release.'**° As shown in Scheme 1, we synthesized paclitaxel-
loaded NPs (PTX-NPs) using mPEG-PCL copolymer as the carrier, and coated the surface with PDA. The PDA-PTX-
NPs were incubated with Bif cells to generate the Bif@PDA-PTX-NPs hybrids. Once these biohybrids reach the hypoxic
zone of tumor tissues, the PTX-NPs are released in response to the reductive tumor environment and taken up by the
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Scheme | Schematic diagram shows the construction of the Bif@PDA-PTX-NPs biohybrid and its intelligent responsibility to reductive tumor microenvironment through
self-driven targeting to hypoxic regions of tumor.
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tumor cells.**? The anti-tumor effects of Bif@PDA-PTX-NPs were evaluated in vitro as well as a murine lung cancer
model.

Materials and Methods

Materials

Monomethoxy PEG (mPEG, molecular weight Mn=2000 Da), e-caprolactone (¢-CL) and dopamine hydrochloride were
purchased from Macklin Biochemical Co. Ltd. (Shanghai, China). Stannous octoate (Sn(Oct),) was obtained from Sigma-
Aldrich Trading Co. Ltd. (USA), and paclitaxel from Meilun Biological Technology Co. Ltd. (Dalian, China). B. infantis
(GIMI.207) was provided by the Strains Preservation Center of Guangzhou Institute of Microbiology (Guangdong, China),
and incubated anaerobically on agar plates at 37°C for 48 hours. A549 cells were purchased from the Cell Bank of Chinese
Academy of Sciences (Shanghai, China). Male nude mice weighting 16—18 g (6 weeks of age) were supplied by Tengxin
Biological Technology Co. Ltd. (Chongqing, China). All animal experimental procedures were approved by the Ethics and
Science Committee of the Animal Care and Treatment Committee of Southwest Medical University and followed the
Chinese National Guidelines (GB/T 35892-20181). The mice were housed in specific pathogen-free conditions at 24°C and
relative humidity of 50-60% under a 12h-light/12h-dark schedule, with ad libitum access to standard rodent food and tap
water. All mice were healthy and had no infection during the experimental period.

Preparation and Characterization of PTX-NPs, PDA-PTX-NPs and Bif@PDA-PTX-NPs

The diblock copolymer mPEG-PCL was synthesized from &-CL and mPEG by ring-opening copolymerization with Sn
(Oct), as the catalyst. Briefly, equal amounts of mPEG and &-CL were put in a glass bottle along with Sn(Oct), (0.5% w/
w of the total reactants), and the bottle was connected to a vacuum system. The mixture was heated at 130°C for 6 h, and
the crude product was dissolved in dichloromethane and precipitated in ice-cooled petroleum ether. The purified mPEG-
PCL copolymer was vacuum-dried and stored at 4°C for further use.

To prepare PTX-NPs, 10 mg PTX and 50 mg mPEG-PCL were dissolved in 4 mL anhydrous ethanol, and the solution
was placed on a rotary evaporator and heated at 60°C to remove ethanol. Five milliliters of preheated deionized water at
60°C was then added, and the bottle was slightly oscillated to enable self-assembly into PTX-NPs. The morphology of
PTX-NPs was observed by transmission electron microscopy (TEM, Tecnai G2 F30, FEI, USA). Particle size and zeta
potential were measured using dynamic light scattering (DLS, NanoBrook90 plus Zeta, Brookhaven, NY) at 25°C. Drug
loading (DL) and encapsulation efficiency (EE) were determined by HPLC (Agilent 1260, Agilent Technologies, USA)
and calculated according to the following equations.

PTX

DL = T mpEG —pcr < 100%
Actual DL
EE=————x1
Theoretical DL x 100%

PDA-PTX-NPs were produced by coating PTX-NPs with a PDA layer through dopamine. Briefly, 50 mg PTX-NPs and
20 mg dopamine were dissolved in 50 mL Tris-HCI buffer (10 mM, pH=8.5) and stirred in the dark for 6h. The product
was then centrifuged at 15,000 rpm for 10 min, and washed twice to remove unreacted dopamine. The morphology of the
PDA-PTX-NPs was observed by scanning electron microscopy (SEM, SU8020, Japan). Particle size and zeta potential
were measured by DLS as described above. To construct Bif@PDA-PTX-NPs biohybrids, 1 mg/mL PDA-PTX-NPs were
incubated with a suspension of Bif (2x107 CFU/mL) at 37°C for 3 h. The mixture was then centrifuged at 2400 rpm for 4
mins, following which the supernatant was discarded and the sediment was washed twice with PBS (pH=7.4) to obtain
the Bif@PDA-PTX-NPs biohybrids. Nile red (NR)-labeled hybrids (Bif@PDA-NR-NPs) were prepared by the same
method. The surface morphology of Bif@PDA-PTX-NPs was analyzed by SEM (SU8020, Japan). The UV absorption
spectra of PDA, PDA-PTX-NPs, Bif and Bif@PDA-PTX-NPs were analyzed to verify the successful preparation of the
biohybrid. To investigate the effect of different concentrations of Bif on PTX loading, biohybrids were prepared using
PDA-PTX-NPs (1 mg/mL, 2 mL) and different bacterial loads (2x10°CFU/mL, 2x10°CFU/mL, 2x10’CFU/mL,
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2x108CFU/mL, and 2x10°CFU/mL) as described. The different Bif@PDA-PTX-NPs were disintegrated using acetoni-
trile to release PTX, and the amount of the released drug was determined by HPLC. To determine the potential effect of
PDA coating on bacterial growth, freshly prepared Bif@PDA-PTX-NPs and Bif were respectively inoculated into the
culture medium and incubated for 48 h. The number of viable bacterial cells was counted as per standard methods.

In vitro Drug Release

In vitro drug release was measured using a dialysis method. Briefly, free PTX, PTX-NPs or PDA-PTX-NPs were
dispersed in PBS (pH=7.4) and put into dialysis bags with molecular weight cutoff of 3500 Da. The dialysis bags were
placed in 40 mL PBS (pH=7.4, 6.8, 5.5) containing Tween 80 (0.5%, w/w) in 50 mL centrifuge tubes, and shaken at
100 rpm at 37°C in the dark. At different time points (1, 3, 6, 12, 24, 48, 72, 96, 120, 144 and 168 h), 2 mL aliquots were
taken and replaced with the same volume of fresh PBS. The amount of drug in the medium was measured by HPLC
(Agilent 1260, Agilent Technologies, USA).

In vitro Functional Assays

For the cytotoxicity assay, A549 cells were seeded into 96-well plates and incubated with free PTX, PTX-NPs, PDA-
PTX-NPs or Bif@PDA-PTX-NPs for 24 h. MTT solution (5 mg/mL, 20 pL) was added to each well and the cells were
incubated for 2 h. After dissolving the water-insoluble formazan crystals with 150 pL. dimethyl sulfoxide, the optical
density of each well at 490 nm was measured using the FLUOstar Omega microplate reader. For wound healing assay,
A549 cells were cultured till confluent and the monolayer was scratched using a sterile pipette tip. After washing off the
dislodged cells, fresh DMEM containing Bif@PDA-NPs, PTX, PDA-PTX-NPs or Bif@PDA-PTX-NPs was added, and
the cells were incubated for 12 and 24 h. The wound areas were photographed at 0, 12 and 24 h, and the migration rate
was calculated.

In vitro Uptake of NPs

To assess cellular uptake of the NPs, A549 cells were seeded in 6-well plates at the density of 2x10° cells/mL and
incubated with normal saline (NS), Nile Red (NR), NR-loaded NPs (NR-NPs) or PDA-NR-NPs for 3 h. The cells were
then stained with DAPI for 5 mins, washed thrice with PBS, and imaged under a fluorescence microscope (OLYMPUS,
IX73, Japan).

Apoptosis Assay

A549 cells were seeded into 6-well plates (5x10*well) and incubated with NS, PTX, PTX-NPs, PDA-PTX-NPs,
Bif@PDA-PTX-NPs or Bif@PDA-PTX-NPs along with 10mM GSH. The cells were harvested 24 h later, resuspended
in staining buffer containing Annexin V and PI, and incubated for 15 minutes in the dark. The percentage of apoptotic
cells was detected by flow cytometry (BD FACSVerse, Piscataway, NJ).

Transwell Assay

The ability of Bif to target hypoxic regions was ascertained in vitro by the transwell assay. The upper chambers of the
transwell inserts were inoculated with 200 pL Bif suspension (5%10” CFU/mL) and the bottom chambers were filled with
0.4 mL mixture of glucose (0.4 mg/mL), glucose oxidase (0.5 kU) and catalase (0.5 kU). The oxidation of glucose by
glucose oxidase depleted oxygen and produced hydrogen peroxide, which was quenched by catalase, resulting in an
artificial hypoxic environment in vitro. In the control group, normoxic conditions were maintained in the bottom
chamber. After 2 h of incubation, the number of bacterial cells that migrated to the bottom chambers was counted.

Evaluation of in vivo Distribution of Bif@PDA-PTX-NPs

To track the distribution of the hybrid NPs in vivo, the tumor-bearing mice were injected intravenously with normal
saline (NS), Bif or Bif@PDA-PTX-NPs through the tail vein. After 48 hours, the tumor tissues, heart, liver, spleen,
lungs, kidneys were harvested, and homogenized in sterile 0.1% Triton X-100. The tissue homogenates were serially
diluted and plated on solid LB agar, and the plates were incubated in a hypoxic environment at 37°C for 48 h. The
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ensuing colonies were counted and photographed. Furthermore, tumor tissues were sectioned and stained with FITC-
labeled anti-Bif antibody (FITC@ADb) and Cy3-labeled anaerobic induction factor (Cy3@HIF-1a), and then counter-
stained with DAPI. The co-localization of the bacteria and the hypoxic region was observed under a fluorescence
microscope.

Establishment of Tumor Model and Treatment Regimen

A lung cancer model was established by inoculating 1x10° A549 cells (107 cells/mL) into the right leg of nude mice.
Once the tumors grew to approximately 50-80 mm’, the mice were randomly divided into the following groups
(n=10 per group): normal saline (NS), Bif@PDA-NPs, PTX, PDA-PTX-NPs and Bif@PDA-PTX-NPs. The respective
drugs were injected intravenously every other day for a week. The body weight and tumor volume of the mice were
recorded during the entire observation period. Two days after the last dose, the heart, liver, spleen, lung and kidney were
harvested and processed for H&E staining. The tumor tissues were harvested and stained with H&E, TUNEL and Ki-67
as per standard protocols.

Micro-PET/CT Scans

The early treatment response of tumors to different drugs was evaluated by micro-PET/CT scans (Siemens, Germany).
Briefly, the mice were fasted for 6 h and then injected with 200-250 uCi '®F-FDG through the tail vein. Thirty minutes
later, the mice were anesthetized via isoflurane inhalation, and whole-body PET/CT scans were performed in two-
dimensional mode (10 min per location emission scan) using the parameters of 80 kV, 500 mA and 1.5 mm slice
collimation. The PET/CT images were analyzed by two nuclear medicine physicians. The regions of interest (ROIs) on
the tumor images were manually drawn, and the maximum normalized uptake value (SUVmax) and mean uptake value
(SUVmean) were calculated using the hottest individual pixel within the tumor.

Hematological Analysis

To assess systemic toxicity of Bif@PDA-PTX-NPs, blood samples were collected from the suitably treated mice via the
retroorbital route, and the red blood cells (RBC), white blood cells (WBC), platelets (PLT), alanine aminotransferase
(ALT), aspartate aminotransferase (AST), creatinine (CREA) and glomerular filtration rate (GFR) were measured.

In vitro Hemolysis Analysis

One milliliter of RBC suspension (2%, v/v) was mixed with 1 mL mPEG-PCL NPs, PDA-NPs or Bif@PDA-NPs.
Double-distilled water and normal saline were respectively used as positive control and negative control. All samples
were incubated at 37°C for 4 h and then centrifuged at 3000 rpm for 5 min. The optical density (OD) of the supernatant
was measured at 540 nm using a UV-Vis spectrophotometer (UV-5800PC, Shanghai Metash Instruments Co. Ltd.,
Shanghai, China). The hemolysis rate was calculated according to the following equation.

Hemolvis Rate (%) — OD value of exp.erimental group — OD value of salirfe group 00%
OD value of postive control group — OD value of saline group

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6.07 (GraphPad Software, Inc, San Diego, CA, USA). f-tests
was used to evaluate the differences among groups. Results were expressed as mean + SD (n=3). P-value<0.05 was
considered statistically significant.

Results
Preparation and Characterization of the Different Nano-Formulations
TEM and SEM images clearly showed that the PTX-NPs and PDA-PTX-NPs were spherical and of uniform size

(Figure 1A and B). Due to the PDA coating, the average particle size of PDA-PTX-NPs was significantly larger than that
of PTX-NPs (297.7 nm vs 33.59 nm). In addition, the presence of PDA also decreased the zeta potential from —0.94 mV
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to —16.90 mV (Figure S1). SEM imaging of the Bif@PDA-PTX-NPs revealed that the PDA-PTX-NPs adhered closely to
the surface of bacterial cells (Figure 1C). Furthermore, the average particle size of the biohybrids was larger than that of
naked Bif (Figure S2). The successful binding between PDA-PTX-NPs and Bif was also confirmed by the color change
in the bacterial suspension (Figure 1Da-c). In addition, examination of the NR-labelled Bif@PDA-NR-NPs by confocal
imaging indicated that PDA-NR-NPs were attached to the surface of Bif (Figure S3). UV-vis spectroscopy of the PDA-
PTX-NPs and Bif@PDA-PTX-NPs further revealed a unique absorption peak of PDA at 240 nm that was absent in the
PTX-NPs and Bif suspensions (Figure 1E). When the bacterial load was 2x10’CFU/mL, the binding rate of PDA-PTX-
NPs on Bif cells was 81.54% and the amount of PTX in the biohybrids was 203.85 pg/mL. Further increase in bacterial
load had no significant effect on PTX concentration or the binding rate of the NPs (Figure 1F and Figure S4). Moreover,
no obvious toxicity was observed in mice after intravenous injection of Bif suspension (2x107, 2x10% 2x10° and
2x10'°CFU/mL) (Figures S5-S7). Therefore, 2x10’CFU/mL Bif was selected for in vivo experiments.

Bif@PDA-PTX-NPs Inhibited Tumor Cells in vitro
As shown in Figure 2A, PTX was released from the PTX-NPs and PDA-PTX-NPs at a significantly slower rate compared
to free PTX over a period of 7 days, which is indicative of the sustained-release effect of nano-formulations. The slow-
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Figure | Characterization of PTX-NPs, PDA-PTX-NPs and Bif@PDA-PTX-NPs. (A) TEM image of PTX-NPs. (B) SEM image of PDA-PTX-NPs. (C) SEM images of
Bif@PDA-PTX-NPs with different scale bars (a: 2 pm, b: 500 nm). (D) The photos indicate the color of Bif suspension, PDA-PTX-NPs and Bif@PDA-PTX-NPs in normal
saline. Bif; ®PDA-PTX-NPs; “Bif @PDA-PTX-NPs. (E) UV-vis absorption curves of Bif, PDA, PDA-PTX-NPs and Bif @PDA-PTX-NPs. (F) the concentrations of PTX binding
on the surface of Bif@PDA-PTX-NPs at different Bif concentrations (n=3, mean * SD).
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release pattern of PTX was similar at pH of 5.5 and 6.8 (Figure 2B and C). While mPEG-PCL did not show significant
cytotoxicity compared to the blank NPs (Figure 2D), the PTX-NPs and PDA-PTX-NPs decreased the viability of A549
cells in a PTX concentration-dependent manner. The cytotoxic effect of free PTX was slightly greater than the NP-
encapsulated drug (Figure 2E). Half-maximal inhibitory concentration (ICso) values of each drug formulation were
calculated as following: Free PTX (27.32+3.85pug/mL), PTX-NPs (40.08+1.78ug/mL), PDA-PTX-NPs (35.27+2.71pg/
mL) and Bif@PDA-PTX-NPs (36.18+2.77ug/mL). As shown in Figure 2F and G, the wound healing rate in the control
and Bif@PDA-NPs groups after 24h were 55.04% and 51.31% respectively, compared to only 9.4% in the Bif@PDA-
PTX-NPs (P<0.01). Furthermore, the uptake of NR-NPs and PDA-NR-NPs by the A549 cells were higher compared to
free NR, indicating that nano-scaled drug formulations can be more easily absorbed by tumor cells (Figure 3A and B).
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Figure 2 In vitro analysis of drug release profile and cytotoxicity. Drug release profile of Free PTX, PTX-NPs and PDA-PTX-NPs in PBS at pH 7.4 (A), pH 6.8(B) and pH 5.5
(C) (n=3, mean * SD). (D) The cytotoxicity of mPEG-PCL nanoparticles on A549 cells (n=6). (E) The cytotoxicity of Free PTX, PTX-NPs, PDA-PTX-NPs and Bif@PDA-
PTX-NPs on A549 cells. (F) Photos of wound healing (Scale bar=400 pm). (G) The healing rate of the groups of Control, Bif@PDA-NPs, Free PTX, PDA-PTX-NPs and
Bif@PDA-PTX-NPs at 12 and 24 h. Data are presented as mean * SD of three replicates (ns: no statistical significance, *P < 0.05).
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The apoptosis rates of the cells treated with Bif@PDA-PTX-NPs and Bif@PDA-PTX-NPs + GSH were respectively
43.85% and 44.56%, and significantly higher than that in the untreated group (P<0.0001, Figure 3C and D).

Bif and Bif@PDA-PTX-NPs Selectively Accumulate in Hypoxic Regions

As shown in Figure 4A, the binding of PDA-PTX-NPs on the bacterial surface did not affect the biological activity of Bif.
There was no significant difference in the number of colonies formed by the naked or NPs-bound bacteria (Figure S8).
A hypoxic environment was simulated in vitro to assess the targeting ability of Bif (Figure 4B). As shown in Figure 4C, the
bacterial counts in the hypoxic environment were significantly higher than that of the normoxic environment after 2 h of
culture. Furthermore, tumor-bearing mice injected intravenously with Bif or Bif@PDA-PTX-NPs showed selective
accumulation of Bif in the tumor tissues for 48 hours compared to the control group (Figure 4D), and only a miniscule
amount of Bif was observed in the liver (Figure 4E). Consistent with this, the FITC-stained Bif (green) co-localized with the
Cy3-stained hypoxic regions (red) of the tumor (Figure 4F—H), thus confirming bacterial accumulation in the tumor tissues.
Taken together, Bif can selectively home to the hypoxic regions of solid tumor and colonize the tissues.

Bif@PDA-PTX-NPs Release the Loaded Drug Under Reductive Conditions

To evaluate the responsiveness of Bif@PDA-PTX-NPs to the reductive tumor microenvironment, we incubated the Nile
Red (NR)-labelled biohybrids in PBS with or without GSH for 1 hour. As shown in Figure 5A, the GSH solutions
underwent significant color change in the presence of Bif@PDA-PTX-NPs compared to the control. Furthermore, the
color of the 10mM GSH solution was darker compared to that of 10uM GSH (Figure 5A). As shown in Figure 5B, UV
absorbance curves also revealed a unique absorption peak at 550 nm corresponding to NR in 10 uM or 10 mM GSH but
not in the control solution. Thus, a reductive tumor microenvironment containing high levels of GSH can disintegrate the
PDA coating and dislodge PTX-NPs from the biohybrid. The dissociation rate of NR-NPs was significantly higher in
response to 10 mM GSH compared to 10 uM GSH (Figure S9). As shown in Figure 5C and D, A549 cells incubated with
the GSH supernatants absorbed the dissociated NPs, and the fluorescence intensity was higher with 10 mM compared to
10 uM GSH.

Bif@PDA-PTX-NPs Inhibited Tumor Growth in vivo

A549 tumor-bearing mice were used to evaluate in vivo anti-tumor effects of Bif@PDA-PTX-NPs, and the schematic
diagram of the treatment regimen is shown in Figure 6A. Mice treated with Bif@PDA-PTX-NPs had the smallest tumors
(Figure 6B and C), indicating the strongest inhibitory effect of the biohybrids on tumor growth compared to the other
formulations. Consistent with this, the change in tumor volume was minimal in the Bif@PDA-PTX-NPs group
(Figure 6D and E), which confirmed that the biohybrid significantly slowed tumor growth. In addition, there was no
significant difference in the body weight among the treatment groups (Figure 6F). As shown in Figure 6G, the median
survival durations of tumor-bearing mice in the NS, Bif@PDA-NPs, PTX and PTX-NPs groups were 50, 53, 57 and 69
days respectively, compared to 77 days in the Bif@PDA-PTX-NPs group. Moreover, micro-PET/CT images showed that
"E_FDG uptake was weakest in the Bif@PDA-PTX-NPs group compared to the other groups (Figure 7A), and the
respective SUV . values in the NS, Bif@PDA-NPs, PTX, PTX-NPs and Bif@PDA-PTX-NPs groups were 3.1+0.2,
3.133+0.153, 2.333+0.058, 0.727+0.031 and 0.643+0.015 respectively (Figure 7B). The SUVjpjean values also exhibited
the same pattern, indicating that Bif@PDA-PTX-NPs significantly inhibited tumor metabolism. Ki-67 and TUNEL
staining of the tumor tissues further showed that Bif@PDA-PTX-NPs decreased the proliferation rates of the tumor cells
and increased apoptosis (Figure 7C and D). Finally, histopathological examination of tumor tissues revealed the
Bif@PDA-PTX-NPs biohybrids decreased nuclear hyperchromasia in the tumor cells (Figure 7E). Taken together, the
Bif@PDA-PTX-NPs biohybrids inhibited tumor growth and prolonged the survival of tumor-bearing mice.

Bif@PDA-PTX-NPs are Non-Hemolytic and Non-Toxic
To assess any possible hemolytic effects of the biohybrids, we incubated Bif@PDA-NPs with erythrocytes, and observed

the hemolysis rates in terms of UV absorbance. As shown in Figure SI0A—S10F, all erythrocytes in deionized water were

ruptured, while those in the other groups (see methods) were almost non-ruptured. UV absorbance also indicated low
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Figure 3 In vitro cellular uptake and flow cytometric analysis. (A) The cellular uptake of Control, Free NR, NR-NPs and PDA-NR-NPs groups (Scale bar=200um). (B) The
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hemolysis rate in the Bif@PDA-NPs group (Figure S10G and S10H), indicating good blood compatibility. Furthermore,
H&E staining of vital organs, serum biochemical indices and blood count analysis of mice injected with the Bif@PDA-

PTX-NPs did not indicate any obvious toxicity in the heart, liver, spleen, lung, kidney and blood system (Figure 8 and
Figure S11). Thus, Bif@PDA-PTX-NPs are safe and can be administered intravenously.

Discussion
The rapid proliferation of tumor cells depletes oxygen and creates hypoxic conditions in solid tumors.*® The tumor cells in these
hypoxic regions are usually resistant to radiotherapy, chemotherapy, immunotherapy etc,** which can significantly affect
therapeutic outcomes and patient prognosis.®> Although numerous drug-loaded nano-formulations have been developed for anti-
tumor therapy, their inability to accumulate in the hypoxic zones of solid tumors limits their applications.*®

Anaerobic bacteria are promising carriers for the targeted delivery of therapeutic agents to hypoxic tumor tissues.>’
Chen et al used Escherichia coli to deliver NPs into tumors, and achieved rapid tumor cell death through magnetothermal
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Figure 6 In vivo anti-tumor effect of Bif@PDA-PTX-NPs. (A) Schematic diagram of the treatment process. (B) The photos of tumor-bearing mice on the |4th day after
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of mice in each group. Data are presented as mean + SD.

ablation and oxidative damage.’ Furthermore, Yi et al successfully inhibited tumor growth in mice by simultaneously
delivering photothermal and immunotherapeutic agents using Salmonella.”' However, these bacteria are pathogenic and
therefore need to be genetically modified or attenuated before use.*®*° On the other hand, the obligate anaerobe B. infantis
(Bif) is not only harmless to humans but can also target the hypoxic regions of solid tumors.**** Intravenously
administered Bif or its hybrid did not result in any significant toxicity in the heart, liver, spleen, lung, kidney and blood
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Figure 8 The H&E staining images of major organs (including heart, liver, spleen, lung and kidney) in each group after treatment. Scale bar=100 um.

of mice.?”*® Bif-mediated delivery of doxorubicin NPs to the hypoxic area of breast tumors improved the therapeutic
outcome.?” Therefore, Bif-based biohybrids are a safe and efficient drug delivery system for cancer treatment.

Bacterial cells and NPs can be conjugated through chemical bonds,* electrostatic adsorption,** antigen-antibody
interactions* and so on. We used polydopamine (PDA) as the linker to connect PTX-NPs to Bif. PDA has the advantages
of photothermal conversion, adhesion, excellent biocompatibility and non-toxicity.***” The formation of a PDA shell
through the self-polymerization of dopamine on the surface of NPs allows the latter to firmly adhere to the bacterial cells
and prevents dislodgment in the bloodstream.”® We confirmed that the PDA-mediated adhesion of PTX-NPs on the
surface of Bif does not affect bacterial reproduction and migration.

Another advantage of the PDA linker is that it ensures targeted delivery of the biohybrid to the tumor tissue on
account of its susceptibility to glutathione (GSH).** GSH is present at very low levels in normal tissues and blood
circulation,* but increases to 10mM or even higher in the hypoxic tumors, which creates a highly reductive environment
that can degrade PDA.*? In our study, we verified that the Bif@PDA-NR-NPs biohybrid did not dissociate in a solution
lacking GSH. In the presence of GSH however, the PDA coating was rapidly destroyed, which separated the NR-NPs
from the Bif cells. These detached NPs were more easily absorbed by tumor cells. Therefore, the Bif@PDA-PTX-NPs
biohybrid is a GSH-responsive drug delivery system that can selectively release the drugs in the reductive tumor
microenvironment.

In this study, paclitaxel was encapsulated into the NPs using mPEG-PCL copolymer through a self-assembly method.
The blank mPEG-PCL NPs were non-toxic even at the high concentration of 1000pg/mL, indicating their biosafety as
a drug carrier for clinical applications. The biohybrid Bif@PDA-NPs also did not cause serious hemolysis, indicating that
it can be administered via the intravenous route. Furthermore, sustained release of PTX-NPs from Bif@PDA-PTX-NPs
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directly into the hypoxic zone of tumor tissues significantly inhibited the proliferation of tumor cells and promoted their
apoptosis, without causing any significant toxicity in the vital organs.

To summarize, the Bif@PDA-PTX-NPs biohybrid can efficiently transport PTX to the hypoxic regions of solid
tumors and improve the efficacy of chemotherapy. The surface modification with PDA not only improved the adherence
of the NPs to the bacterial cells but may also exert a photothermal effect.’*>* Therefore, the Bif@PDA-PTX-NPs
biohybrid is a promising tool for combined chemotherapy and photothermal therapy against solid tumors.

Conclusion

We constructed Bif@PDA-PTX-NPs biohybrids by conjugating PTX-NPs with Bif cells using PDA as the linker. The
biohybrid can actively accumulate in the hypoxic regions of solid tumors by virtue of the anaerobic bacteria.
Furthermore, the high GSH concentration and acidic conditions in the tumor environment led to the detachment of the
PTX-NPs from the bacterial cells, which then released the drugs in-situ in a sustained manner, thereby inhibiting tumor
cell proliferation and enhancing apoptosis. Compared to other PTX formulations, Bif@PDA-PTX-NPs exhibited
a stronger anti-tumor effect by improving the efficacy of PTX, and significantly prolonged the survival of tumor-
bearing mice. The Bif@PDA-PTX-NPs biohybrid is a promising nanoplatform for targeted therapy of solid tumors.
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