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Colorectal cancer is often accompanied by multiple organ metastasis. Anaerobic
Bifidobacterium Infantis (BI) bacterial can selectively grow in hypoxic colorectal tumor
microenvironment (TME), to own the natural advantage of preferentially colorectal tumor
targeting. Herein, a self-guidance biological hybrid drug delivery system (BI-ES-FeAlg/DOX)
based on BI was constructed to inhibit the proliferation and metastasis of colon cancer.
Results demonstrated that BI-ES-FeAlg/DOX could overcome physical barriers to target
and accumulate in colon tumor tissues. Then DOX was released to kill tumor cells
along with the phase transition (solid to liquid) of FeAlg hydrogel, due to Fe3* was
reduced to Fe?*by intracellular GSH. Meanwhile, BI-ES selectively colonized into tumors and
expressed endostatin (ES) protein to down-regulate VEGF and bFGF expression, exerting
anti-angiogenic effect. Moreover, FeAlg catalyzed H,0, in the local tumor to generate
cytotoxic -OH, further enhancing the antitumor effect. The pharmacodynamic result in
AOM/DSS model proved that BI-ES-FeAlg/DOX had the best therapeutic effect, with the final
V/Vy 0f2.19 +0.57, which was significantly lower than the other groups. Meanwhile, on CT-26
tumor-bearing model, it also showed an outstanding anti-tumor effect with inhibition rate
of 82.12% + 3.08%. In addition, lung metastases decreased significantly in tumor metastasis
model after BI-ES-FeAlg/DOX treatment.
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1. Introduction

Cancer is a major disease that seriously threatens people’s
lives and health. Among them, the incidence and mortality
of colorectal cancer ranked third and second, respectively
[1]. Colorectal cancer is often accompanied by multiple organ
metastasis, such as liver and lung metastasis [2-4]. Currently
chemotherapy is still the main clinical treatment method to
inhibit the proliferation and metastasis of colorectal cancer
[5,6]. However, it can lead to serious systemic side effects
because of the poor tumor specificity of chemotherapy drugs
[7,8]. In recent years, various micro or nano scale carriers
have been developed for the delivery of antitumor drugs.
However, most drug delivery systems (DDS) are still unable to
achieve effective treatment of colorectal cancer, because the
hindrance of tumor matrix makes few drugs actually reach the
tumor cells [9]. Therefore, it is of great significance to explore
new DDS to overcome the biological transport barriers and
deliver sufficient drugs to tumor cells.

At present, the microorganisms used for anti-tumor
therapy mainly include viruses and bacteria. The most
common viruses are oncolytic viruses, which are mainly
administered intratumorally. Although intratumoral delivery
of oncolytic viruses can kill the host tumor cells, it has
great limitations in clinical application [10]. A variety of
anaerobic bacterial have demonstrated their special self-
targeting properties for hypoxic tumors [11]. They can
overcome the physiological barriers and selectively grow in
tumors. Therefore, anaerobic bacterial can be used as a
new type of biological carrier for drug delivery and tumor
treatment [12,13]. Among them, Bifidobacterium Infantis (BI) is
one of the most studied and applied strain at present. It
was found that after intravenous injection, BI was mainly
concentrated in the hypoxic core area of tumor. At the same
time, as a common intestinal flora, BI has high biosafety and
can live in harmony with the host [14-16]. In addition, BI
bacteria are easy to cultured and genetically modify [17-20].
Therefore, the application of BI has promising potential to
be a controllable targeted drug delivery platform for multi-
mechanism therapy of tumors.

The "tumor gene missile" prepared by genetic engineering
technology that based on anti-angiogenesis strategy can
search for and kill tumor cells purposefully [21-24]. As an
endogenous angiogenesis inhibitor, endostatin (ES) can block
tumor angiogenesis by competing with vascular endothelial
growth factor (VEGF) and basic fibroblast growth factor
(bFGF), thereby inhibit the proliferation and metastasis of
colorectal tumor [25-28]. At the same time, the destruction of
intratumoral blood vessels aggravates tumor hypoxia, which
is more conducive to the colonization of anaerobes in tumor
tissue and improve its oncolytic effect [20,29]. Therefore, using
anaerobes, such as BI, as gene carriers for ES delivery can
complement and promote each other.

Furthermore, studies have shown that doxorubicin (DOX)
can enhance the anti-angiogenic effect of ES by inhibiting
endothelial cell proliferation and down-regulating VEGF
expression. The combined application of DOX and ES can
synergistically inhibit the proliferation and metastasis
of colorectal cancer [30,31]. However, as an antibiotic

chemotherapeutic drug, it will have toxicity to bacteria.
Therefore, how to maintain BI activity when using BI as a
carrier to deliver DOX, while release DOX at the targeted
tumor. Our group prepared nano-sized iron alginate
(FeAlg) gel for the first time. It was found that in tumor
microenvironment (TME) with low pH and high levels
of glutathione (GSH), Fe3* could be reduced to Fe?*t and
FeAlg carrier changed from gel to sol to release drugs at
a fixed point [32,33]. Taking advantage of this property,
we intended to synthesize FeAlg gel coated BI to deliver
DOX.

Based on the above introduction, an innovative ES and
DOX co-delivery biological drug delivery system driven by
anaerobes BI was designed as Fig. 1 shown. First of all, the
synthesized plasmid carrying ES gene was transfected into BI
through electroporation technology, to obtain the transgenic
engineering strain BI-ES. Then DOX loaded FeAlg gel was
coated onto the surface of BI-ES by electrostatic adsorption
to obtain final delivery system BI-ES-FeAlg/DOX. In vivo, BI-ES-
FeAlg/DOX can actively seek and locate in hypoxic region of
colorectal tumor with its hypoxic biological tendency. Then
DOX was released to kill tumor cells along with the phase
transition (gel—>sol) of FeAlg coating, due to Fe3+ was reduced
to Fe?* by abundant GSH. Moreover, Fe?t catalyzed H,0, in
the local tumor to generate cytotoxic OH, further enhancing
the antitumor effect. Meanwhile, due to the colonization and
growth of BI-ES in hypoxic tumor, ES gene was overexpressed
and cooperated with DOX to block tumor angiogenesis and
then play a role in anti-metastasis.

2. Materials and methods
2.1. Materials

DOX and GSH were bought from Beijing Biotopped Technology
Co. Ltd (Beijing, China). Sodium alginate (Alg, MW = 200kDa)
was purchased from Huaxi Freda Biomedical Co. Ltd
(Shandong, China). FeCl3-6H,0 was supplied by Shanghai
Aladdin Biochemical Technology Co. Ltd (Shanghai, China).
RPMI 1640 and BI medium was purchased from Beijing
Solarbio Science Technology Co., Ltd (Beijing, China). Anti-
VEGF, anti-FGF2 and COL18A1 antibodies were obtained from
Affinity Biosciences. LTD (Cincinnati, USA). Mouse bFGF and
VEGF ELISA kits were purchased from Quanzhou Ruixin
Biotechnology Co., Ltd (Quanzhou, China). The pGEX-4T-
1-endostatin plasmids and primers were synthesized by
Sangon Biotechnology Co., Ltd. (Shanghai, China). PYG liquid
medium and TPY agar medium were bought from Qingdao
Hope Biotechnology Co., Ltd. (Qingdao, China). Bifidobacterium
Infantis (BI) strain was purchased from Guangdong Microbial
Culture Collection Center (Guangdong, China).

2.2. Growth and bacterial concentration determination of
BI

BI was cultured at 37 °C under anaerobic condition for 48 h
after inoculating 100 pl BI into 4 ml the liquid PYG medium.
After collection by centrifugation at 3000rpm for 5min, BI
were resuspended with sterile saline to an optical density
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Fig. 1 - Schematic illustration of the synthesis process and mechanism of BI-ES-FeAlg/DOX.

(ODggp) of 0.15, corresponding to a bacterial concentration of
3 x 108 CFU/ml. Serially diluting the bacterial suspension and
counting CFUs under the microscope to determine bacterial
concentration.

2.3.  Synthesis of BI-ES

Electrocompetent cells of BI were prepared according to
the method reported by Rossi et al. [34]. Then pGEX-4T-1-
endostatin plasmids (ES expression vector) were transfected
directly into BI by electroporation in a Bio-Rad Gene-Pulser
apparatus at 25 pF and 2.5kV with the pulse controller set at
200 Q. Transfected BI was grown on TPY agar plates containing
20 pg/ml ampicillin (Amp). After 72h of incubation at 37 °C
under anaerobic condition, stable BI-ES with Amp resistance
was selected and confirmed by PCR technology.

2.4.  Preparation of BI-ES-FeALg/DOX

First, DOX (5.4 mg) and Alg (1.8 mg) were added in 24.0 ml PBS
and magnetically stirred for 24 h at 25 °C. Thereafter, 1 ml BI-
ES suspension (4.5 x 10% CFU/ml) was added and kept stirring
for 30 min. Finally, 6 ml FeCl3-6H,0 solution (0.8 mg/ml) was
dropped into the mixture (1 ml/min). After further stirring for
3h, BI-ES-FeAlg/DOX can be easily obtained by centrifugation
at 4 °C (3000 rpm, 5 min).

2.5.  Characterization of BI-ES-FeALg/DOX

The morphology of pure Bl and BI-ES-FeAlg/DOX were
characterized by TEM (TF20, JEOL 2100F) and SEM (Apreo
2, FEI). The particle size and zeta potential were analyzed
by Nano laser particle size analyzer (Zetasizer Nano ZS-90,
Malvern). The spectral characteristics were examined by UV-
visible spectrophotometer (UV-2250, Shimadzu).

2.6.  Growth characteristics of BI-ES-FeALg/DOX in vitro

BI, BI-ES, BI-ES-FeAlg and BI-ES-FeAlg/DOX were inoculated
into fresh PYG medium and cultured at 37 °C under anaerobic
condition, respectively. Then the ODggg values of each group
were measured at 0, 8, 12, 16, 20, 24, 32, 36 and 40 h. Take the
culture time and ODggq value as abscissa and ordinate to draw
bacterial growth curve.

BI-ES and BI-ES-FeAlg/DOX were inoculated into the serum
of mice and cultured at 37°C under anaerobic condition,
respectively. Then the ODgy values of each group were
measured at 0, 8, 12, 16, 20, 24, 32, 36 and 40 h. Take the culture
time and ODggyy value as abscissa and ordinate to draw the
bacterial growth curve.

2.7. Determination of drug loading and encapsulation
efficiency

To determine the encapsulation efficiency of BI-ES-
FeAlg/DOX, the supernatant of BI-ES-FeAlg/DOX prepared
as above was collected after centrifugation. Thereafter,
unloaded DOX in supernatant was measured through
a UV-visible spectrophotometer at 481nm. The loaded
DOX can be calculated by (Total amount of DOX added -
unloaded DOX), and then drug encapsulation efficiency can
be calculated using the following Eq. 1. For determination
of drug loading efficiency, we measured the mass of BI-ES-
FeAlg/DOX precipitate and calculated using the following
Eq. 2:

W1 oaded DOX

Encapsulationefficiency (%) =——"——"—
WDox added initially

x 100% (1)

WLoaded DOX

Loadingefficiency (%):WBI —
_ES—FeAlg

x 100% @)
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2.8.  Evaluation of drug release property

In brief, BI-ES-FeAlg/DOX was sealed into dialysis bags
(MW=3500Da) and immersed in 40 ml the following PBS buffer
(® pH 7.4; @ pH 5.5; 3 pH 6.5; @ 5 mM GSH; (5) 20 pM GSH; ®
pH 5.5 and 5mM GSH; () pH 6.5 and 20 pM GSH). Put the above
medium in an incubator shaker and shake immediately at 37
°C with the rotating speed of 100 rpm. At the pre-set time, take
out 1 mL of samples to measure DOX release amount.

2.9. Invasion and drug delivery capacity of
BI-ES-FeALg/DOX in CT-26 cells

Firstly, the capacity of BI bacteria to invade CT-26 cells
was investigated. Briefly, CT-26 cells in 12-well plates were
treated with BI-ES, BI-ES-FeAlg or BI-ES-FeAlg/DOX (BI-ES:
2x10® CFU/ml) for 1, 2 and 4h, respectively. After that,
plates were washed twice with sterile PBS. After digestion
and centrifugation (1000rpm, 5min), cells were collected,
washed twice by centrifugation, mixed with 0.1% Triton X-100,
and strongly agitated. Next, the precipitate was collected by
centrifugation, plated into PYG liquid medium, and cultured at
37 °C under anaerobic condition for 48 h. Finally, OD600 values
of each culture medium were measured using the UV-visible
spectrophotometer, to calculate the bacteria concentration.

Secondly, the drug delivery ability of BI-ES-FeAlg/DOX in
CT-26 cells was studied using flow cytometer. In brief, CT-
26 cells were incubated in 6-well plates for 24h, and then
treated with BI-ES-FeAlg/DOX and FeAlg/DOX (DOX: 2 ug/ml)
for 1,2 and 4 h, respectively. Thereafter, cells were washed and
collected for flow cytometer determination.

2.10.
/DOX

The capacity of macrophages to uptake BI-ES-FeAlg

The uptake capacity of BI-ES-FeAlg /DOX by macrophages
was studied using flow cytometer. In brief, macrophages were
incubated in 6-well plates for 24h, and then treated with
BI-ES-FeAlg/DOX (DOX: 2pg/ml) for 1, 2 and 4h. Thereafter,
macrophages were washed and collected for flow cytometer
determination.

2.11. Cytotoxicity

CT-26 cells were seeded in 96-well plates at a density of
6 x 103 cells per well and incubated for 24 h. Then cells were
treated with DOX, FeAlg, FeAlg/DOX, BI-ES-FeAlg and BI-ES-
FeAlg/DOX, respectively. The concentrations of DOX in above
formulations were 0.5, 1, 2, 5 and 10pg/ml. After further
incubation for 24 or 48h, cell viability was measured by SRB
assay.

2.12. Intracellular *OH determination

Briefly, CT-26 cells in 6-well plates were treated with 0.5, 2
and 4pg/ml of FeAlg for 2h and then incubated with 10 pM
of DCFH-DA probe for 30 min in dark. After that, cells were
washed and fixed with 800yl ice ethanol for 2min. Finally,
the green fluorescence was observed under a fluorescence
microscope.

2.13. Tumor deep penetration in vitro

The three-dimensional multicellular sphere (3DMCS) model
was established using CT-26 cells to evaluate tumor deep
penetration ability of BI-ES-FeAlg. In brief, CT-26 cells
were incubated in the low-adsorption culture plate (8 x 103
cells/well) for one week to obtain a 3DMCS model. Then
The spheres were treated with DOX, FeAlg/DOX and BI-ES-
FeAlg/DOX for 12h (DOX: 2pg/ml). After washing with PBS,
the red fluorescence of DOX was observed and recorded using
LSCM. Moreover, the fluorescence intensity of DOX at different
depths from the top of 3DMCS was measured by ImageJ
software.

2.14. Determination of ES, VEGF and bFGF expression
Western blot analysis was used to determine intracellular
expression of ES, VEGF and bFGF. Briefly, CT-26 cells were
incubated with DOX, BI-ES-FeAlg, BI-ES-FeAlg/DOX (DOX:
2pg/ml) for 24 h. After lysis with RIPA lysate buffer, CT-26 cells
were centrifuged at 4 °C (12 000 rpm, 15min). Subsequently,
the supernatant was collected for measuring the expression
level of ES, VEGF and bFGF via standard western blotting
procedures.

2.15. Wound healing migration assay

Wound healing migration assay was used to detect the
migration ability of CT-26 tumor cells after BI-ES-FeAlg/DOX
treatment. Briefly, CT-26 cells were seeded in 6-well plates and
cultured for 24 h. Thereafter, cell monolayers were carefully
wounded with a 10 pl pipette tip, and further incubated
with drug-containing serum-free medium. The experiment
was divided into DOX, BI-ES-FeAlg and BI-ES-FeAlg/DOX three
groups (DOX: 2 pg/ml). Cell treated with serum-free medium
was used as the control group. Images of wound areas were
recorded at 0, 12 and 24 h using an inverted microscope (Zeiss
LSM 510). Gap distance of the wound was analyzed using
Image] software. Migration rate was calculated by the Eq. 3:

Migrationrate = [(Scratch width atOh —Scratch width atpre
—set time point)/ Scratch width at0h] x 100%

(3)
2.16. Transwell experiment

Transwell experiment was used to evaluate the effect on
tumor cell invasion and metastasis ability. CT-26 cells were
seeded into the upper transwell chamber pre-coated with
matrigel, and incubated with serum-free medium containing
drugs (DOX, BI-ES-FeAlg and BI-ES-FeAlg/DOX). 10% FBS-
containing medium was added to the lower chamber. 24h
later, unmigrated cells were wiped from the upper side of
the membrane. The migration cells in lower surface were
observed and recorded using the microscope after staining by
0.1% crystal violet. Furthermore, dissolve those stained tumor
cells in 35% acetic acid and measure the absorbance at 560 nm,
to calculate the invasion and metastasis ability using the
Eq. 4:
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Invasion ability

= ODsg of treatmentgroup / ODsgq of control group (4)
2.17. Animals

BALB/c mice (6 —8 weeks old, 18—20g) were obtained from
Hunan SJA Laboratory Animal Co., Ltd. (Hunan, China).
All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of
Zhengzhou University (syxk 2018-0004).

2.18. The AOM/DSS induced orthotopic colon cancer model
establishment

To establish the AOM/DSS-induced orthotopic colon cancer
model, BALB/c mice were injected intraperitoneally with AOM
solution (10 mg/kg) firstly. One week later, mice were given
2.5% DSS dissolving in drinking water for 7 d, followed by
substitution of regular water for 14 d. After that, mice were
subjected to more than 2 cycles of 2.5% DSS treatment (7
d/cycle). This orthotopic colon cancer mouse model was
successfully established at the end of the eighth week. During
this period, disease activity index (the sum of body weight,
diarrhea degree and bleeding degree in the rectum) were
determined every 4 d. Body weight was scored 0, 1, 2, 3 and 4
for 0, 1%—5%, 6%—10%, 11%—15% and >15% body weight loss,
respectively. Diarrhea degree was scored 0, 1, 2, 3 and 4 for
well-formed pellets, soft pellets, pasty stools, liquid stools and
diarrhea, respectively. Bleeding degree was scored 0, 1, 2 and
3 for no bleeding, occult bleeding, slight bleeding and gross
bleeding, respectively. In addition, at the 0, 7th, 28th, 49th, 56th
d, the colon of mice was fetched out to measure the length
and check the pathological changes by hematoxylin and eosin
(H&E) staining.

2.19. Biodistribution study

To evaluate targeting, IR783-labeled FeAlg and BI-ES-FeAlg
were intravenously injected into the AOM/DSS model mice
with the same dosage of IR783 (2mg/kg). At 1, 2,4, 6,12, 24 and
36h after administration, the fluorescence distribution and
intensity of IR783 was measured using FX PRO in vivo imaging
system. Furthermore, the mice were euthanized and heart,
liver, spleen, lung, kidney and colon tissues in each group were
dissected at 36 h for ex vivo imaging. Normalized fluorescence
intensity was calculated using Image] software.

2.20. The tendency to hypoxic core area of tumor

DOX, FeAlg/DOX and BI-ES-FeAlg/DOX (DOX: 2mg/kg) were
intravenously administered to AOM/DSS model mice,
respectively. 18h post-injection, the mice were sacrificed
and the colon tumor tissues were taken out. The nucleus and
hypoxic area were stained with DAPI (blue) and FITC-labeled
HIF-1a (green) antibody, respectively.

2.21. Antitumor efficacy

36 AOM/DSS model mice with similar body weights were
randomly divided into 6 groups and treated respectively with

PBS (Control), DOX, FeAlg, FeAlg/DOX, BI-ES-FeAlg and BI-
ES-FeAlg/DOX (DOX: 2mg/kg) via intravenous administration
every 2 d (10 times in total). The disease activity index was
calculated and recorded according to the above method. At
the end of the antitumor effect study, blood samples of mice
were collected to measure the blood routine index (WBC, RBC,
HGB and PLT). The mice were sacrificed and colon tissues
were fetched out. After being cleaned with PBS to remove the
residual feces, the colon was cut along the midline and spread
out, to count the number of tumors and measure the long
diameter A and short diameter B of tumors. Finally, calculate
the tumor load (the sum of all tumor volumes) according to
the following Eq. 5. In order to observe the histopathological
changes, heart, liver, spleen, lung, kidney and colon tissues
of each group were collected to calculate viscera coefficient,
as well as H&E analysis. Furthermore, colon tumor tissues
were collected for PE-CD31 immunofluorescence staining to
evaluate the tumor vascular density.

Tumorload = Sum (A x B?/2) (5)
2.22. In situ *OH produced by FeALg

Because FeAlg can catalyze H,0, to generate «OH in tumor
tissue to enhance the antitumor efficacy of BI-ES-FeAlg/DOX,
we determined in situ *OH level using ROS fluorescent probe-
DHE. AOM/DSS model mice were treated respectively with
PBS (Control) and FeAlg via intravenous administration. 12h
post-injection, the mice were sacrificed and the colon tumor
tissues were taken out. After washing with PBS, tumor
frozen sections (10pm) were prepared and stained with
DHE probe. The fluorescence microscope was used to record
results. Normalized fluorescence intensity was calculated
using Image]J software.

2.23.  CT-26 tumor-bearing model establishment

BALB/c mice were injected with CT-26 cells (2 x 10%) in
the right fore limb subcutaneously. When tumors grew
to ~100mm3, CT-26 tumor-bearing mouse model was
successfully constructed and can be used for in vivo
experiments.

2.24. Biodistribution study and tumor targeting evaluation
IR783-labeled FeAlg and BI-ES-FeAlg were intravenously
injected into the CT-26 tumor-bearing model mice with the
same dosage of IR783 (2mg/kg). At 1,2,4,6,12,24 and 36 h after
administration, the fluorescence distribution and intensity of
IR783 was measured using FX PRO in vivo imaging system.
Furthermore, 36 h post-injection, the major organs and tumor
tissues were dissected for ex vivo imaging. Normalized
fluorescence intensity was calculated using Image] software.

2.25. Pharmacokinetic experiments of bacteria

The pharmacokinetic experiments were performed on 6-8-
weeks-old BALB/c mice. Briefly, BI-ES and BI-ES-FeAlg/DOX
were intravenously injected into BALB/c mice with the same
dosage of BI (1 x 107 CFUs). 10 ul blood were collected through



ASIAN JOURNAL OF PHARMACEUTICAL SCIENCES 17 (2022) 892-907

897

Bl BI-ES Maker

|

[ (IECC

C 2000+

1500+

BI-ES-FeAlg/DOX = BI-ES

mm BI-ES-FeAlg/DOX

TEM

10004

Size (nm)

di. s Short di ters

- Bl ES -FeAlg/IDOX

'

s Short di .

s 159 -e- BI 37 — DOX
g 1103 nm -= BILES BI-ES-FeAlg
@ 40 1.2 -+ BI-ES-FeAlg
g — BI-ES-FeAlg/DOX 3, BI-ES-FeAlg/DOX
& 30 0.9 s
2 =) 2
£ 2 S 46 s
H o 14
£ 10 <
= 0.3
0
1 10 100 1000 10000 oo a
. g T T T T T
Size (d.nm) 0 8 16 24 32 40 200 70 800
F | t(h) J Wavelength (nm)
309 - Encapsulation efficiency x 100 +sg=;g -+ PH=6.5
— . » ; o = PH=5. = 20uyMGSH
9 500000] g: -ES-FeAlg/DOX + Drug-loading efficiency 8 gl ~pH=s3 e A
5 400000} — B g 50 /'\,» og | hH=es 2°“MGSH
© 300000 g A B g0 :
£ 200000 8 23 = [*l;
- o = 40 ~ = [ 3
100000} 3 2e (—F—— 1
o 3 ~ =
0 o E 20 [
- 3
100 0 100 200 ¢ 3 :
Apparent Zeta Potential (mV) T T T T 0 v T T "
1 2 3 4 0 20 60 80

m (DOX) : m (Alg)

Time (h)

Fig. 2 - Synthesis and characterization of BI-ES-FeAlg/DOX. (A) Identification of ES gene transfected into BI-ES by PCR
analysis. (B) The morphological characteristics of BI-ES and BI-ES-FeAlg/DOX observed by TEM and SEM. (C) The long and
short diameters of BI-ES and BI-ES-FeAlg/DOX measured from TEM image. (D) The long and short diameters of BI-ES and
BI-ES-FeAlg/DOX measured from SEM image. (E) Size distribution of BI-ES-FeAlg/DOX determined by DLS. (F) Zeta potential
of BI, BI-ES and BI-ES-FeAlg/DOX. (G) The growth curve of BI, BI-ES, BI-ES-FeAlg and BI-ES-FeAlg/DOX. (H) UV-Vis spectra of
DOX, BI-ES-FeAlg and BI-ES-FeAlg/DOX. (I) Drug loading and encapsulation efficiency of DOX in BI-ES-FeAlg/DOX at different
feding ratios (n =3). (J) DOX release profile from BI-ES-FeAlg/DOX in different conditions (n=3).

the eye socketat 1, 2,4, 24 and 36 h post-injection. Each portion
of the blood sample was diluted with 90 pl PBS. Thereafter,
50 pl the above dilution was spread on solid TPY agar plates.
After incubation at 37 °C for 72 h under anaerobic condition,
the colonies on agar plates were counted and recorded.

2.26. Levels of cytokines in serum

Briefly, BI-ES and BI-ES-FeAlg/DOX were intravenously
injected into BALB/c mice with the same dosage of BI (1 x 107
CFUs). 1ml blood were collected through the eye socket at 1,
4, 8, 12, 24 and 36h post-injection. The serum was isolated
by centrifugation (3000 rpm, 5 min) and then IL-10 and TNF-«
were measured using commercially available ELISA kits.
2.27. Pharmacodynamic experiment

36 tumor-bearing mice with similar body weights were
randomly divided into 6 groups and treated respectively with

PBS (Control), DOX, FeAlg, FeAlg/DOX, BI-ES-FeAlg and BI-
ES-FeAlg/DOX (DOX: 2mg/kg) via intravenous administration
every 2 d (10 times in total). The tumor volume was calculated
according to the formula V=(A xB?)/2, where A and B
represent the long diameter and short diameter of the tumor,
respectively. At the end of the experiment, blood samples of
mice were collected to measure the blood routine index (WBC,
RBC, HGB and PLT). Finally, mice were sacrificed and tumor
tissues were collected as well as weighed, to calculate tumor
inhibition rate according to the following Eq. 6, in which W
represented the average tumor weight. In order to observe
the histopathological changes, heart, liver, spleen, lung,
kidney and tumor tissues of each group were stained with
(H&E).

Tumor inhibition rate (%)

_ Weontrol group *Wexperimental group « 100%

Weontrol group
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2.28. Lung metastasis model

In order to evaluate the antitumor metastasis effect, we
constructed lung metastasis model. Briefly, BALB/c mice were
injected with CT-26 cells (5 x 10°) via the tail vein. At the 5th
d, 36 lung metastasis model mice with similar body weights
were randomly divided into 6 groups and treated respectively
with PBS (Control), DOX, FeAlg, FeAlg/DOX, BI-ES-FeAlg and BI-
ES-FeAlg/DOX (DOX: 2 mg/kg) via intravenous administration
every 2 d (5 times in total). The body weight was measured
before administration. At the end of the experiment, the
lung tissues were isolated to visually observe lung metastatic
pulmonary nodules. H&E staining was also used to observe
the histopathological changes and evaluate the pulmonary
metastasis of CT-26 tumor. Moreover, the lung tissues in
Control, DOX, BI-ES-FeAlg and BI-ES-FeAlg/DOX groups were
homogenized to determine bFGF and VEGF expression using
ELISA analysis method.

2.29. Statistical analysis
Data were analyzed using GraphPad Prism8 software (Diego,

USA). p-Values less than 0.05 were considered statistically
significance (*P < 0.05, **P < 0.01, *** P < 0.001).

3. Results and discussion
3.1. Synthesis and characterization of BI-ES-FeALg/DOX

The pGEX-4T-1-endostatin plasmids transfected into BI-ES
were proved by PCR technology. As Fig. 2A shown, the ~1000 bp
band appeared in BI-ES group while not in BI negative
control group, indicating that ES gene was transfected into BI
successfully.

Next, BI-ES-FeAlg/DOX delivery system was prepared by
a one-step titration method. TEM and SEM images showed
the morphology of BI-ES and BI-ES-FeAlg/DOX. As seen in
Fig. 2B, BI-ES exhibited a typical rod shape and smooth surface,
with the long and short diameters of ~1.2 pym and ~280nm,
respectively (Fig. 2C-2D). After coated with gels, BI-ES-
FeAlg/DOX demonstrated a rough surface and increased long
and short diameters of ~1.3pm and ~350nm, respectively.
The hydrodynamic particle size of BI-ES-FeAlg/DOX increased
from 944nm to 1103nm with PDI of 0.281 (Figs. 2E and
S1), which also proved the successful coating of FeAlg/DOX
hydrogel. Fig. S2 further revealed that BI-ES-FeAlg/DOX
was red-brown, with good water dispersibility. In addition,
Fig. 2F demonstrated that the zeta potential of BI-ES-
FeAlg/DOX was negative (—10.8 mV). We also checked whether
the drug-loaded FeAlg hydrogel coating would compromise
the activity of BI to replicate. The ODgyo value had a linear
positive correlation with the number of BI bacteria (Fig. S3).
Therefore, we evaluated the replication ability of BI before and
after coating by measuring the ODgqg of the bacterial culture
medium. As Figs. 2G and S4 shown, BI-ES-FeAlg and BI-ES-
FeAlg/DOX had the similar growth profile. From 18 to 32 h, the
OD values of BI-ES-FeAlg/DOX were slightly lower than that of
BI-ES. This may be due to the formation of FeAlg gel layer. The
FeAlg hydrogel coating on the surface of BI-ES can hinder the

nutrient contact between Bl bacteria and the external medium
to a certain extent, so that some proteins, inorganic salts,
etc. necessary for bacterial growth cannot be quickly supplied.
Therefore, the growth rate of Bl bacteria with hydrogel coating
will be affected to a certain extent in the early stage.

DOX had a typical UV-vis absorption peak at 481 nm (Fig.
S5). After DOX-loaded FeAlg hydrogel coating, there was an
apparent peak appeared at around 481nm, as shown in
Fig. 2H. Based on the standard curve of DOX at 481nm (Fig.
S6), the drug loading and encapsulation efficiency of DOX
were determined to select the optimal feeding weight ratio.
As shown in Fig. 2I, the feeding ratio of 3:1 (DOX: Alg) was the
optimal prescription condition, with the highest drug loading
and encapsulation efficiency of 22.19% and 8.99%, respectively.

3.2 In vitro TME-responsive drug release profile

The TME-responsive drug release experiment of BI-ES-
FeAlg/DOX was carried out in vitro to investigate the fixed-
point release profile of DOX. Because TME is a weakly acidic
and highly reductive environment, the drug release behavior
of BI-ES-FeAlg/DOX was studied in PBS buffer with different
pH values and GSH concentrations. As Fig. 2] shown, there
was only 6.83% of DOX released from BI-ES-FeAlg/DOX in
pH 7.4 medium, confirming the protective effect of FeAlg
hydrogel. In comparison, in pH 5.5 and GSH (5 mM) medium,
the cumulative release percentages of DOX increased by ~28%
and ~50%, respectively, revealing the pH and GSH sensitivity.
Moreover, in the simulated tumor cells environment (pH
5.5+ 5mM GSH), drug release amount from BI-ES-FeAlg/DOX
reached as high as 67.72%, which was much higher than the
other groups. On the one hand, this may because H* ions
can compete with Fe3* ions for carboxyl group binding site
of sodium alginate, resulting in depolymerization of the FeAlg
hydrogel and acid-responsive drug release. On the other hand,
this was due to the coordination characteristics of Alg and
different iron ions. Fe3* could be reduced to Fe?* owing to the
weakly acidic and highly reductive microenvironment. The
affinity between Fe?t and Alg decreased, leading to FeAlg gels
decomposition along with DOX release.

3.3.  Invasion capacity and drug delivery ability of
BI-ES-FeALg/DOX in CT-26 cells

Firstly, we investigated whether the coating of FeAlg and
FeAlg/DOX hydrogel would compromise the ability of BI-ES to
invade tumor cells. As shown in Fig. 3A, with the extension
of incubation time, BI-ES invading tumor cells gradually
increased. The ability of bacterial invasion was similar after
incubating CT-26 cells for 1h with BI-ES, BI-ES-FeAlg or BI-
ES-FeAlg/DOX. With the extension of incubation time, the
amount of BI that invaded CT-26 cells increased significantly.
This result proved that BI-ES bacteria can easily invade
tumor cells, and FeAlg/DOX hydrogel coating did not affect
its invasion capacity. Secondly, we quantitatively evaluated
the ability of BI-ES bacteria to carry DOX into CT-26 cells
by flow cytometry. As seen in Fig. 3B, at 1, 2 and 4h, the
accumulation of DOX in CT-26 cells was 25.8%, 66.0% and
86.1%, respectively. And at each time points, the intake of
DOX by CT-26 cells incubation with BI-ES-FeAlg/DOX was
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cells after incubation with 0.5, 2 and 4 pg/mL of FeAlg. (F) The fluorescence image result of CT-26 3DMCS at different depths.

(G) The semiquantitative fluorescence analysis result of (F) (n

=3).

significantly more than that of FeAlg/DOX group. These results
indicated BI-ES could invade and deliver drugs into tumor cells
quickly and effectively, to exert superior antitumor efficacy.

3.4.
/DOX

The capacity of macrophages to uptake BI-ES-FeAlg

As shown in Fig. S7, the accumulation amount of BI-ES-
FeAlg/DOX in macrophages was 7.23%, 12.4% and 45.8% at
1, 2 and 4h, respectively. And the uptake capacity of BI-
ES-FeAlg/DOX by macrophages was significantly lower than
that by tumor cells, suggested that after accumulation in
tumor tissue, BI-ES-FeAlg/DOX would be more inclined to be
taken up by CT-26 tumor cells, thereby exerting antitumor
effect.
3.5. Cytotoxicity

Given the promising invasion capacity and drug delivery
ability of BI-ES-FeAlg/DOX, the cytotoxicity of BI-ES-

FeAlg/DOX to CT-26 tumor cells was determined in vitro.
As shown in Fig. 3C-3D, cell inhibition rates in all groups
demonstrated a concentration and time dependent manner.
At 24h, the cell inhibition rates of FeAlg, BI-ES-FeAlg, DOX,
FeAlg/DOX and BI-ES-FeAlg/DOX (10ug/mL) were 15.47%,
19.25%, 31.17%, 36.33% and 51.85%, respectively. The IC50
values of DOX and BI-ES-FeAlg/DOX were calculated as 15.4
and 8.63pg/ml at 24h, respectively. At 48h, cell inhibition
rate of BI-ES-FeAlg/DOX (10 pg/ml) was 89.15%, and the IC50
values of DOX and BI-ES-FeAlg/DOX were calculated as 5.55
and 1.95pg/ml, respectively. Compared with free DOX, the
significantly lower IC50 value of BI-ES-FeAlg/DOX indicated
that BI-ES-FeAlg/DOX had an obviously improved anti-tumor
effect in vitro, owing to the combination tumor killing effect of
DOX-based chemotherapy and FeAlg-based ROS therapy. After
entering tumor cells, the cross-linking agent Fe3*of FeAlg
was reduced to Fe?*. On one hand, FeAlg hydrogel coating
depolymerized and released DOX to play a chemotherapeutic
effect. On the other hand, Fe?* catalyzed H,0, to produce «OH
and further killed tumor cells (Fig. 3E).
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3.6.  In vitro tumor deep penetration based on the hypoxic
biological tendency of Bi

Next, we explored whether anaerobic BI can overcome the
tumor physiological barrier, deliver drugs to the hypoxic
tumor central area, and realize the uniform distribution of
drugs throughout the tumor tissue. The CT-26 3DMCS model
was constructed to simulate tumor tissue in vivo. The CT-
26 3DMCS was incubated with DOX, FeAlg/DOX and BI-ES-
FeAlg/DOX for 12h, respectively. As shown in Fig. 3F, the
fluorescence of DOX mainly distributed in the edge regions
of 3DMCS. However, in FeAlg/DOX group, DOX fluorescence
was observed in the center of 3DMCS at a depth of 40 um,
owing to the particle size conversion characteristics of
FeAlg nanogel [32,33]. Particularly, in BI-ES-FeAlg/DOX group,
obvious fluorescence can be seen in the deep region of
3DMCS at a depth of 80 pm. Moreover, Fig. 3G demonstrated
that the fluorescence intensity of DOX in BI-ES-FeAlg/DOX
group at different depths was all higher than that of the
other two groups, indicating that BI-ES could significantly
improve the intratumoral distribution behavior of DOX. This
may be attributed to two factors: (1) The natural hypoxic
biological tendency enables BI-ES to actively migrate to the
hypoxic tumor center [12,35]; (2) The TME-responsive particle
size conversion feature of DOX-loaded FeAlg coating was
conducive to drug delivery to the deep tumor [32,33].

3.7.  Anti-invasion and migration ability of
BI-ES-FeALg/DOX on CT-26 cells

Given that the combined application of DOX and ES can
synergistically inhibit the metastasis of colorectal cancer,
we evaluated in vitro invasion and migration ability of CT-
26 cells treated with serum-free medium, DOX, BI-ES-FeAlg
and BI-ES-FeAlg/DOX respectively. To confirm the expression
of ES gene transferred into CT-26 cells by BI, the expression
level of ES was determined by Western blot method. As
Fig. 4A-4B shown, no ES protein was detected in blank CT-26
tumor cells, while ES was augmented in BI-ES-based groups,
confirming that ES gene can be successfully expressed in
tumor cells. Moreover, the bFGF protein level was observed to
be downregulated in BI-ES-based groups, suggesting that ES
gene can competitively inhibit bFGF expression. In addition,
the VEGF level was downregulated in all treatment groups,
especially in BI-ES-FeAlg/DOX group, indicating that ES gene
and DOX can synergistically inhibit VEGF expression.

As we know, down-regulation of bFGF and VEGF proteins
is beneficial to block tumor angiogenesis and inhibit tumor
metastasis. Therefore, we further studied the anti-invasion
and migration ability of BI-ES-FeAlg/DOX on CT-26 cells in
vitro. As Fig. 4C-4D shown, at 24h, the migration rates of
CT-26 cells in control, DOX, BI-ES-FeAlg and BI-ES-FeAlg/DOX
groups were 60.1% + 4.29%, 44.4% =+ 5.24%, 26.9% + 3.71%
and 18.3% =+ 2.72%, respectively. In addition, Fig. 4E-4F showed
that CT-26 cells incubated with serum-free medium (Control
group) demonstrated the highest invasion and metastasis
ability. However, after treatment with BI-ES-FeAlg/DOX for
24h, the invasion and metastasis ability of CT-26 cells sharply
decreased to 0.46+0.03. The above results indicated that
BI-ES-FeAlg/DOX delivery system can express ES protein in

CT-26 tumor cells, to block angiogenesis and inhibit tumor
metastasis by down-regulating bFGF, as well as cooperating
with DOX to down-regulate VEGF expression.

3.8.  Invivo study on AOM/DSS-induced orthotopic colon
tumor model

Firstly, we examined the anti-tumor potential of BI-ES-
FeAlg/DOX on AOM/DSS-induced orthotopic colon tumor
mouse model [36,37]. The disease activity index (DAI) and
colon morphology changes during AOM/DSS-induced process
(shown in Fig. 5A) were shown in Fig. 5B and S8. The
model mice exhibited obviously increased DAI, as well as
thickened and shortened colon. Moreover, H&E staining result
of colon tissue during the AOM/DSS-induced process was
shown in Fig. 5C. On Day O, the colonic epithelial cells
were regularly arranged and the glands were uniformly
distributed, without inflammatory cell infiltration. Along
with time, extensive infiltration of inflammatory cells and
extremely disordered epithelial cells emerged. On Day 56,
the proliferative colon tumor cells were spread out diffusely,
indicating the successful establishment of the orthotopic
colon tumor mouse model.

Then the colon tumor targeting property based on the
hypoxic biological tendency of BI was investigated using in
vivo imaging technology. The result can be seen in Fig. 5D.
The colon tumor tissue exhibited relatively weak fluorescence
signal in free IR783 group. While in FeAlg/IR783 group, there
was stronger fluorescence signal observed in colon sites at
12 h. Particularly, BI-ES-FeAlg/IR783 treated mice exhibited the
highest fluorescence signal in colon tumors and remained
strong even at 36h post-injection, indicating that BI-ES-
FeAlg/IR783 could accumulate rapidly and massively at tumor
tissues. At 36 h, the mice were sacrificed for ex vivo imaging. As
Fig. SE-5F demonstrated, BI-ES-FeAlg/IR783 mainly distributed
in colon tissues and the fluorescence intensity was much
higher than the other two groups, further demonstrating its
excellent tumor targeting accumulation capacity. In addition,
we explored whether anaerobic BI can overcome the tumor
physiological barrier and deliver drugs to the hypoxic tumor
central area in vivo. The tumor cell nuclei and hypoxic
regions were stained with DAPI (blue) and FITC-labeled HIF-
la (green), respectively. As shown in Fig. 5G and S9, BI-ES-
FeAlg/IR783 could deliver most DOX to the hypoxic colon
tumor sites, with 6-fold higher delivery efficiency than that
of free DOX group. What was particularly noticeable was the
remarkable colonization characteristics of BI-ES-FeAlg/DOX in
tumor hypoxic areas. As Fig. 5G-5H demonstrated, DOX in BI-
ES-FeAlg/DOX group appeared only in oxygen-deficient tumor
regions with colocalization coefficient of 0.94+0.03, further
proving the superiority of BI bacteria as carriers to deliver
drugs to hypoxic solid tumors.

Next, we explored the anti-tumor effect of BI-ES-
FeAlg/DOX on AOM/DSS-induced mouse model. As Fig. 6A-6B
demonstrated, compared with control group, the length of
colon in treatment groups increased, and BI-ES-FeAlg/DOX
group was the most significant with 26.9% increasement in
colon length. Moreover, the longitudinal-section images of
colon tissues (Fig. 6C) showed that the tumor-bearing colon
tended to be normal with smoother surface after treatment
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with BI-ES-FeAlg/DOX. Compared with the control group,
BI-ES-FeAlg/DOX exhibited the best antitumor effect with
79.4% and 77.0% reduction in tumor numbers (Fig. 6D) and
tumor load (Fig. 6E), respectively. The final tumor load in
BI-ES-FeAlg/DOX group decreased from 458 to 105 mm?.
Furthermore, we tested the DAI of AOM/DSS-induced mouse
model for all treatment groups to investigate the anti-tumor
effect of different pharmaceutic preparations, because DAI
was positively correlated with the severity of colon tumor. As
seen in Fig. 6F, the DAI for Control, DOX, FeAlg, FeAlg/DOX,
BI-ES-FeAlg and BI-ES-FeAlg/DOX groups was 7.17+0.76,
4.33+1.37, 5.00+1.22, 3.17 +0.98, 3.40+0.89 and 2.67 +0.82,
respectively on Day 21. The lowest DAI value also proved that
BI-ES-FeAlg/DOX had the most significant anti-tumor effect,
and can effectively alleviate the pathological symptoms
induced by orthotopic colon tumor. This dramatic anti-tumor
effect of BI-ES-FeAlg/DOX was probably owing to the high-
efficiency delivery of DOX, in-situ *OH generation property of
FeAlg gel and anti-angiogenic effect of ES gene (Figs. 6G-6H
and S10).

The in vivo biosafety of BI-ES-FeAlg/DOX was identified
by blood routine index, viscera coefficient and H&E staining
results. RBC and HGB are important indicators for clinical
detection of anemia. As Fig. 61 showed, compared to
control group, RBC and HGB in BI-ES-FeAlg/DOX group were
significantly elevated, indicating that BI-ES-FeAlg/DOX can
ameliorate the anemia status of mice caused by stool blood.
Moreover, there was no significant difference in viscera
coefficient among all treatment groups (Fig. 6]). H&E staining
result (Fig. 6K) further revealed that there were no obvious
pathological changes in the major organs after treatment.
These results proved that BI-ES-FeAlg/DOX had good biosafety
for application.

3.0. In vivo study on CT-26 tumor-bearing mouse model

To further verify the hypoxia targeting tropism and excellent
anti-tumor performance of BI-ES-FeAlg/DOX for colon tumor,
we established another CT-26 subcutaneous transplantation
tumor-bearing mouse model, on which we can more directly
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and easily observe the targeting effect and changes in
tumor volume during treatment. As shown in Fig. 7A, CT-
26 colon tumor cells were injected subcutaneously into the
right forelimb of mice, and one week later, this model was
used for subsequent in vivo studies. Real-time biodistribution
result (Fig. 7B) demonstrated that free IR783 and FeAlg/IR783
groups exhibited weak fluorescence signals in tumor tissues,
while BI-ES-FeAlg/IR783 group showed strong and long-
term fluorescence signal in tumors. In addition, Fig. 7C-7D
demonstrated free IR783 mainly distributed in liver tissue,
while BI-ES-FeAlg/IR783 primarily existed in tumor tissue. It
was particularly noteworthy that the fluorescence of BI-ES-
FeAlg/IR783 was mainly concentrated in the hypoxic central
area of the tumor tissue. This may be attributed to the hypoxic
biological tendency of BI.

Moreover, in order to investigate the effect of FeAlg
gel coating on the circulation time of BI-ES in vivo,
pharmacokinetic experiment was carried out. As Fig. S11
shown, the colonies of blood sample taken from BI-ES-
FeAlg/DOX treated mice at 24h and 36h were around 5 and
10 times greater than that of uncoated BI-ES, respectively.
This indicated that FeAlg gel coating on the surface of BI-ES
had a certain protective effect and reduced the clearance
of BI bacteria in the body, thus providing more effective
retention in blood circulation. In addition, to further explore
the reason for this phenomenon, the cytokines (IL-10 and
TNF-«) associated with Bl immunogenicity was measured.
As Fig. S12 shown, the levels of IL-10 and TNF-« in BI-ES-
FeAlg/DOX group were both significantly lower than that of
BI-ES group, suggesting that FeAlg gel coating on the surface of
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Fig. 7 - Biodistribution, anti-tumor effect and safety evaluation on CT-26 tumor-bearing model. (A) Schematic illustration of
mouse model establishment and BI-ES-FeAlg/DOX therapy. (B) In vivo NIR imaging result to investigate the biodistribution
behavior and tumor targeting ability of drug delivery system. The colon tumor sites were indicated by yellow circle.(C) The
ex vivo NIR imaging result. (D) The semiquantitative fluorescence analysis result of (C) (n = 6). (E) Trend chart of relative
tumor volume with treatment time (n = 6). (F) The tumor inhibition rate of different treatment groups (n = 6). (G) H&E staining
results of tumor tissue and major organs. (H) Body weight change of CT-26 tumor-bearing mice during treatment period
(n=6). (I) The blood routine index of mice in each group after treatment (n =6).
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BI-ES can reduce the immunogenicity of BI bacteria, thereby
reducing phagocytosis of bacteria by the RES system and
prolonging the circulation time in the body. This is because
Alg has good biocompatibility and low immunogenicity. FeAlg
coating can mask the surface antigens of BI-ES, to reduce the
immunogenicity of BI bacteria.

Fig 7B-7D showed that BI-ES-FeAlg/IR783 group exhibited
a stronger fluorescence signal in the tumor region even
a relatively long period (36h) after administration. Based
on the above results, it can be inferred that this excellent
tumor retention capacity could not be attributed to its tumor
targeting ability but also to its long in vivo circulation time.
This also provided a guarantee for better exertion of anti-
tumor effect in vivo.

Then the antitumor effect was evaluated as shown in
Fig.7A. The trend of relative tumor volume in each group
over time was shown in Fig. 7E. Compared with the highest
V/Vy of 8.10+1.34 in PBS control group, BI-ES-FeAlg/DOX
contributed to a prominent antitumor effect with the lowest
V/Vy 0f 2.19 + 0.41. Furthermore, the tumor inhibition rate was
calculated based on the final tumor weight. As exhibited in

Fig. 7F and S13, BI-ES-FeAlg/DOX group showed the smallest
tumor size, as well as the highest tumor inhibition rate of
82.12% =+ 3.08%. In addition, H&E staining result of tumor
tissues (Fig. 7G) revealed that a large amount of tumor
cells exhibited necrosis after treatment with BI-ES-FeAlg/DOX,
further suggesting the greatest therapeutic efficacy of BI-ES-
FeAlg/DOX.

Finally, the systemic toxicity of BI-ES-FeAlg/DOX was
evaluated. Fig. 7H showed that in DOX and FeAlg/DOX groups,
the weight of mice decreased obviously over time, while in BI-
ES-FeAlg/DOX group, there was no significant decline in body
weight. Moreover, the levels of blood routine index, such as
WBC, RBC, HGB and PLT, were all in the normal ranges (Fig. 71),
indicating no obvious hematologic toxicity. H&E result (Fig. 7G)
further proved that there were no pathological changes in the
major organs after BI-ES-FeAlg/DOX treatment.

3.10. Anti-metastatic effect study in vivo
CT-26 tumor has a high degree of malignancy and is prone to
lung-metastases and liver-metastases. Herein, we constructed
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a CT-26 lung metastasis model to evaluate the anti-metastatic
effect of BI-ES-FeAlg/DOX in vivo (Fig. 8A). Elisa analysis was
performed to determine the bFGF and VEGF downregulation
effects of BI-ES-FeAlg/DOX (Figs. S14 and S15). As shown in
Fig. 8B, compared to PBS control group, BI-ES-FeAlg and BI-
ES-FeAlg/DOX both showed downregulation effect on bFGF
and VEGF proteins, suggesting that ES gene can competitively
inhibit bFGF and VEGF expression. What’s noteworthy was
that in BI-ES-FeAlg/DOX group, the synergistic effect of ES
and DOX could exhibit downregulation of VEGF protein
significantly, which was in accordance with western blot
results in vitro.

As we know, downregulation of bFGF and VEGF proteins
is beneficial to block tumor angiogenesis and inhibit tumor
metastasis. Therefore, we further studied the anti-metastatic
effect of BI-ES-FeAlg/DOX on CT-26 lung metastasis mouse
model. As shown in Fig. 8C-8D, the pulmonary tumor nodules
in BI-ES-FeAlg group (14.17+1.17) were significantly less
than those of PBS control group (24.67 +2.16). There were
only 8.50 & 1.05 pulmonary tumor nodules in BI-ES-FeAlg/DOX
group. Moreover, in PBS control group, the lungs were enlarged
with rough surface due to the severe tumor infiltration. While
in BI-ES-FeAlg/DOX group, the lung size tended to be normal
with relatively smooth surface because of the excellent anti-
tumor metastasis effect. In addition, Fig. 8E showed that
metastatic tumor cells in lung tissue of PBS control group
were closely arranged, and the alveolar structure basically
disappeared. However, after BI-ES-FeAlg/DOX treatment, there
were only relatively few tumor cells appearing in lung tissue
with clear and complete alveolar structure. All above results
indicated that BI-ES-FeAlg/DOX could effectively inhibit the
lung metastasis of CT-26 tumor cells in vivo. What’s more,
compared with the control group, the body weight of the
mice after BI-ES-FeAlg/DOX treatment did not decrease
significantly (Fig. 8F), suggesting the low systemic toxicity of
BI-ES-FeAlg/DOX [38].

4, Conclusion

In this study, a self-guidance biological hybrid drug delivery
system (BI-ES-FeAlg/DOX) driven by anaerobes BI was
successfully constructed to inhibit the proliferation and
metastasis of colon tumor. In vitro and in vivo results
proved that attributed to the hypoxic biological tendency
of BI, BI-ES-FeAlg/DOX can efficiently deliver ES gene and
chemotherapeutic drug DOX into the hypoxic tumor targets.
After arrived at colon tumor tissue, DOX can be selectively
released under the condition of low pH and high GSH
in TME. In addition, FeAlg catalyzed H,0, in the local
tumor to generate cytotoxic -OH, further enhancing the
antitumor effect. Meanwhile, BI-ES colonized tumor locally
and expressed ES gene, to block angiogenesis and inhibit
colon tumor metastasis by down-regulating bFGF, as well as
cooperating with DOX to down-regulate VEGF expression.
These results indicated that the Bl-based biological hybrid
drug delivery system offered a potential and innovative drug
delivery strategy to overcome the biological transport barriers
and realize combined delivery of gene and chemotherapeutic
drugs in a TME-sensitive manner.
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