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A B S T R A C T

Hypoxia is a prominent feature of malignant tumors and contributes to tumor proliferation, metastasis, and drug
resistance in various solid tumors. Therefore, improving tumor oxygenation is crucial for curing tumors. To date,
multiple strategies, including oxygen delivering and producing materials, have been designed to increase the
oxygen concentration in hypoxic tumors. However, the unsustainable supply of oxygen is still the main obstacle,
resulting in a suboptimal outcome in treating oxygen-deprived tumors. Thus, a sufficient oxygen supply is highly
desirable in the treatment of hypoxic tumors. Photosynthesis, as the main source of oxygen in nature through the
conversion of light energy into chemical energy and oxygen, has been widely studied in scientific research.
Moreover, photosynthetic microorganisms have been increasingly applied in cancer therapy by increasing
oxygenation, which improves the therapeutic effect of oxygen-consuming tumor therapeutic tools such as
radiotherapy and photodynamic therapy. In this review, we summarize recent advances in the design and
manufacture of live bacteria as oxygen shuttles for a new generation of hypoxic tumor treatment strategies.
Finally, current challenges and future directions are also discussed for successfully addressing hypoxic tumor
issues.
1. Introduction

Solid tumor interior is far from the blood vessels and is in a state of
hypoxia, which is caused by the rapid growth of the tumor [1,2]. Hypoxia
not only confers tumor tolerance to conventional therapies, such as
radiotherapy (RT) [3,4], chemotherapy [5] and photodynamic therapy
(PDT) [6–8], but also facilitates tumors more invasive and metastasis. To
overcome tumor hypoxia, various strategies have been developed in
recent years. For example, hyperbaric oxygen (HBO) and oxygen
(O2)-binding haemoglobin (Hb) has been developed to deliver O2 into
the anoxic area for improved tumor oxygenation. In addition, the com-
bination of HBO with RT has also been used for improved RT in clinic
[9–11]. However, HBO treatment has serious side effects such as air
pressure trauma, lung injury and oxygen poisoning, leading to that HBO
has not been widely used in RT [12]. Therefore, novel O2 delivering
strategies for the treatment of hypoxic tumors are highly desirable.

With the emergence of nanotechnology, functionalized nanomaterials
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are gradually being used as adjunctive agents for oxygen-dependent
therapies [13,14]. Researchers have designed a variety of nanoscale
oxygen shuttles with unique physicochemical properties for increasing
intertumoral oxygenation [15–17]. Recent studies have shown that ox-
ygen shuttles with a high affinity for oxygen such as Hb, perfluorocarbon
(PFC) and metal-organic framework (MOF) [18,19] could deliver O2
directly to the tumor, and significantly improve the efficacy of oxygen
dependent PDT and RT. For example, Cai et al. combined human serum
albumin (HSA) with Hb through intermolecular disulfide bonds to obtain
a hybrid protein as an oxygen nanocarrier. Photosensitizer chlorin e6
(Ce6) was then encapsulated for enhanced PDT [20]. The nanodrug
(C@HPOC) significantly enhanced the effect of PDT while relieving
tumor oxygen. In addition, our group has used zirconium (Zr (IV))-based
MOF (UIO-66) as an oxygen storage carrier and constructed
self-sufficient oxygenated nanoparticles to successfully deliver oxygen
and photosensitizer into hypoxic tumor [21]. Under 808 nm laser irra-
diation, the photothermal agent indocyanine green (ICG) promoted the
ty, Dongguan, 523059, China.
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Fig. 1. Microorganism-based oxygen shuttles for enhanced hypoxic
tumor therapy.
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release of O2 from UIO-66. The released O2 significantly improved the
treatment efficiency of PDT against hypoxic tumors. In addition to the
improved PDT, increasing the oxygen content in tumors could also in-
crease the sensitivity of RT to hypoxic tumors. For example, Wang et al.
built a graded nanodroplet systemusing perfluorooctyl bromide (PFOB)
as an oxygen reservoir [22]. Gold nanoparticles wrapped in nanodroplets
could concentrate the radiation energy and cause significant DNA dam-
age. Under ultrasound, the burst oxygen release was triggered to reserve
the oxygen loss, thus strengthening the RT-induced DNA damage while
simultaneously inhibiting DNA repair. In addition to O2 delivering, O2
production in situ by undergoing chemical reactions is also a promising
strategy for improved chemotherapy and PDT [23,24]. Hydrogen
peroxide (H2O2) has been indicated to over-produce in tumor tissue due
to abnormal metabolic processes [25–29]. Some highly active com-
pounds such as manganese dioxide (MnO2) and cerium oxide (CeO2) can
react with H2O2 in the tumor microenvironment to produce O2 for
hypoxic tumor therapy [30–32]. Liu et al. synthesized a MnO2 nano-
particle based on polyacryllamine hydrochloride (PAH), which was
further coupled to the photosensitizer Ce6 to obtain a nanocatalytic drug
[7]. This nanocatalytic drug used MnO2 nanoparticles to catalyze the
endogenous H2O2 to generate oxygen, thus effectively alleviatingthe
tumor oxygen loss and further enhancing the effect of the PDT treatment
of Ce6. Photocatalytic nanosystems based on BiO2-x nanosheets (BiO2-x
NSs) were also prepared by Gu et al. [33]. Bismuth (Bi), as a high Z
element, could effectively improve RT by depositing higher radiation
doses in tumor sensibility. Moreover, the BiO2-x NSs could catalyse the
breakdown of the highly expressed H2O2 at the tumor site into O2 to
alleviate the tumor oxygen loss, thus enhanced the effect of RT. However,
due to the low endogenous H2O2 concentration, the oxygen production
efficiency is pretty low [34–36]. To overcome this limitation, previously,
we have reported a calcium peroxide (CaO2)-based and pH-responsive
nanocatalytic for enhanced chemotherapy. In our system, cobalt
(Co)-based MOF (ZIF-67) was used to coat doxorubicin (DOX)-loaded
CaO2 (CaO2@DOX@ZIF-67) [37]. In tumor acidic environments, CaO2,
DOX, and Co2þ would be released rapidly as the outermost ZIF-67 de-
composes. Unprotected CaO2 were then reacted with H2O to produce O2
and H2O2, and the increased O2 levels alleviated the intertumoral oxygen
deficiency, thus further improving the therapeutic effect of DOX.
Although promising, the above oxygen enhancement strategies usually
induced a burst release of oxygen within a very short time, and thus the
oxygen enhancing capacity was limited. This restricted the improvement
of tumor oxygen deficiency through endogenous oxygen production
strategies. Another big challenge is that the accumulation of nanodrugs
in the hypoxic tumor area is affected by physical barriers such as the
dense extracellular matrix, high intratissue fluid pressure and an irreg-
ular blood supply [38–40]. The efficient penetration into hypoxic tumor
tissue through passive targeting is very limited, which leads to the failure
of the desired therapeutic effect [41,42]. Thus, developing
hypoxia-targeting oxygen shuttles with efficient tumor penetration and
controllable oxygen release ability is highly desirable.

Among the existing targeted therapies, bacterial therapy has been
used for more than a century [43,44]. Furthermore, hybrid biological
microswimmers have recently been shown to play an active role in tar-
geted delivery and in vitro biomedical applications [45,46]. We have also
constructed hypoxia-targeting systems based on facultative anaerobic
bacteria and photosynthetic bacteria (PSB) for the treatment of hypoxic
tumors [47]. This work was the first report to discover and confirm that
PSB has a photothermal transformation capability. Therefore, PSB could
be used as both a photothermal agent and hypoxia-targeting carrier to
achieve efficient treatment against hypoxic tumors without any
post-modification or drug introduction. Moreover, our results showed
that PSB with hypoxia and near-infrared chemotaxic capabilities could
target tumor core regions. In addition to playing a role as a carrier in
cancer therapy, bacteria were also widely used for immunotherapy since
William Coley injected heat-killed bacteria (“Coley's Toxins”) into tumor
patients to activate the immune system to fight cancer in the late
2

nineteenth century [48,49]. Bacterial-derived molecules such as pepti-
doglycan, lipopolysaccharide (LPS) and lipoophosphoic acid could pro-
vide powerful immunostimulatory signals. They mainly bind to the
pattern recognition receptors (PRR) expressed by innate immune cells
such as dendritic cells (DCs) and macrophages to activate immune cells
for tumor cell elimination [50,51]. For example, Wei et al. attached
resiquimod (R848), a toll-like receptor 7/8 (TLR7/8) agonist, on
ethylene glycol chitosan-modified Escherichia coli (E. coli) (EcPR848) to
enhance the antitumor effect of cancer therapy [52]. EcPR848 could
target hypoxic tumors and release R848 after phagocytosis by M2 mac-
rophages. Both R848 and E. coli could polarize M2 macrophages into M1
type for enhanced immunotherapy. In addition, bacteria were also used
as tumor vaccine adjuvants. Jing et al. coupled the neoantigen peptide
with yeast polysaccharide shell particles by click chemistry to synthesize
a novel tumor vaccine delivery system [53]. Bacteria-based tumor vac-
cines could stimulate the body to produce a potent antigen-specific CD8þ

T cell immune response. There are at least two advantages of live
bacteria-based oxygen shuttles for enhanced hypoxic tumors therapy: 1)
photosynthetic microorganisms can produce oxygen via photosynthesis
under light and hypoxic conditions, providing a green and efficient
biological oxygen source for hypoxic tumors, and 2) anaerobic or facul-
tative anaerobic bacteria can use their hypoxic properties to target tu-
mors. Thus, the combination of bacterial hypoxia targeting and
continuous oxygen production can effectively reverse the hypoxic
microenvironment of the tumor and thus achieve the desired therapeutic
effect. In this review, we systematically describe the design of live
bacteria-based shuttles, including how bacteria increase tumor oxygen-
ation, their underlying mechanisms, their effect on tumor oxygenation
and their efficacy for improving various cancer treatments (see Fig. 1 and
Table 1).

2. Oxygen shuttles produced oxygen for enhanced tumor therapy

2.1. Cyanobacteria-based oxygen production system

2.1.1. Cyanobacteria improved PDT efficiency
On primitive earth, oxygen began to accumulate in the atmosphere

due to bacterial photosynthesis. Algae are among the earliest



Table 1
Representative applications and strategies of microorganism-based oxygen shuttles in the treatment of hypoxic tumors.

Microorganism
type

O2 generation mechanism Mode of cancer
therapy

References

Cyanobacteria Photosynthesis PDT
SDT
RT

[6,64,65,67,68,71,
79,80,82]
[83]
[88,89]

Chlorella Photosynthesis PTT and
Chemotherapy
PDT
RT
CDT

[96]
[99]
[101,102]
[105]

Escherichia coli Engineered E. coli overexpressed CAT to catalyze endogenous O2 production by H2O2.
Magnetic Fe3O4 nanoparticles on the surface of E. coli would catalyse O2 production by H2O2 in situ.
E. coli was directly used as the reducing agent to react with the KMnO4 aqueous solution via ultrasonication,
and the generated MnOX can react with H2O2 to produce O2.

PDT and PTT
RT
CDT
PDT and
Chemotherapy

[110]
[111]
[116]
[120]

Shewanella
oneidensis

The MnO2 nanosheets were modified on the MR-1 surface to catalyze the endogenous H2O2. Immunotherapy [114]

Spirulina platensis Photosynthesis RT and PDT [117]
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photosynthetic autotrophs on earth and can efficiently produce O2 by
photocatalysis [54]. Microalgae, as photoautotrophs, have recently been
used as unique oxygenators for wound healing and hypoxia-related
tumor therapy [47,55]. In particular, microalgae have been widely
used in the fields of food, biofuels, health products and environmental
control [56,57]. Recently, microalgae have been of considerable use in
biomedical fields for applications such as bioanalysis, tissue engineering,
drug delivery and tumor therapy, and they exhibit high biocompatibility
both in vivo and in vitro [58–60]. Studies by Woo et al. used the
cyanobacterium Synechococcus elongatus to increase tissue oxygenation,
maintain myocardial metabolism, and greatly improved cardiac function
[61]. It was also suggested that cyanobacteria therapy was nontoxic and
would not cause a meaningful immune response. In addition, Zhou et al.
designed Spirulina platensis-based oral drugs in the treatment of two in-
testinal diseases, colon cancer and colitis [62], which expanded medical
microalgae agents’ application. Thus, there was an increasing interest in
advances in photosynthetic biomaterials and therapies. However, no
previous study has demonstrated their safety in human patients. This gap
was a major obstacle to translating photosynthetic therapies into clinical
practice. In an early clinical trial, researchers implanted photosynthetic
scaffolds containing high concentrations of Chlamydomonas reinhardtii
into eight patients with full-thickness skin wounds [63]. Over the sub-
sequent 90 days, the photosynthetic scaffolds did not trigger any harmful
local or systemic immune responses and allowed full tissue regeneration.
It was the first demonstration that photosynthetic cells could be safely
implanted in human patients for tissue regeneration. Therefore, algae
could be used as green oxygen donors to improve the oxygenation of the
tumor microenvironment (TME). Inspired by this, Shi et al. first injected
the photosensitizer Ce6 into cyanobacteria (Syne7942) for enhanced PDT
[64]. Fig. 2A showed that under irradiation of 660 nm laser, the bio-
logical hybrid carried out continuous photosynthesis through the cya-
nobacteria, achieved continuous oxygen release and rapid and efficient
production of singlet oxygen (1O2), which proved that oxygen production
in microbial nanomedicine could enhance PDT for tumor treatment. In
addition, Cai et al. used an autotrophy Syne7942 as an oxygen-producing
carrier for ICG-coated HSA nanoparticles (HSA/ICG NPs) delivery [65].
Under irradiation with a 660 nm laser, the cyanobacteria produced a
large quantity of oxygen through photosynthesis. The oxygen producing
in situ effectively reversed the immunosuppressive TME and enhanced
the antitumor immune response mediated by ICD (Fig. 2B). In 2015,
Synechococcus elongatus UTEX 2973 (S.2973) was isolated, showing the
advantages of rapid growth and good light resistance. More importantly,
S.2973 exhibited a robust and promising chassis for biomedical appli-
cations because its optimal growth temperature was similar to that of
humans [66]. Therefore, Zhang et al. encapsulated mesoporous
3

nanoparticles and an S.2973-mediated biologic oxygen pump in a
hydrogel (ALG-MI-S.2973) [67]. First, after intratumoral injection of
ALG-MI-S.2973, S.2973 efficiently produced O2 under a 640 nm laser,
thus relieving the hypoxic TME. After the release of ICG, efficient PDT
and tumor growth inhibition were found under an 808 nm laser. In this
system, the growth of S.2973 and the triggering PDT were chosen two
different lasers, which avoided killing S.2973 with PDT-induced reactive
oxygen species (ROS) in the early stage, thus ensuring maximum oxygen
production. The 808 nm laser-induced PDT simultaneously cleared
S.2973, further ensuring the biosafety of the system. Hao et al. integrated
Ce6-containing cyanobacteria onto a 3-dimensional (3D) printed calcium
carbonate (CaCO3-PCL) scaffold to build a multifunctional, delicate
photosynthetic oxygen autologous platform [68]. First, Ce6 was inter-
nalized into photosynthetic cyanobacteria (CeCyano) and then the
3D-printed CaCO3-PCL scaffold was constructed and customized based
on personalized data with the assistance of computer-aided design soft-
ware. The constructed CeCyano cells were then decorated on the cap
scaffold to complete the final treatment platform (CAPC). Under 660 nm
laser irradiation, the engineered CAPC scaffold generates oxygen through
photosynthesis and subsequently activates Ce6, resulting in enough 1O2
production for efficiently combating osteosarcoma (OS) in vivo (Fig. 2D).
More importantly, the excess oxygen produced could also promote cell
proliferation and differentiation, thus promoted bone regeneration after
the synergistic action of OS with the 3D-printed scaffolds. Furthermore,
along with the repair of bone injury, the scaffold gradually degraded and
released CaCO3 to support new bone generation. Enhanced osteosarcoma
PDT efficiency was achieved by enabling photosynthetic
oxygenation-induced tumor hypoxia remission and promoting bone
regeneration with subsequent local oxygenation.

However, traditional photosensitizers (such as porphyrin derivatives)
are prone to self-aggregation because of their hydrophobicity under
physiological conditions, resulting in low bioavailability and photody-
namic yield [69,70]. Black phosphorus nanosheets (BPNSs) have
attracted wide attention because of their unique two-dimensional layered
structure and physical-chemical properties. Owing to their broad ab-
sorption in ultraviolet and visible light, good biocompatibility, and high
efficiency of PDT [71,72], two-dimensional BPNSs have broad applica-
tion prospects in the field of biomedicine, particularly in tumor therapy
[73]. Consequently, Shi et al. hybridized cyanobacteria (Cyan) with
inorganic nanophotosensitizer BPNSs to obtain a new type of bioreactor
(Cyan@BPNSs) (Fig. 3A) [74]. Under irradiation with a 660 nm laser,
Cyan continued to produce oxygen in situ through photosynthesis. As
shown in Fig. 3B–F, BPNSs induced a large amount of oxidative stress at
the tumor site with strong cytotoxicity to tumor cells. However, the
application of visible light in vivo is seriously limited due to the short



Fig. 2. A. Mechanistic diagram of CeCyan generating oxygen and 1O2 by CeCyan under 660 nm laser [64]. B. Schematic illustration of HSA/ICG conjugated Syne as an
in situ photocatalyzed oxygen generation system for metastatic tumor immunogenic PDT [65]. C. Schematic illustration of S–UCNP–Ce6 for enhanced PDT of hypoxic
tumors [6]. D. The CeCyano-based 3D printed CaCO3-PCL scaffold was used for enhanced PDT of osteosarcoma [66]. Adapted with permission from Ref. [64]
Copyright 2019, Wiley-VCH; adapted with permission from Ref. [65] Copyright 2020, Wiley-VCH; adapted with permission from Ref. [6] Copyright 2020, Springer
Nature; adapted with permission from Ref. [66] Copyright 2021, Elsevier.
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wavelength of visible light and poor penetrating ability. Compared with
visible light, near-infrared light (NIR) could penetrate deep tissue and
causes less damage to normal tissue [75]. Upconversion nanoparticles
(UCNPs) had the ability to convert long wavelength light into short
wavelength light, which effectively overcame the limitation of visible
light [76–78]. Inspired by this, we have conjugated Ce6 and UCNPs on
cyanobacteria to construct a self-oxygenated photodynamic system
(Fig. 2C) [6]. As a light-trapping antenna, UCNPs could convert excited
light of 980 nm into visible light and 660 nm light, which could be used
for oxygen production by cyanobacteria and 1O2 production by photo-
sensitizers, respectively. Our near-infrared-driven self-oxygen nano-
system significantly improved the efficacy of PDT in the treatment of
hypoxic tumors. Similarly, Wang and Shi also loaded UCNPs on the
surface of cyanobacteria to convert 980 nm wavelength light into red
luminescence suitable for inducing oxygen production in cyanobacteria,
which greatly enhanced oxygenation in the deep tumor tissue [79,80].
Although UCNPs solved the problem of the low penetration depth of
visible light in tissue, the overheating caused by long-term laser irradi-
ation posed an unignored risk for in vivo applications [81]. Therefore,
the optimal design of suitable light sources and their adaptability to
cyanobacteria oxygen evolution was still a considerable challenge. Shi
et al. introduced a new type of blue persistent luminescence material
(PLM) into the oxygen production cyanobacteria to construct a novel
exogenous radiation-free antitumor platform [82]. First, cyanobacteria
were pre-treated with CaAl2O4: Eu, Nd (CAO PLM) in vitro. In the process
of UV lamp pre-excitation and LED re-excitation, the broad blue persis-
tent emission was triggered due to the existence of the 5d-4f electron
transition and electron trapping of Eu2þ. In addition, CAO PLM could
4

store part of the light energy and then act as a light source in vivo to
achieve long-term excitation of cyanobacteria and continuous oxygen
production while avoiding the side effects of long-term light excitation.

2.1.2. Oxygen-producing cyanobacteria for enhanced SDT and RT
Insufficient oxygen supply has become a major obstacle that restricts

the efficiency of acoustic dynamic therapy (SDT). Hu et al. designed an
oxygen self-sufficiency system (M@C) with cyan as an oxygen self-donor
and ultrasmall anoxic double metal oxide Mn1.4WOX nanoparticles as an
acoustic sensitizer to improve the efficacy of SDT on hypoxic tumors
(Fig. 4D) [83]. Under light irradiation, cyanobacteria could continuously
produce oxygen to relieve tumor hypoxia. Fig. 4A–C showed that the
acoustic sensitizer Mn1.4WOX could produce ROS through
ultrasound-activated SDT, and the high concentration of O2 significantly
improved the efficiency of ROS production to induce apoptosis in cancer
cells. Importantly, the abundant photosynthetic oxygenation in tumors
suppressed the gene expression of hypoxia-inducible factor-1 (HIF-1α),
ultimately achieving the goal of tumor eradication. As the traditional RT
is ineffective in treating anaerobic tumors and will damage the normal
tissue, many nanomaterials containing high atomic number elements
have been used as RT sensitizers to enhance the production of free rad-
icals and thus improve the efficiency of RT [84,85]. However, most of
these RT sensitizers were oxygen dependent, and thus the continuous
oxygen consumption in tumor tissue significantly limits the production of
free radicals, making it difficult to exert the maximum effect [86,87].
Therefore, Zhang et al. introduced photosynthetic deoxygenic cyano-
bacteria into a radiosensitizing platform based on 2D bismuth nanosheets
to effectively regulate the hypoxic TME tolerated by radiotherapy [88].



Fig. 3. A. The process of oxygen generation and photosensitization of Cyan@BPNSs in vitro. B. The relative dissolved oxygen concentration curves for solutions
containing cyanobacteria C. and no cyanobacterial cells. D. Fluorescent map of singlet oxygen sensor green (SOSG) at BPNSs and E. Cyan@BPNSs group at different
time under laser radiation (660 nm, 500 mW/cm2). F. Relative SOSG fluorescence intensity of different concentrations of BPNSs and Cyan@BPNSs under 660 nm laser
irradiation [74]. Adapted with permission from Ref. [74] Copyright 2019, Wiley-VCH.
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The continuous photosynthetic oxygen released from cyanobacteria
effectively alleviated the hypoxic state of the tumor. Simultaneously,
under continuous irradiation with X-rays, the radiosensitizer 2D bismuth
produced large amounts of ROS and then broke DNA strands in tumor
cells. Notably, newly generated oxygen in TME caused further DNA
breaks, which significantly improved the effect of radiotherapy and
inhibited tumor growth in vivo. Li et al. prepared photosynthesis mi-
crocapsules (PMC) by combining cyanobacteria with UCNPs through
electrostatic droplets in alginate microcapsules (MC) [89]. PMC were
capable of photosynthesis under radiation from NIR and provided du-
rable and controlled oxygen cooperation in a biological environment.
PMC-supplemented O2 inhibited HIF-1α production in cancer cells and
significantly inhibited cancer cell replication in a nontoxic manner.
Subsequently, they combined PMC with X-rays to increase the sensitivity
of malignant melanoma to ionizing radiation. This system could enhance
the radiosensitivity of melanoma cells by activating lipid peroxidation
and ferroptosis. Driven by NIR (980 nm), PMC could continuously
photosynthesize in tumors to build a hyperoxia microenvironment. The
combination with X-rays caused lipid peroxidation inmelanoma cells and
individual tumor graft cells in vivo (Fig. 4E). The accumulation of lipid
peroxides would induce ferroptosis-induced cancer cell death that syn-
ergized with X-rays. Thus, combination therapy could overcome the
5

intrinsic and acquired drug resistance of melanoma and further suppress
tumor metastasis. In conclusion, Cyanobacteria could produce large
amounts of oxygen under the light to relieve hypoxic tumors, signifi-
cantly improving the efficacy of oxygen-dependent therapy.
2.2. Small algae-based oxygen production system

2.2.1. Chlorellain PDT
Chlorella pyrenoidosa is a unicellular autotrophic photosynthetic green

alga rich in protein, fat, carbohydrates and vitamins, which plays an
important role in reducing blood pressure, lowering blood lipids, and
enhancing immunity, antioxidation and antitumor activity [90,91].
Chlorella contains a large amount of chlorophyll, which can absorb light
over a wide range of wavelengths such that photosynthesis can be carried
out at a particular wavelength [92]. Chlorella has been certified as a
recognized safe (GRAS) organism by the FDA [93]. Zhao et al. designed a
Chlorella-based live scaffold that adapted to irregularly shaped wounds
and promoted their healing using an in situ microfluidic-assisted 3D
bioprinting strategy [94]. Because photosynthetic protein nucleoli were
introduced during 3D printing, this scaffold produced sustainable oxygen
under light and promoted cell proliferation, migration and differentia-
tion even under low oxygen conditions. Therefore, printing an active



Fig. 4. A. The change of 1,3-diphenylisobenzofuran (DPBF) treated with M@C under laser and US irradiation for different times. B. Quantitative analysis of DPBF
oxidation after different treatments. C. The electron spin resonance (ESR) spectroscopy detected ROS generation after different treatments. D. Schematic illustration of
M@C for enhancing the SDT efficiency in hypoxic tumors [83]. E. Images of the radiation-hyperoxia-induced lipid-peroxidation in cells after different treatments [89].
Adapted with permission from Ref. [83] Copyright 2021, Wiley-VCH; adapted with permission from Ref. [89] Copyright 2019, Elsevier.
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scaffold loaded with microalgae directly onto diabetic wounds could
significantly accelerate the closure of chronic wounds by reducing local
hypoxia, increasing angiogenesis, and promoting the synthesis of the
extracellular matrix (ECM). Wu et al. used live Chlorella and bacteria to
fabricate hydrogel patches that produced hydrogen and oxygen and
promoted the healing of chronic diabetic wounds by reducing oxidative
stress and inflammation [95]. It has been proven that Chlorella possessed
good biological safety and great clinical application prospects. Therefore,
a new self-oxygen supplying nanosystem based on Chlorella could be
constructed to overcome tumor hypoxia. Youn et al. first reported that
the characteristics of photosynthetic oxygen production by Chlorella
could be used in the treatment of hypoxic breast cancer [96]. First,
Chlorella vulgaris produced high levels of oxygen under 660 nm light
exposure. The gold nanorods in this system could increase the tumor
ambient temperature to 41–42 �C in response to an 808 nm near-infrared
laser, which significantly dilated tumor blood vessels and promoted the
transport of the chemotherapeutic drugs DOX and oxygen to hypoxic
tumors (Fig. 5A). However, the growth factors in Chlorella may be
phagocytized by macrophages, resulting in a decline in oxygen produc-
tion efficiency. Alginate is a type of natural polysaccharide with high
adhesion, good biocompatibility and degradability and is therefore
widely used in cell transport [97,98]. Jiang et al. coated calcium alginate
onto Chlorella and protected Chlorella from being phagocytized, thus
realizing a long-term standby oxygen supply (Fig. 5B) [99]. As shown in
Fig. 5C, D, F, the system produced oxygen from the decomposition of
water and energy conversion after light triggering, which effectively
alleviated tumor hypoxia. And then large amounts of ROS could be
6

produced to effectively kill tumor cells in vitro (Fig. 5E, G). It has been
demonstrated that Chlorella has excellent potential in hypoxia-tolerant
photodynamic therapy.

2.2.2. Chlorella in RT and SDT
The oxygen production system based on Chlorella plays an important

role in PDT-based antitumor strategy, and researchers have further
explored their potential applications in tumor RT. Zhou et al. first
designed an erythrocyte membrane-modified microalgae (RBCM-Algae)
to enhance the therapeutic efficacy of RT-mediated hypoxia-tolerant
tumors [100]. Fig. 6B showed that RBCM-Algae could produce O2 when
stimulated by red light, which increased the oxygenation of the local
tumor tissue. Furthermore, under laser irradiation, RBCM-Algae would
breakdown, resulting in the release of chlorophyll from the microalgae.
Subsequently, under 650 nm irradiation, free chlorophyll could be used
as a photosensitizer to produce ROS, thus enhancing PDT efficiency. They
found that microalgae coated with calcium phosphate had good
biocompatibility compared with silicon dioxide (SiO2), which could
continuously supply oxygen and significantly improve the RT effect [101,
102]. Both photosynthesis and PDT required photoexcitation while the
poor penetration of light into biological tissues limited their efficiency.
Generally, the construction of heterojunction structures (type II hetero-
junctions) is the most direct and effective means to improve the effi-
ciency of light energy conversion [103,104]. Mei et al. constructed
functionalized Chl cells (Chl-BP-Fe) of BPNSs through the Lego building
block method and improved the oxygen production of Chl cells, which
then enhanced the photodynamic effect of BPNSs [105]. The BPNSs



Fig. 5. A. Scheme showing in situ rapid gelation of Chlorella AuNRs BSA-Gel that generated oxygen for overcoming hypoxia [96]. B. Schematic diagram of the
hypoxia-resistant PDT induced by the ALGAE system. C. Schematic illustration of the cellular experiment with 4T1 cells treated with Ce6, Ce6-ALGAE under 635 nm
laser light. D. The images that were stained by the hypoxic probe in cells irradiated with or without ALGAE by confocal microscopy (LSCM). E. The cellular expression
of HIF-1α with or without ALGAE after irradiation. F. LSCM images of the intracellular ROS production. G. Cell viability of conventional PDT with or without ALGAE
under hypoxic and normoxic conditions [99]. Adapted with permission from Ref. [96] Copyright 2019, Elsevier; Adapted with permission from Ref. [99] Copyright
2019, Elsevier.
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adsorbed by polyaspartate (PASP) was first used as Lego building blocks
and then loaded onto the Chl surface by the complexation reaction of
Fe3þ with PASP. Under 658 nm laser irradiation, Chl cells were able to
reduce tumor hypoxia and improve the efficiency of PDT through their
own photosynthesis system. Importantly, the type of heterojunction with
a suitable band structure was cleverly constructed between BPNSs and
chlorophyll from Chl cells, greatly improving the efficiency of light
penetration into the tissue. Moreover, Fe3þ between Lego blocks could
both consume glutathione and reduce the resistance of tumor cells to
ROS. This also catalyzed the reaction of Fe2þ with H2O2 to produce hy-
droxyl radicals, thus improving the efficiency of chemodynamic therapy
(CDT)-mediated death of tumor cells. In summary, Chlorella could not
only produce oxygen via photosynthesis, but also have reliable biosafety.
Therefore, the Chlorella-based oxygen shuttle has the most potential in
clinical applications.
7

2.3. Bacteria engineering for oxygen supplying

Researchers have combined the ability of facultative anaerobic bac-
teria or obligatory anaerobic bacteria to colonize tumors with the oxygen
production performance of photosynthetic bacteria to greatly increase
the intratumor oxygen content [106]. To expand bacterial therapy, re-
searchers have focused on genetically engineered common bacteria for
O2 producing [107,108]. For example, bacteria were genetically engi-
neered to produce enzymes that could catalyze H2O2 to generate O2. The
facultative anaerobic bacterium E. coli DH5α is a genetically modified
competent and it's easy to absorb exogenous genes, which makes it
suitable for gene modification and targeted delivery [109]. Zhao et al.
genetically modified E. coli by plasmid transfection to obtain overex-
pressed human catalase (CAT) in E. coli, which catalyzed O2 production
from endogenous H2O2 in situ to enhance the PDT effect [110]. In



Fig. 6. A. Engineered E. coli of secreted CAT for the treatment of hypoxic tumors [112]. B. Bacteria carrying CAT could relieve tumor hypoxia and thus enhance PDT
[112]. C. Immunofluorescence staining of GLUT1, HIF-1α, and LDHA of mice tumor tissues after different treatments [114]. Adapted with permission from Ref. [114]
Copyright 2021, Wiley-VCH; Adapted with permission from Ref. [112] Copyright 2020, American Chemical Society; Adapted with permission from Ref. [114]
Copyright 2020, Wiley-VCH.
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addition, PDT mediated by bacterial surface-loaded nanodopamine
(pDA) also selectively ablated tumors under near-infrared irradiation.
The integration of transgenic bacteria and pDA/Ce6 showed a potent
antitumor effect. At the same time, Zhao et al. also used these engineered
bacteria to achieve continuous oxygen supply in solid tumors and ob-
tained positive RT effects (Fig. 6A) [111]. In addition to the genetic
modification of bacteria to express CAT, bacteria could also be engi-
neered nanoenzymes on their surface to catalyze O2 production (Fig. 6B)
[112]. Under natural environmental conditions, facultative anaerobic
Shewanella oneidensis MR-1 (S. oneidensis MR-1) could transfer electrons
from some organic compounds (such as formic acid, amino acids, and
lactic acid) to the terminal electron receptors of redox-active minerals
(Fe3þ and Mn4þ) and then respire in the absence of molecular oxygen
[113]. Given this unique property of MR-1, Zhang et al. modified MnO2
nanosheets on MR-1 to construct a biohybrid bacterium (Bac@MnO2)
[114]. MnO2 nanoflowers with larger surface areas could serve as elec-
tron acceptors to provide larger reaction regions for lactate. Simulta-
neously, MnO2 could catalyze the conversion of H2O2 into O2, which both
improved tumor hypoxia and prevented lactate production by down-
regulating the expression of glucose transporter type 1 (GLUT1), HIF-1α,
8

and interfering lactate dehydrogenase A (LDHA), thus effectively
inhibited tumor growth (Fig. 6C).

However, due to the limited content of endogenous H2O2 limiting the
application of CAT and nanowaves in situ catalysis, the introduction of
exogenous H2O2 is crucial to improve the treatment of hypoxic tumors
[115]. Inspired by magnetic bacteria, Zhang et al. modified magnetic
ferroferric oxide (Fe3O4) nanoparticles (MNPs) on the E. coli surface and
developed an engineered bacteria-based integrated bioreactor
(Ec-pE@MNPs) (Fig. 7A) [116]. The engineered bacterium overex-
pressed the respiratory chain enzyme NDH-2, which received electrons
from nicotinamide adenine dinucleotide (NADH) and then transferred
the electrons to O2 to produce H2O2 (Fig. 7B). Subsequently, the MNPs on
the surface of E. coli catalyzed H2O2 to produce O2 in situ via a
Fenton-like reaction. Moreover, E. coli-pE produced continuous H2O2
while producing large amounts of hydroxyl radicals (�OH) to induce
tumor cell apoptosis. This bacterial manipulation allowed a bacterium to
deliver different drugs for different situations to treat hypoxic tumors.
Zhou et al. modified magnetic Fe3O4 NPs on the surface of magnetically
engineered Spirulina platensis via a dip-coating process and developed a
photosynthetic biohybrid nanopolymer system (PBNs) [117]. This



Fig. 7. A. The scheme of bacteria-based Fenton-like bioreactor was capable of oxygen production and used for enhanced CDT [115]. B. Mechanism of NDH-2
expression based on synthetic biology, and the function of NDH-2 played in the respiratory chain of bacteria [115]. C. Schematic illustration of the fabrication of
EMD NSs that enhanced CDT combination therapy [120]. Adapted with permission from Ref. [115] Copyright 2019, Wiley-VCH; adapted with permission from
Ref. [120] Copyright 2020, Science Partner Journals.
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system had a high tumor aggregation rate due to the presence of mag-
netic Fe3O4 NPs. Subsequently, PBNs that colonize the anoxic region of
the tumor could regulate the tumor TME by forming oxygen in situ
through photosynthesis. In addition, the chlorophyll released from PBNs
treated with RT can act as photosensitizers to produce cytotoxic reactive
oxygen species under laser irradiation, thus achieving powerful PDT.
Inspired by the strong oxidant potassium permanganate (KMnO4), MnO4

�

is reduced to MnO2 [118,119]. For the first time, Wu et al., used E. coli as
a template and reducing agent to build a tumor
microenvironment-responsive nanospindle (EM NSs) at room tempera-
ture and loaded the chemotherapeutic drug DOX (EMD NSs) by ultra-
sonication with (KMnO4 at room temperature (Fig. 7C) [120]. The MnOx
structure in the EMD NSs could react with GSH in the TME to cause EMD
NSs breakdown with the simultaneous release of DOX and Mn2þ. Sub-
sequently, the released DOX could eliminate cancer cells, and Mn2þ, with
Fenton-like properties, could convert endogenous H2O2 into highly toxic
hydroxyl radicals to induce apoptosis. The MnO2 in EMD NSs could also
react with H2O2 in the TME to produce a large amount of O2, alleviating
tumor hypoxia while overcoming hypoxia-induced chemoresistance.
After genetic modification, E. coli, Shewanella oneidensis, and Spirulina
platens could produce oxygen to improve the hypoxic TEM. Interestingly,
these oxygen shuttles could also rely on oxygen targeting accurately
reach tumors, greatly inhibiting tumor growth.
9

3. Conclusions and perspectives

The development of live microorganism-based oxygen shuttles have
facilitated the rapid development of novel advanced bioactive materials
for high-performance hypoxic tumor therapy. In this review, we sum-
marize the recent advances in innovative live microorganism-based ox-
ygen shuttles for the treatment of hypoxic tumors. Photosynthetic
microorganism-based oxygen shuttles possessed inherent advantages in
cancer treatment over traditional oxygen shuttles. The controlled and
continuous oxygen produced by photosynthetic microorganisms in
response to light could increase the oxygen concentration at the tumor
site and reverse the immunosuppressive TME, thus greatly improving the
therapeutic effect of oxygen-dependent treatment modalities. Thus, ox-
ygen shuttles constructed by photosynthetic microorganisms showed
excellent oxygen encapsulation rate and loading capacity compared to
conventional oxygen shuttles. However, Cyanobacteria and Chlorella
were mostly administered through i.v., the low tumor targeting ability of
photosynthetic microorganisms would lead to insufficient oxygen pro-
duction. Genetically engineered bacteria were also developed for oxygen
production. However, it should be noted that although these engineered
bacteria greatly improved their tumor accumulation, some inherent
disadvantages of engineered bacteria such as the instability of gene
expression and the introduction of resistance genes. Although many



D. Han et al. Materials Today Bio 18 (2023) 100517
attenuated live bacteria have been developed, such as Salmonella and
E. coli, their residual toxicity has still been a concerned even after the
removal of toxin genes. It should be further noted that Cyanobacteria and
Chlorella are superior to engineered bacteria in biocompatibility.
Although Microalgae have been used in the treatment of various diseases
such as cardiovascular diseases, brain diseases, human wound healing,
and gut-related diseases, it still needs more studies to assess their safety
and therapeutic efficacy before clinical applications. In addition, we
discussed in detail how oxygen production increased the therapeutic
efficacy in hypoxic tumors. Notably, the novel oxygen shuttle has made
significant progress in the treatment of hypoxic tumors, but there are still
numerous challenges involved in the clinical translation of bacteria.

Bacterial virulence remains a prominent obstacle to the application of
bacterial therapies in clinic, and even attenuated species may have some
adverse effects in a dose-dependent manner. Furthermore, it is likely that
most administered bacteria will be cleared by the mesh endothelial
system before colonization in tumor site, thereby affecting therapeutic
efficacy. With the rapid development of synthetic biology, an increasing
number of targeted and controlled biological loads have been developed
to transport drugs and imaging agents. Bacteria can be genetically
engineered to reduce their inherent virulence without affecting tumor
targeting, thereby increasing maximum tolerance. In addition, transgenic
bacterial strains that respond to various stimuli (such as chemicals,
temperature, light, osmolarity, and pH) can be generated which ensures a
controlled release of cargo after sensing specific environmental signals.
Stimulus response strategies further increase the in-situ accumulation of
bacteria and minimize diffusion to normal tissues. In addition, bacterial
surface modification of therapeutic agents, nanoparticles, liposomes, and
micelles can enhance their targeted aggregation, and the biofilm surface
modification of the nanoparticles improves their biocompatibility and
targeting. Similarly, bacterial toxicity and immunogenicity can be miti-
gated by wrapping cells with highly biocompatible nanomaterials or
biomics, which prevent them from being rapidly cleared by the immune
system. What is more noteworthy is that the related bacteria in the in-
testinal microbiome are expected to be linked to the tumor treatment.
Thus, attenuated or nontoxic probiotic strains can be developed to
replace existing pathogens. As naturally avirulent strains, L. lactis and
L. casei are widely used in the food industry and commonly regarded as
beneficial strains for maintaining microbe balance in the intestine. They
are facultatively anaerobic and can replace pathogenic Salmonella to
serve as magic bullets targeting tumor hypoxia.

The instability of gene-engineered bacteria also contributes to their
poor therapeutic efficacy. Bacteria possess a large genetic toolbox to
enable rapid and simple modifications while it is also a primary draw-
back that hinders their application in clinical practice. Bacteria are prone
to lose genes in repeat passage or in response to a complicated growth
environment. In addition, after foreign gene editing, it is likely to affect
their inherent biofunction, such as oxygen concentration-sensing.
Therefore, to ensure the biosafety and stability of engineered live bac-
terial drugs, the following basic problems must be considered in the
design: (1) avoid introducing resistance genes; (2) do not use plasmid-
based gene editing systems as they are easy to lose and cause horizon-
tal gene transfer, permanently integrate the gene circuit into the genome.

The oxygen production efficiency of microorganisms is highly
important in the treatment of hypoxic tumors in vivo. Thus, how to
accurately monitor the efficiency of oxygen production by microorgan-
isms in vivo has been regarded as another big challenge. Due to the
complicated biological environment of the human body, it is necessary to
explore innovative methods to track bacterial biodistribution and their
oxygen production capacity in vivo. Synthetic biology and imaging
techniques can be used to monitor the survival and oxygen production of
bacteria in vivo [121,122]. The oxygenation effect of tumors in vivo can
be investigated by combined photoacoustic (PA) and B-mode ultrasound
(US) imaging using oxygen saturation mode (sO2). Reliably, many probes
have been developed for gas detection, such as a wide variety of probes of
10
CO, NO and H2S. We believe these advanced O2 tracking techniques
would accelerate their clinical applications of oxygen shuttles.
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