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A B S T R A C T

The combination of photodynamic therapy (PDT)-immunotherapy has brought much hope for cancer patients.
However, the hypoxia tumor microenvironment (TME) can regulate tumor angiogenesis and inhibit immune
response, thus limiting the therapeutic effects. In this paper, engineered cyanobacteria-M2-like tumor-associated
macrophages (TAMs) targeting peptide modified Fe3O4 nanoparticles hybrid system (ECyano@Fe3O4-M2pep)
was constructed for alleviating hypoxia and relieving immune suppression to achieve synergistic cancer PDT-
immunotherapy. With the irradiation of red laser, oxygen was produced by the photosynthesis of ECyano to
alleviate the hypoxia TME. Then, ECyano could secret 5-aminolevulinic acid (5-ALA) under the induction of
theophylline for controllable PDT. In the process of PDT, the disulfide bond between ECyano and Fe3O4-M2pep
was broken in response to reactive oxygen species (ROS), and then Fe3O4-M2pep was released to target M2-like
TAMs, corresponding by the polarization of M2-like TAMs to M1-like TAMs for the killing of tumor cells.
Compared with other groups, ECyano@Fe3O4-M2pep + theophylline + laser (ECyano@Fe3O4-M2pep + T + L)
group displayed the lowest tumor volume (159.3 mm3) and the highest M1/M2 ratio (1.25- fold). We believe that
this hybrid system will offer a promising way for the biomedical application of bacterial therapy.

1. Introduction

Photodynamic therapy (PDT), with the advantages of minimal
trauma, low toxicity, good adaptability, has become a new development
direction for non-surgical treatment of malignant tumors [1]. In the
process of PDT, photosensitizers (PSs) can produce reactive oxygen
species (ROS) under the irradiation of specific wavelength of light, thus
leading to tumor cell death [2,3]. However, the hypoxic tumor micro-
environment (TME) limits the effectiveness of PDT [4]. In addition, the
consumption of oxygen during PDT exacerbates the degree of hypoxia at

the tumor site, thus further limiting the therapeutic effects of PDT [5].
Therefore, the sufficient oxygen supply plays an important role in
improving the therapeutic effect of PDT [6].

In recent years, there have been many methods on how tumor
oxygenation, such as physical oxygen loading and chemical oxygen
production, can improve the therapeutic effect of PDT [7–9]. In order to
improve the efficiency of oxygen supply, many oxygenic photosynthetic
microorganisms [10,11] were also utilized to transport oxygen in vivo.
Cyanobacteria, as photoautotrophic prokaryotes, have been used to
generate oxygen by photosynthesis [12]. Under the irradiation of red
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laser, oxygen was produced by cyanobacteria to relieve tumor hypoxia
[13]. PSs, including ce6 [14], indocyanine green (ICG) [15] and rose
bengal (RB) [16] were combined with cyanobacteria for improved PDT.
Nevertheless, due to the limited loading capacity of PSs, the therapeutic
effect was barely satisfactory. With the development of synthetic
biology, engineered cyanobacteria were constructed as cell factories in
food industry [17], environmental protection, fuel synthesis and
biomedical applications [18]. Therefore, the use of engineered cyano-
bacteria could not only generate oxygen, but also achieve the in situ
production of PSs.

In addition, hypoxia stress can regulate tumor angiogenesis and
inhibit immune response. Therefore, immunosuppression TME is
another factor limiting PDT effect [19]. Tumor-associated macrophages
(TAMs), which include anti-tumor M1-like TAMs and tumorigenic
M2-like TAMs, are the most abundant innate immune cells in TME [20].
M2-like TAMs are accounted for ~70 % of TAMs, which could promote
tumor growth, invasion, and metastasis [21]. The reprogramming and
polarization of M2-like TAMs to M1-like TAMs could kill tumors and
further improve the therapeutic effects of PDT [22]. Previous studies
have shown that many receptor blockers (TLR agonists) [23], cytokines
(IL-12) [24], and inorganic nanoparticles (Fe3O4 nanoparticles) [25]

could induce the M2-to-M1 phenotype repolarization of TAMs.
Herein, engineered cyanobacteria-M2-like TAMs targeting peptide

modified Fe3O4 nanoparticles hybrid system (ECyano@Fe3O4-M2pep)
was developed for alleviating hypoxia and relieving immune suppres-
sion to achieve synergistic cancer PDT-immunotherapy (Scheme 1). This
system was constructed by the conjugation of M2-like TAMs targeting
peptide modified Fe3O4 nanoparticles (Fe3O4-M2pep) and engineered
cyanobacteria (ECyano) by disulfide bonds. Under the irradiation of
640 nm laser, ECyano@Fe3O4-M2pep could efficiently generate abun-
dant oxygen via photosynthesis, which can relieve tumor hypoxia and
provide essential materials for PDT. Subsequently, with the addition of
theophylline, 5-ALA was secreted and internalized by tumor cells to
exert PDT effect with 640 nm laser irradiation. During the PDT, Fe3O4-
M2pep were released from ECyano due to the breaking of disulfide
bonds by ROS. The released Fe3O4-M2pep were specifically phagocyted
by M2-like TAMs for repolarizing into M1-like TAMs to play anti-tumor
effects. The combination of ECyano@Fe3O4-M2pep mediated PDT-
immunotherapy could effectively inhibit tumor growth and provide a
new idea for the biomedical application of cyanobacteria.

Scheme 1. The schematic illustrations of engineered cyanobacteria-Fe3O4 hybrid system for synergistic cancer PDT-immunotherapy.
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2. Experimental section

2.1. Materials

The plasmids construction and amplification were developed in
E. coli DH5α strain. In addition, hemA and hemL genes were synthesized
(GENEWIZ, South Plainfield, NJ) for the construction of pTrc-hemA-
hemL plasmid with the hema-F, hema-R and heml-F, heml-R primers,
which was used for the co-expression of hemA and hemL. The vector
backbone of pTrc-hemA-hemL plasmid was psI-trc-lacZ [26] and
amplified using trc-R and rbcl-F primers. The pTho-hemA-hemL plasmid
was used for inducible co-expression of hemA and hemL. Gene hemA was
amplified using primers tho-hemA-F and tho-hemA-R. The primers
cpc560-F and tho-cpc560-R were used to amplify the cpc560-tho in-
duction primer using pCP3031 [26]as a template. The vector backbone
was pTrc-hemA-hemL plasmid and amplified using primers spe-F and
tho-heml-F. The pTrc-rhtA-ptRNA plasmid was used for the
co-expression of rhta and the hemB-inhibiting ptRNA expression
cassette. The gene rhtA was amplified using rhta-F and rhta-R primers
with E. coli MG1655 as the template. And the synthetic hemB-inhibiting
ptRNA expression cassette was amplified using primers pt-F and pt-R.
The vector backbone of the plasmid pTrc-rhtA-ptRNA was pSII-pilN
and amplified using pSII-R and pSII-F primers. The above sequences
were assembled using ClonExpress MultiS One Step Cloning Kit (Vazyme
Biotech Co., Ltd, Nanjing, China). Finally, the constructed plasmids were
introduced into Synechococcus elongatus PCC 7942 by conjugation
method. The primers and sequences used in this study were both listed in
Table S1 and Table S2. The obtained ECyano strain were cultivated with
BG11 medium containing 50 ng/mL of spectinomycin and 25 ng/mL of
chloramphenicol with all-day light luminesce at 37 ◦C in a shaking
incubator at 140 rpm. For 5-ALA production, 2 mM of theophylline was
added to the BG11 medium. All chemical reagents were purchased from
Sigma-Aldrich Chemical Reagent Co., Ltd (Shanghai, China). All cell
culture associated reagents were got from GIBCO.

2.2. Cell and animal culture

Mouse breast cancer cells (4T1) and RAW264.7 macrophages were
purchased from iCell Bioscience Inc (Shanghai, China) and cultured in
DMEM medium containing 10 % FBS and 1 % penicillin-streptomycin.
All cells were maintained at 37 ◦C under an atmosphere containing 5
% CO2.

Female BALB/c mice (~20 g) were bought from the Animal Center of
Xuzhou Medical University and maintained in SPF environment. All
animal experiments were in accordance with legal requirements of
People’s Republic of China (GB14925-2010) and moral restriction. All
the animal experiments were approved by the Animal Care Committee
of Xuzhou Medical University (approval number:202307T031),
following the principle of 3Rs (replacement, reduction, and
optimization).

2.3. Construction of ECyano@Fe3O4-M2pep

Firstly, Fe3O4 nanoparticles were synthesized according to the
literature [27]. Subsequently, 1 mL of Fe3O4 nanoparticles (1 mg/mL)
were activated by reacting with 5 mg of 1-(3-Dimethylaminopropy-
l)-3-ethylcarbodiimide hydrochloride (EDC) and 5 mg of N-hydrox-
ysuccinimide (NHS) for 3 h. And then, 20 μL of M2pep (1 mg/mL) was
added and reacted for 2 h to obtain Fe3O4-M2pep nanoparticles. To
achieve the responsive release of Fe3O4-M2pep in TME, 100 μL of 2,
2’-[PRopane-2,2-diylbis(thio)]diacetic acid (HOOC-TK-COOH, 1
mg/mL) was introduced. Fe3O4-M2pep-TK-COOH were obtained by
dialysis (10 kDa, 24 h) and centrifugation. In the end, 5 mg of EDC and 5
mg of NHS were added to Fe3O4-M2pep-TK-COOH solutions and stirred
for 3 h. Then, 10 mL of ECyano strain solution (3 × 108 CFU/mL) was
added and reacted under lighting conditions for 12 h. Then,

ECyano@Fe3O4-M2pep were collected by centrifuging at 3000 rpm for
5 min. The content of Fe3O4-M2pep in ECyano@Fe3O4-M2pep hybrid
system was measured by phenanthroline.

2.4. Characterization

The morphologies of Fe3O4, Fe3O4-M2pep, ECyano and ECyano@-
Fe3O4-M2pep were observed by transmission electron microscopy (TEM,
FEI Tecnai G2 F30). The scanning electron microscope (SEM) images of
ECyano, ECyano@Fe3O4-M2pep and ECyano@Fe3O4-M2pep after in-
cubation with 0.3 % H2O2 for 4 h were acquired by Field emission
scanning electron microscope (FEI Tecnai Spirit G2 Twin). The size
distribution and surface zeta potentials were determined by a Zetasizer
Nano ZS90 (Malvern Instruments Ltd, Malvern, UK).

2.5. Growth curves

10 μL of ECyano and ECyano@Fe3O4-M2pep were inoculated with
20 mL of BG11 medium overnight. Then, 200 μL of bacterial solution
was taken at the cultivated time points of 0 h, 24 h, 48 h, 72 h, 96 h, 120
h, and the absorbance at 750 nm was measured by a multimode reader
(BioTek Epoch, Service Card). To investigate whether the addition of
theophylline affected the growth of ECyano, 0.36 mg/mL of theophyl-
line was added.

2.6. Oxygen generation

The cyanobacteria solutions (OD750 = 1) were irradiated with or
without 0.25 W/cm2 of 640 nm laser for 6 min. Then the oxygen content
was measured by a dissolved oxygen analyzer. In addition, the oxygen
concentration of ECyano@Fe3O4-M2pep with 640 nm laser irradiation
was also measured to study whether the hybrid of Fe3O4-M2pep affected
the photosynthesis of ECyano.

2.7. Measurement of 5-ALA

The production of 5-ALA was measured by high-performance liquid
chromatography (HPLC). The specific experimental steps were as fol-
lows: ECyano were centrifuged at 3000 rpm for 10 min, and the su-
pernatant was collected. Then, the supernatant (80 μL) was mixed with
320 μL of NaHCO3 solution (0.2 M) and 400 μL of dansyl chloride
acetonitrile solution (10 mM). The mixture was cultured at 30 ◦C for 30
min, which was stopped by adding 800 μL of hydrochloric acid (0.12 M).
After filtering, samples were subjected to Waters 2695 HPLC (Waters
Corporation, Milford, MA, USA) equipped with an Venusil MP C18
column (5 μm, 4.6 mm × 150 mm). The mobile phase was acetonitrile-
water (pH 6.0, 25:75, v/v) containing 50 mM potassium phosphate, and
the flow rate was set 0.8 mL/min.

2.8. In vitro PDT effects of ECyano@Fe3O4-M2pep

2.8.1. CCK8 assay
The cytotoxic effects of 5-ALA mediated PDT were firstly explored.

4T1 cells were cultured with different concentrations of 5-ALA standards
for 24 h. 0.25 W/cm2 of 640 nm laser was exposed to study the PDT
mediated cell killing effects. And the cytotoxic effects of ECyano@-
Fe3O4-M2pep mediated PDT were also investigated. 100 μL of ECyano or
ECyano@Fe3O4-M2pep and 100 μL of theophylline (3.6 mg/mL) were
added to induce the production of 5-ALA. After 20 h of incubation, cells
were irradiated by 0.25 W/cm2 of 640 nm laser for 10 min, and then
incubated for another 4 h. Then, CCK8 reagent was added and the OD450
values were measured by a multimode reader (BioTek Epoch, Service
Card).

2.8.2. Intracellular ROS detection
DCFH-DA probe was used to investigate the ROS generation. 1 × 105
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of 4T1 cells were inoculated into the lower chamber of transwell (0.4
μm). Subsequently, 1 mL of cyanobacterial cells (3x108 CFU/mL) were
placed into the upper chamber and co-cultured for 20 h. 100 μL of
theophylline (3.6 mg/mL) was additionally added to induce the pro-
duction of 5-ALA. Then cells were irradiated with 0.25 W/cm2 of 640 nm
laser for 10 min, stained with DCFH-DA probe for 15 min, washed with
PBS and imaged under an inverted fluorescence microscope (Leica
DMI3000 B, Germany).

2.8.3. In vitro hypoxia relief
To validate the effect of O2 generated in the process of photosyn-

thesis on hypoxia in TME, luminescent oxygen sensor Ru(dpp)3Cl2 was
selected. 4T1 cells were inoculated into the lower chamber of transwell
(0.4 μm) in hypoxia incubator. Subsequently, 1 mL of ECyano cells (3 ×

108 CFU/mL) were placed in the upper chamber and co-cultured for 4 h.
100 μL of theophylline (3.6 mg/mL) was additionally added to induce
the production of 5-ALA. Then cells were irradiated with 0.25 W/cm2 of
640 nm laser for 10 min, stained with DAPI and Ru(dpp)3Cl2 probe for
30 min, and imaged by a confocal laser microscope (Leica STELLARIS 5,
Germany).

2.8.4. Calcein-AM/PI staining
To intuitive embody the PDT effect, Calcein-AM/PI assay was used to

indicate the dead cells. 4T1 cells and cyanobacteria were separately
inoculated into the lower and upper chamber of transwell (0.4 μm) for
20 h. Then cells were irradiated with 0.25 W/cm2 of 640 nm laser for 10
min, stained with calcein-AM and PI probe for 10 min, and imaged under
an inverted fluorescence microscope (Leica DMI3000 B, Germany).

2.8.5. Cell apoptosis analysis
4T1 cells and cyanobacteria were separately inoculated into the

lower and upper chamber of transwell (0.4 μm) for 20 h. Then cells were
irradiated with 0.25 W/cm2 of 640 nm laser for 10 min, stained with
Annexin V-FITC/PI kits for 15 min, and subjected to flow cytometry
(FACS CantonII).

2.9. In vitro assessment of M2-like macrophage polarization

2.9.1. In vitro cellular uptake study
RAW264.7 cells were treated with 20 ng/mL of IL-4 for 24 h to obtain

M2-like macrophage. Firstly, M2-like macrophages were incubated with
different concentrations of Fe3O4 and Fe3O4-M2pep for 24 h to study the
cytotoxicitic effects. Besides, the cell viability of 4T1 cells incubated
with different concentrations of Fe3O4-M2pep for 24 h was also evalu-
ated. Then, M2-like macrophages were cultured with 75 μg/mL of Fe3O4
and Fe3O4-M2pep for 4 h, washed with PBS, stained with prussian blue
kits and observed by an inverted fluorescence microscope (Leica
DMI3000 B, Germany).

In order to testify the ROS responsive release behavior of Fe3O4-
M2pep from ECyano@Fe3O4-M2pep, RAW264.7 cells were seeded into
the lower chamber of transwells (0.4 μm) and treated with 20 ng/mL of
IL-4 for 24 h to obtain M2-like macrophage. Subsequently, 1 mL of
Fe3O4-M2pep, ECyano, ECyano@Fe3O4-M2pep (equivalent to 75 μg of
Fe3O4-M2pep and 3 × 108 CFU of ECyano) were placed in the upper
chamber and co-cultured for 4 h. Then 2 μL of H2O2 solution with
different concentrations was added to simulate ROS within TME in
ECyano@Fe3O4-M2pep group. After 4 h, M2-like macrophages were
washed, stained and observed by an inverted fluorescence microscope
(Leica DMI3000 B, Germany).

2.9.2. In vitro polarization of M2-like to M1-like macrophage
Firstly, M2-like macrophages were treated with 75 μg/mL of Fe3O4

and Fe3O4-M2pep for 8 h, washed with PBS, stained with anti-CD86-PE
and anti-CD206-FITC antibodies at 4 ◦C in the dark for 1 h and measured
by flow cytometry (FACS CantonII). The cell supernatant was collected
to measure the contents of iNOS, TNF-α, TGF-β and IL-10 using ELISA

kits according to manufacturer’s instructions.
In order to verify the released Fe3O4-M2pep from ECyano@Fe3O4-

M2pep for the polarization of M2-like macrophage, M2-like macro-
phages were seeded into the lower chamber of transwell (0.4 μm).
Subsequently, 1 mL of Fe3O4-M2pep (75 μg), ECyano (3 × 108 CFU),
ECyano@Fe3O4-M2pep (equivalent to 75 μg of Fe3O4-M2pep and 3 ×

108 CFU of ECyano) were placed in the upper chamber and co-cultured
for 8 h. Then 2 μL of H2O2 solution (0.3 %) was added to simulate ROS
within TME in ECyano@Fe3O4-M2pep group. At last, cells were har-
vested, washed, stained with anti-CD86-PE and anti-CD206-FITC and
detected by flow cytometry (FACS CantonII). The contents of iNOS, TNF-
α, TGF-β and IL-10 in cellular supernatants were also measured.

2.9.3. The phagocytosis of M1-like macrophage
M2-like macrophages were treated with 75 μg/mL of Fe3O4 and

Fe3O4-M2pep for 8 h, followed by staining with anti-CD11b-Cy5.5 at
4 ◦C in the dark for 1 h. And then 4T1 cells were stained with 1 μM of DID
at 37 ◦C for 30 min. And then, the obtained M1-like macrophages were
cultured with 4T1 cells for 6 h, detected and analyzed by flow cytometry
(FACS CantonII).

2.10. In vivo biosafety study

Female BALB/c mice (20 g) were randomly divided into four groups
(n = 3): PBS; Fe3O4-M2pep; ECyano; ECyano@Fe3O4-M2pep. 200 μL of
PBS, Fe3O4-M2pep, ECyano and ECyano@Fe3O4-M2pep were intrave-
nously injected, respectively. Besides, the amounts of Fe3O4-M2pep and
ECyano in all groups were 75.1 μg and 3 × 108 CFU/mouse. After 21
days, mice were sacrificed and blood was collected for blood routine and
biochemical analysis. Major organs (heart, liver, spleen, lung and kid-
ney) were harvested for HE staining.

2.11. The assessment of in vivo PDT effect

4T1 subcutaneous tumor model was established to investigate the
PDT-immunotherapy effect of ECyano@Fe3O4-M2pep. Mice were
randomly divided into five groups (n = 3): control group (intratumoral
injection of PBS), ECyano@Fe3O4-M2pep group (intratumoral injection
of ECyano@Fe3O4-M2pep, 50 μL), ECyano@Fe3O4-M2pep group + T
group (intratumoral injection of ECyano@Fe3O4-M2pep with the addi-
tion of theophylline, 50 μL), ECyano@Fe3O4-M2pep group + L group
(intratumoral injection of ECyano@Fe3O4-M2pep with 640 nm laser
irradiation, 50 μL), ECyano@Fe3O4-M2pep group + T + L group
(intratumoral injection of ECyano@Fe3O4-M2pep with the addition of
theophylline and 640 nm laser irradiation, 50 μL). Besides, the amounts
of Fe3O4-M2pep and ECyano in all groups were 75.1 μg and 3 × 108

CFU/mouse. After injection of ECyano@Fe3O4-M2pep, ECyano@Fe3O4-
M2pep + L group and ECyano@Fe3O4-M2pep + T + L group were
exposed to 640 nm red laser (0.25 W cm− 2, 5 min) for three consecutive
days to exert photosynthetic oxygen production. On the 4th day, mice in
ECyano@Fe3O4-M2pep + T group and ECyano@Fe3O4-M2pep + T + L
group received an oral gavage of 2 mM theophylline solution to induce
the secretion of 5-ALA. And 640 nm red laser (0.25 W cm− 2, 10 min) was
given to mice in ECyano@Fe3O4-M2pep + L and ECyano@Fe3O4-
M2pep + T + L group on the 5th day. On 1st, 3rd, and 5th day, tumor
tissues were harvested to study the in vivo survival of ECyano. The body
weight and tumor volume were recorded every other day. After 21 days’
treatment, tumor tissues were collected for H&E, TUNEL and HIF-1α
immunohistochemical staining. Besides, the biodistribution of ECya-
no@Fe3O4-M2pep in main organs, blood and tumor tissues were studied
by measuring the Fe content.

2.12. In vivo polarization of TAMs

Tumor tissues were collected, digested, filtered and stained with
anti-mouse F4/80-APC, anti-mouse CD86-PE and anti-mouse CD206-
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FITC antibodies at 4 ◦C for 1 h, and then cells were detected by flow
cytometry. In addition, tumor cells were lysed and the supernatants
were collected for the detection of iNOS and IL-10. In the end, tumor
tissues slices were stained with anti-mouse F4/80-APC, anti-mouse
CD86-PE, anti-mouse CD206-FITC and DAPI for immunofluorescence
assay.

2.13. In vivo transcriptome high throughput sequencing

Mice in control and ECyano@Fe3O4-M2pep + T + L groups were
sacrificed and tumor tissue was collected for RNA extraction. The RNA
samples were sent to ANOROAD Co., Ltd. for gene sequencing. Heatmap
was plotted by https://www.bioinformatics.com.cn (last accessed on

Nov 10, 2023), an online platform for data analysis and visualization.

2.14. Statistical analysis

These data were represented as mean ± SEM (n ≥ 3). All data were
processed by GraphPad Prism 9. Statistical analysis was performed using
Student’s t-test, one-way analysis of variance (ANOVA) or two-way
ANOVA method. When *P < 0.05, the differences were significant,
and when **P < 0.01, the differences were very significant.

Fig. 1. Characterization of ECyano. a: The construction of ECyano; b: Growth curves of ECyano with or without theophylline supply; c: The photosynthetic oxygen
evolution of ECyano with or without theophylline supply under 640 nm red laser irradiation; d: The generation and secretion of 5-ALA induced by theophylline, **P
< 0.01 compared with ECyano group by Student’s t-test; e: Cell viabilities of 4T1 cells incubated with the supernatants of ECyano in different conditions, **P < 0.01
compared with ECyano group by one way ANOVA; f: The scheme of transwell assay; g: Measurements of hypoxia of 4T1 cells in different groups (scale bar: 50 μm); h:
The ROS detection in 4T1 cells with different treatments (scale bar: 100 μm); i: Cell live/dead staining (scale bar: 100 μm); j: Cell apoptosis of 4T1 cells in different
groups; k: Quantitative analysis of the ratio of apoptosis cells. **P < 0.01 compared with ECyano + T and ECyano + L groups by one way ANOVA. ECyano + T,
ECyano induced by theophylline to produce 5-ALA; ECyano + L, ECyano under 640 nm laser irradiation; ECyano + T + L, ECyano treated with theophylline and 640
nm laser.
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3. Results and discussion

3.1. The controllable secretion of 5-ALA from ECyano

In order to achieve the in vivo controllable production of 5-ALA, re-
combinant plasmids were introduced into Synechococcus elongatus PCC
7942 to construct ECyano. As shown in Fig. 1a, two key genes hemA and
hemL separately encoded glutamyl-tRNA reductase (GluTR) and
glutamate-1-semialdehyde 2,1-aminomutase (GSA-AM). And the ex-
pressions of GluTR GSA-AM were controlled by theophylline-responsive
riboswitch, which could catalyze glutamal-RNA to 5-ALA [28]. In order
to achieve the secretion of 5-ALA into the extracellular space, rhtA gene
encoded L-threonine/L-homoserine exporter as transport proteins, which
could transport 5-ALA to the extracellular space [29]. Besides, hemB
gene encoded porphobilinogen synthase to inhibit the expression of
hemB, thus increasing the production of 5-ALA.

To verify whether the addition of theophylline could influence the
growth of ECyano, the growth curves of ECyano and ECyano + T
(ECyano induced by theophylline to produce 5-ALA) were measured as
illustrated in Fig. 1b. ECyano and ECyano + T displayed similar growth
behaviors, demonstrating that the addition of theophylline could not
influence the growth of ECyano. In addition, the oxygen generation in
photosynthesis is an important factor in alleviating the hypoxia TME and
enhancing the PDT effects. In our previous studies [30], 0.25 W/cm2 of
640 nm laser could induce the photosynthesis and not influence the
normal growth. As shown in Fig. 1c, compared with no laser irradiation
groups, the dissolved oxygen significantly increased in ECyano + L
(ECyano under 640 nm laser irradiation) and ECyano + T + L groups
(ECyano treated with theophylline and 640 nm laser), providing a
foundation for improving tumor hypoxia.

Afterwards, the controllable generation and secretion of 5-ALA in
ECyano induced by theophylline were testified and the results were
shown in Fig. 1d. ECyano + T group revealed the higher content of 5-
ALA than that in ECyano group.

These data showed that ECyano was successfully constructed and 5-
ALA could be produced and released under the induction of theophyl-
line, laying the foundation for subsequent verification of PDT effects.

3.2. The in vitro PDT effect of ECyano

In order to evaluate the in vitro PDT effects of ECyano, a series of
assays were conducted. As we know, 5-ALA is a second-generation
photosensitizer developed in recent years, which is a precursor of
photosensitizer with no fluorescence. After exogenous 5-ALA enters
tumor cells, it can be converted into protoporphyrin IX (PpIX), which is a
highly photosensitive substance that undergoes PDT with red light
irradiation [31]. First of all, 4T1 cells were incubated with 5-ALA
standards and ECyano + T to study the generation of PpIX (Fig. S1a).
Compared with control group, there were red fluorescence in 5-ALA and
ECyano + T groups, indicating that 5-ALA could be produced and
released under the induction of theophylline. Subsequently, the cyto-
toxity of 5-ALA mediated PDT was measured by CCK8 assay (Fig. S1b).
When the concentration of 5-ALA reached to 160 μg/mL, the cell
viability decreased from 87.1 % to 29.0 % after 640 nm laser exposure.
In addition, the cell viability with laser irradiation displayed a
concentration-dependent manner. Similarly, the cytotoxicity of ECyano
against 4T1 cells was also assessed (Fig. 1e). In the absence of irradia-
tion, ECyano exhibited excellent biocompatibility on 4T1 cells, and the
addition of 2 mM theophylline had almost no effect on cell viability.
However, in the presence of theophylline and 640 nm laser irradiation
(0.25 W/cm2, 10 min), the cell viability obviously decreased, indicating
that the generation of 5-ALA induced by theophylline could be used for
killing tumors by PDT.

Subsequently, a transwell system (Fig. 1f), which contained ECyano
in the upper chamber and tumor cells in the lower chamber, was
designed to further verify the in vitro PDT function of ECyano. The

generation of oxygen by photosynthesis could be used for alleviating
tumor hypoxia, and the production of 5-ALA could be uptaken by tumor
cells for PDT. Firstly, the alleviation of hypoxia was detected by a
hypoxia-sensitive fluorescence probe Ru(dpp)3Cl2. As show in Fig. 1g,
ECyano and ECyano + T groups displayed similar red fluorescence to
control group, indicating that there was no oxygen generation in the
absence of 640 nm laser irradiation. The red fluorescence intensity in
ECyano + L group was significantly lower than that in control group,
showing the alleviation effect of oxygen generated in the process of
photosynthesis. While the red fluorescence intensity of ECyano + T + L
group was higher than that in ECyano + L group, which was because the
oxygen consumption in PDT further exacerbated the hypoxia in TME.

As we known, the generation of ROS in PDT could exert anti-tumor
effect. Therefore, DCFH-DA probe was used for ROS detection. As
shown in Fig. 1h and Fig. S2, there were negligible green fluorescence in
control, ECyano, ECyano + T and ECyano + L groups, while ECyano + T
+ L group exhibited the highest green fluorescence. This phenomenon
was attributed to 5-ALA mediated PDT, and the generation of oxygen
can further provide components for PDT to induce more ROS
production.

Calcein-AM/PI and cell apoptosis assays were used for testing the
cellular killing effect. As displayed in Fig. 1i, there were no vivid red
fluorescence in control, ECyano, ECyano + T and ECyano + L groups.
More excitingly, ECyano + T + L group represented the highest ratio of
dead cells, which was in accordance with the cytotoxic and ROS gen-
eration results. Soon afterwards, flow cytometry was used to quantita-
tively analyze the apoptosis rates. As shown in Fig. 1j and k, the
apoptosis rates in control, ECyano, ECyano + T and ECyano + L groups
were 3.63 %, 6.13 %, 5.53 % and 3.79 %, separately. While the apoptosis
rate in ECyano + T + L (22.7 %) was greatly augmented, which was
consistent with the live/dead cell staining results.

All these above data demonstrated that ECyano treated with
theophylline and 640 nm laser could induce the generation of ROS, thus
inducing tumor cell death.

3.3. Characterization of Fe3O4-M2pep

According to the previously published literature [25], Fe3O4 nano-
particles with diameter of ~20 nm were incubated with macrophages,
followed by the upregulation of M1-related markers (TNFα and CD86)
and downregulation of M2-related markers (CD206 and IL10). Related
data demonstrated that Fe3O4 nanoparticles could significantly inhibit
tumour growth by inducing M2-like macrophages towards M1-like
macrophage subtype, which was due to the cellular iron regulating
functional plasticity in macrophages. In this paper, M2 targeting peptide
(M2pep) was modified with Fe3O4 nanoparticles (Fig. 2a) to achieve the
targeted delivery. As displayed in Fig. 2b, Fe3O4 and Fe3O4-M2pep were
spherical and displayed the particle sizes of about 15.4 ± 1.9 nm and
17.6 ± 1.6 nm, respectively. DLS results demonstrated that the hydro-
dynamic diameters of Fe3O4 and Fe3O4-M2pep were 51 ± 0.5 nm and 68
± 2.1 nm (Fig. 2c). The zeta potentials of Fe3O4 and Fe3O4-M2pep were
− 16.5 mV and − 8.8 mV, respectively (Fig. S3), indicating the successful
conjugation of M2pep to Fe3O4.

3.4. The targeting ability of Fe3O4-M2pep

To achieve the polarization of M2-like TAMs in TME, the bio-
compatibilities of Fe3O4 and Fe3O4-M2pep on M2-like macrophages
were firstly measured by CCK-8 assay. Firstly, the in vitro generation of
M2-like macrophages was verified by flow cytometry (Fig. S4). Cell vi-
abilities in both Fe3O4 and Fe3O4-M2pep groups were higher than 80 %
when the concentration was lower than 75 μg/mL (Fig. 2d). To further
evaluate the cytotoxicity of Fe3O4-M2pep on tumor cells, CCK8 assay
was conducted to study the killing effect of Fe3O4-M2pep on 4T1 cells,
and the results were shown in Fig. S5. When the concentration of Fe3O4-
M2pep was 100 μg/mL, the cell viability was higher than 85 %,
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demonstrating that Fe3O4-M2pep had good biological safety.
Subsequently, M2pep mediated targeting ability was checked by

Prussian blue staining assay. The cytoplasm and intercellular iron could
be stained pink and blue with 1 % nuclear fixation red and Prussian blue,

respectively. As shown in Fig. 2e and Fig. S6, the iron content in Fe3O4-
M2pep group (0.44 mg/L) was higher than that in Fe3O4 group (0.36
mg/L), indicating that the addition of M2pep could increase the cellular
uptake of Fe3O4, laying the foundation for subsequent in vitro

Fig. 2. Characterization of Fe3O4-M2pep. a: Scheme of Fe3O4-M2pep synthesis and the polarization of M2-like macrophages to M1-like macrophages; b: TEM images
of Fe3O4 and Fe3O4-M2pep (scale bar: 100 nm); c: Size distribution of Fe3O4 and Fe3O4-M2pep; d: Cell viabilities of M2-like macrophages incubated with different
concentrations of Fe3O4 and Fe3O4-M2pep for 24 h; e: Prussian blue staining of M2-like macrophages incubated with 75 μg/mL of Fe3O4 and Fe3O4-M2pep for 4 h
(scale bar: 20 μm); f: Flow cytometric analysis of the polarization of M2-like macrophages in different groups; g: Validation of M1-like macrophages phagocytosis of
tumor cells induced by Fe3O4-M2pep (DID: 4T1 cells, CD11b-Cy5.5: M1-like macrophages). Measurement of IL-10 (h), TGF-β (i), iNOS (j) and TNF-α (k) in cell
supernatants by ELISA kits. ***P < 0.001 compared with control group by one way ANOVA.
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polarization experiments.

3.5. The in vitro polarization performance of M2-like macrophages

To study the polarization effect of Fe3O4-M2pep, CD86 and CD206
were selected as the characteristic biomarkers of M1-like and M2-like
macrophages, respectively. As shown in Fig. 2f and Fig. S7a, the per-
centages of CD206+ M2-like macrophages in Fe3O4 and Fe3O4-M2pep
groups were 37.67 % and 30.68 %, which were significantly lower than
control group (59.11 %). In addition, the percentages of CD86+ M1-like
macrophages in control, Fe3O4 and Fe3O4-M2pep groups were 10.10 %,

21.09 % and 40.08 %, separately. What’s more, Fe3O4-M2pep group
displayed the highest ratio of M1-like macrophages and the lowest ratio
of M2-like macrophages, which was mainly due to the targeting ability
and the increased cellular uptake of Fe3O4-M2pep. Notably, the ratio of
M1/M2-like macrophages in Fe3O4-M2pep group was 1.83- fold of that
in Fe3O4 group (Fig. S7b), indicating that the introduction of M2pep
could improve the polarization efficiency of M2-like macrophages.
Subsequently, the phagocytosis effect of M1-like macrophages on tumor
cells was studied. As shown in Fig. 2g and Fig. S8, there were 13.68 %
and 18.94 % of tumor cells phagocytosed by M1-like macrophages in
Fe3O4 and Fe3O4-M2pep groups.

Fig. 3. Characterization of ECyano@Fe3O4-M2pep. a: TEM images of ECyano and ECyano@Fe3O4-M2pep (scale bar: 500 nm); b: Zeta potentials of ECyano, Fe3O4-
M2pep and ECyano@Fe3O4-M2pep; c: The photosynthetic oxygen evolution of ECyano and ECyano@Fe3O4-M2pep under 640 nm red laser irradiation; d: Fluo-
rescence images of ECyano, Fe3O4-M2pep and ECyano@Fe3O4-M2pep excited by 561 nm (scale bar: 20 μm); e: The scheme of transwell assay for PDT; f: The ROS
detection in 4T1 cells with different treatments (scale bar: 100 μm); g: Live/dead staining of 4T1 cells (scale bar: 100 μm); h: Cell apoptosis analysis; i: The scheme of
transwell assay for M2-like macrophages polarization; j: Prussian blue staining of M2-like macrophages in the lower chamber of transwell (scale bar: 20 μm); k: Flow
cytometric analysis of the polarization of M2-like macrophages in different groups; Measurement of IL-10 (l), TGF-β (m), iNOS (n) and TNF-α (o) in cell supernatants
by ELISA kits. ***P < 0.001 compared with control group by one way ANOVA.
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In the end, ELISA assay was conducted to further indicate the in vitro
polarization performance. IL-10 and TGF-β cytokines were secreted by
M2-like macrophages, iNOS and TNF-α cytokines were secreted by M1-
like macrophages. Therefore, the concentrations of IL-10, TGF-β, iNOS
and TNF-α were measured by ELISA kits. As shown in Fig. 2h and i, the
concentrations of IL-10 and TGF-β in Fe3O4 and Fe3O4-M2pep groups
were significantly lower than control group. While the concentrations of
iNOS and TNF-α in Fe3O4 and Fe3O4-M2pep groups were significantly
higher than control group (Fig. 2j and k). These data further validated
the augmented polarization effect of M2-like macrophages to M2-like
macrophages.

3.6. Characterization of ECyano@Fe3O4-M2pep

To achieve the synergistic effect of PDT and immunotherapy, Fe3O4-
M2pep were conjugated to the surface of ECyano by the ROS-responsive
linker (HOOC-TK-COOH) to prepare ECyano@Fe3O4-M2pep. In the
process of ECyano mediated PDT, ROS was generated and then Fe3O4-
M2pep were released and target M2-like TAMs, there by inducing the
polarization to further kill tumor cells. Fig. 3a showed the TEM images
of ECyano and ECyano@Fe3O4-M2pep, suggesting that Fe3O4-M2pep
were successfully modified with ECyano. In order to further test and
verify the construction of ECyano@Fe3O4-M2pep, compared with
ECyano, there were some nanoparticles adsorbed on the surface of
ECyano in ECyano@Fe3O4-M2pep (Fig. S9). Additionally, the zeta po-
tentials of ECyano, Fe3O4-M2pep and ECyano@Fe3O4-M2pep were
− 7.8 mV, − 10.9 mV and − 27.6 mV, respectively (Fig. 3b), further
indicating the successful preparation of ECyano@Fe3O4-M2pep.

Furthermore, the bacterial activity and photosynthetic oxygen of
ECyano@Fe3O4-M2pep were characterized. As shown in Fig. 3c, the
oxygen production rate in ECyano@Fe3O4-M2pep group was increased
in the first 4 min of red laser exposure. And the initial oxygen generation
was slightly lower than ECyano, indicating that the modification of
Fe3O4-M2pep did not significantly affect the photosynthesis. This phe-
nomenon may be due to an increase in electron transfer after being
connected to nanoparticles, leading to an increase in oxygen production
rate [32]. However, this increase in oxygen production rate will bring
certain metabolic pressure to ECyano itself, leading to a decrease in the
upper limit of oxygen production capacity. Fluorescence images
(Fig. 3d) of chlorophyll in ECyano and ECyano@Fe3O4-M2pep groups
indicated that the modification of Fe3O4-M2pep had no influence on the
bacterial activity.

These results proved the successful preparation of ECyano@Fe3O4-
M2pep and the bacterial activity and oxygen-producing function was
not affected.

3.7. The in vitro PDT effect of ECyano@Fe3O4-M2pep

The in vitro PDT effect of ECyano@Fe3O4-M2pep was assessed by
CCK8 assay, ROS detection, Calcein-AM/PI staining and apoptosis
analysis by a transwell system (Fig. 3e). ECyano@Fe3O4-M2pep were
placed in the upper chamber and 4T1 cells were seeded in the lower
chamber. When 4T1 cells were incubated with ECyano@Fe3O4-M2pep,
the cell viability significantly decreased after red laser exposure
(Fig. S10). As shown in Fig. 3f and Fig. S11, the green fluorescence in
ECyano@Fe3O4-M2pep was significantly higher than that in Fe3O4-
M2pep and control groups, declaring that 5-ALA was generated,
secreted and transported to 4T1 cells in the lower chamber for PDT.
Subsequently, calcein-AM/PI staining assay was used to evaluate the
PDT effects (Fig. 3g). The red fluorescence (dead cells) in ECyano@-
Fe3O4-M2pep group was the highest, which was due to the large amount
of ROS generated. Similarly, the apoptosis rate in ECyano@Fe3O4-
M2pep group was 21.7 %, which was clearly higher than that in Fe3O4-
M2pep (4.28 %) and control (5.1 %) groups (Fig. 3h and Fig. S12).

3.8. The polarization of M2-like macrophage induced by
ECyano@Fe3O4-M2pep

To measure the polarization effect, we firstly evaluated whether
Fe3O4-M2pep could release from ECyano. Specifically, ECyano@Fe3O4-
M2pep were placed in the upper chamber and M2-like macrophages
were seeded in the lower chamber with a 0.4 μm filter (Fig. 3i). We
firstly evaluated the release behavior of Fe3O4-M2pep from ECyano
under the conditions of different H2O2 content. As shown in Fig. S13,
with the increase of H2O2 content, more Fe3O4-M2pep were uptaken by
M2-like macrophages in the lower chamber, demonstrating that more
Fe3O4-M2pep were released, transported to the lower chamber and
ingested by M2-like macrophages. Therefore, 0.3 % of H2O2 solution
was added to the upper chamber to stimulate TME. In ddition, the SEM
image of ECyano@Fe3O4-M2pep after incubation with 0.3 % of H2O2
solution for 4 h was provided in Fig. S14. Some Fe3O4-M2pep nano-
particles released from ECyano, demonstrating the disulfide bond be-
tween ECyano and Fe3O4-M2pep broken under the H2O2 environment.
In the end, Fig. 3j and Fig. S15 illustrated the Prussian blue staining of
M2-like macrophages in the lower chamber to visualize intracellular
iron content. The iron contents in Fe3O4-M2pep group (0.438 mg/L) and
ECyano@Fe3O4-M2pep (0.309 mg/L) were significantly higher than
that in control group. And ECyano@Fe3O4-M2pep group owned the
similar Fe content to Fe3O4-M2pep group, indicating that Fe3O4-M2pep
could release and target M2-like macrophages.

Secondly, the polarization induced by ECyano@Fe3O4-M2pep was
also assessed by flow cytometry and ELISA. As shown in Fig. 3k and
Fig. S16a, the percentages of M2-like macrophages in Fe3O4-M2pep and
ECyano@Fe3O4-M2pep groups were 30.75 % and 32.49 %, which were
lower than that in control (51.22 %) and ECyano (47.27 %) groups. On
the contrary, the proportions of M1-like macrophages in Fe3O4-M2pep
and ECyano@Fe3O4-M2pep groups were 34.13 % and 23.58 %, which
were higher than that in control (11.88 %) and ECyano (7.89 %) groups.
In addition, the ratio of M1-like macrophages in ECyano@Fe3O4-M2pep
group was lower than Fe3O4-M2pep group, which was probably due to
the incomplete release of Fe3O4-M2pep from ECyano. Notably, the ratios
of M1/M2-like macrophages in Fe3O4-M2pep and ECyano@Fe3O4-
M2pep group were 1.04- and 0.68- fold of that in control group
(Fig. S16b), indicating that ROS-responsive released Fe3O4-M2pep in the
upper chamber could pass through the transwell system and target M2-
like macrophages to induce the polarization. The measurement of im-
mune factors (Fig. 3l–o) was also in accordance with the flow cytometric
results.

These above data proved that the modification of Fe3O4-M2pep
could not affect the function of ECyano for PDT and Fe3O4-M2pep could
release during the PDT process for causing the polarization of M2-like
macrophages to M1-like macrophages.

3.9. In vivo therapeutic effect of ECyano@Fe3O4-M2pep

Lastly, 4T1 subcutaneous tumor model was established to investigate
the PDT-immunotherapy effect of ECyano@Fe3O4-M2pep. Mice were
randomly divided into five groups (n = 3): control group, ECyano@-
Fe3O4-M2pep group, ECyano@Fe3O4-M2pep group + T group, ECya-
no@Fe3O4-M2pep group + L group, ECyano@Fe3O4-M2pep group + T
+ L group. After injection of ECyano@Fe3O4-M2pep, ECyano@Fe3O4-
M2pep + L group and ECyano@Fe3O4-M2pep + T + L group were
exposed to 640 nm red laser for three consecutive days to exert photo-
synthetic oxygen production. On the 4th day, mice in ECyano@Fe3O4-
M2pep + T group and ECyano@Fe3O4-M2pep + T + L group received an
oral gavage of 2 mM theophylline solution to induce the secretion of 5-
ALA. And 640 nm red laser (0.25 W cm− 2, 10 min) was given to mice in
ECyano@Fe3O4-M2pep + L and ECyano@Fe3O4-M2pep + T + L groups
on the 5th day (Fig. 4a).

In order to validate the viability of ECyano within the treatment
period, tumor tissues in ECyano@Fe3O4-M2pep + T + L group were
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collected on 1st, 3rd, and 5th days to observe the red fluorescence of
chlorophyll. As shown in Fig. 4b, the red fluorescence on 1st and 3rd days
was vivid. Due to the fact that the production of 5-ALA was controlled by
theophylline, the red fluorescence on 1st and 3rd days indicated the ex-
istence of living ECyano. On the 5th day, weak red fluorescence appeared
in tumor tissues, which may be the luminescence from PpIX converted
by 5-ALA. During the treatment period, the tumor growth curves and
photos of excised tumors were shown in Fig. 4c and Fig. S17. After the
treatment, the average tumor volumes in control, ECyano@Fe3O4-
M2pep, ECyano@Fe3O4-M2pep + T, ECyano@Fe3O4-M2pep + L and
ECyano@Fe3O4-M2pep group + T + L groups were 1174 mm3, 801
mm3, 745 mm3, 463 mm3 and 159 mm3, respectively. Compared with
ECyano@Fe3O4-M2pep + T group and ECyano@Fe3O4-M2pep + L
group, ECyano@Fe3O4-M2pep group + T + L group displayed the

smallest tumor volume, which was attributed to the synergistic effect of
5-ALA mediated PDT and Fe3O4-M2pep mediated immunotherapy. In
addition, the tumor volume in ECyano@Fe3O4-M2pep + T group was
similar to that in ECyano@Fe3O4-M2pep group, illustrating that the
addition of theophylline could only induce the generation of 5-ALA.
Besides, the tumor growth inhibition (TGI) rate in ECyano@Fe3O4-
M2pep group + T + L group was the highest (Fig. 4d), which was
consistent with the above results.

Besides, the biodistribution of ECyano@Fe3O4-M2pep was studied
by measuring the Fe contents in main organs (heart, liver, spleen, lung,
kidney), blood and tumor tissues. As shown in Fig. S18, there was no
significant difference in the Fe contents in heart, liver, spleen, lung,
kidney and blood between control and ECyano@Fe3O4-M2pep groups.
However, the Fe contents in tumor of ECyano@Fe3O4-M2pep group was

Fig. 4. In vivo anti-tumor effects of ECyano@Fe3O4-M2pep. a: Schedule of animal experiments; b: Fluorescence images of tumor tissue sections excited by 561
nm; c: Changes of tumor volumes in different groups (scale bar: 1 cm); d: Tumor growth inhibition (TGI) rates in different groups; e: Body weight changes of mice
during the treatment; f: HE staining of tumor tissues; g: TUNEL staining of tumor tissues; h: Immunohistochemical analysis of HIF-1α expression. Scale bar: 50 μm.
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0.35 mg/L, which was significantly higher than that in control group
(0.009 mg/L). This data demonstrated that intratumoral injection of
ECyano@Fe3O4-M2pep was mainly accumulated in tumor tissues,
ensuring the good biosafety. More importantly, the overall body weight
gain, blood routine, blood biochemistry analysis and HE staining of
main organs also indicated the biological safety of ECyano@Fe3O4-
M2pep (Fig. 4e and Fig. S19).

At last, tumor tissues were collected for hematoxylin-eosin (H&E)
and TdT-mediated dUTP Nick-End Labeling (TUNEL) staining to eval-
uate the tumor cells apoptosis. In comparison with control group, the
tumor tissues of ECyano@Fe3O4-M2pep group + T + L group were not
so dense and nucleus were disrupted, indicating that the tumor growth

was inhibited (Fig. 4f). TUNEL method was used to measure the tumor
apoptosis. As shown in Fig. 4g and Fig. S20, the green fluorescence in-
tensity in ECyano@Fe3O4-M2pep group + T + L group was the highest,
indicating that most tumor cells have undergone apoptosis. ECyano@-
Fe3O4-M2pep group + T group and ECyano@Fe3O4-M2pep group + L
group displayed the similar green fluorescence, lower than that in
ECyano@Fe3O4-M2pep group + T + L group. This phenomenon was
attributed to synergistic effect of PDT and immunotherapy.

Due to the photosynthetic oxygen production of ECyano, the allevi-
ation of tumor hypoxia was estimated by HIF-1α (a typical hypoxia
marker) immunohistochemical staining assay. Compared with control
group, the expression of HIF-1α was decreased in ECyano@Fe3O4-

Fig. 5. In vivo polarization of M2-like TAMs. a: Flowcytometric analysis of M2-like TAMs and M1-like TAMs in tumor tissues; b: The percentages of M2-like TAMs and
M1-like TAMs; ***P < 0.001 compared with control group by two-way ANOVA. c: The ratios of M1/M2-like TAMs in different groups; Measurement of IL-10 (d), and
iNOS (e) in tumor tissues by ELISA kits; f: Immunofluorescence analysis of F4/80 and CD206 expression to indicate the M2-like TAMs in tumor tissues (scale bar: 50
μm); g: Immunofluorescence analysis of F4/80 and CD86 expression to indicate the M1-like TAMs in tumor tissues (scale bar: 50 μm). ***P < 0.001, **P < 0.01
compared with control group by one way ANOVA.
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M2pep + L group, which was owing to the photosynthesis of ECyano
(Fig. 4h and Fig. S21). While the aggravated hypoxia was found in
ECyano@Fe3O4-M2pep + T + L group, which was induced by the oxy-
gen consumption in the process of PDT.

3.10. In vivo polarization of M2-like TAMs

The in vivo polarization of M2-like TAMs to M1-like TAMs was
further investigated using flow cytometry (Fig. 5a). Compared with
control group (the ratios of M2-like TAMs and M1-like TAMs were 8.70
% and 0.43 %), both ECyano@Fe3O4-M2pep and ECyano@Fe3O4-
M2pep + T groups displayed the decreased M2-like TAMs (the per-
centages were 6.22 % and 5.16 %) and increased M1-like TAMs (the
proportions were 1.60 % and 2.05 %), which was owing to the disrup-
tion of ROS-responsive linker between ECyano and Fe3O4-M2pep caused
by the high levels of ROS in TME, leading to targeted uptake of Fe3O4-
M2pep by M2-like TAMs for polarizing into M1-like TAMs. Above all,
ECyano@Fe3O4-M2pep + T + L group demonstrated the lowest M2-like
TAMs and the highest M1-like TAMs (Fig. 5b). Notably, the M1/M2
ratios in ECyano@Fe3O4-M2pep + L and ECyano@Fe3O4-M2pep + T +

L groups were separately 1.14- and 1.25- fold (Fig. 5c), which were
significantly higher than that in control (0.27- fold), ECyano@Fe3O4-

M2pep (0.53- fold) and ECyano@Fe3O4-M2pep + T (0.69- fold) groups.
Similarly, the concentrations of IL-10 and iNOS were measured and

the results kept peace with the flow cytometric results. As shown in
Fig. 5d and e, ECyano@Fe3O4-M2pep + T + L group possessed the
lowest IL-10 content (secreted by M2-like TAMs) and the highest iNOS
concentration (secreted by M1-like TAMs).

In the end, tumor tissues were collected and stained with anti-F4/80,
anti-CD206 and anti-CD86 antibodies to analyze the changes of M2-like
and M1-like TAMs. As displayed in Fig. 5f and g, the green fluorescence
intensity of CD206 in ECyano@Fe3O4-M2pep + T + L group was lower
than any other groups, and the green fluorescence intensity of CD86 was
higher than any other groups.

These data demonstrated that Fe3O4-M2pep could release from
ECyano, alleviate the immunosuppressive TME, and enhance the ther-
apeutic effects.

3.11. Mechanism of enhanced PDT-immunotherapy

To study the mechanism of ECyano@Fe3O4-M2pep mediated
enhanced PDT-immunotherapy, transcriptomic analysis of tumor issues
was conducted. As shown in Fig. 6a–c, there were 385 significantly
differentially expressed genes (DEGs) in control and ECyano@Fe3O4-

Fig. 6. Mechanism of ECyano@Fe3O4-M2pep mediated therapy. a: Venn diagram of transcriptomic profiles; b: The differential expressed genes (DEGs) in control and
ECyano@Fe3O4-M2pep + T + L groups; c: The volcano map of identified DEGs in control and ECyano@Fe3O4-M2pep + T + L groups; d: GO enrichment analysis of
biological processes in ECyano@Fe3O4-M2pep + T + L group; e:KEGG pathway enrichment analysis of the identified DEGs inECyano@Fe3O4-M2pep + T + L group; f:
The heat map of the DEGs in PI3K-AKT signaling pathway after ECyano@Fe3O4-M2pep + T + L treatment.
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M2pep + T + L groups, which included 235 up-regulation and 150
down-regulation genes. Subsequently, the biological functions of DEGs
were analyzed by gene ontology (GO) enrichment. As displayed in
Fig. 6d, cellular process and biological regulation mainly led to the
difference in the biological functions of DEGs. To further demonstrate
the biological functions of DEGs, Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) pathway enrichment were performed in Fig. 6e and f.
Among them, the gene ratio of phosphatidylinositol 3-kinase (PI3K-Akt)
signaling pathway was the highest. According to the published works
[33], the PI3K-AKT signaling network regulated by growth factors
directly regulates nutrient transporters and metabolic enzymes, or
controls transcription factors that regulate the expression of key com-
ponents in metabolic pathways, thereby disconnecting the control of
tumor cell growth, survival, and metabolism from exogenous growth
stimuli. The PI3K-Akt signaling pathway can be activated by the pro-
duction of intracellular ROS, leading to tumor cell apoptosis. Therefore,
ECyano@Fe3O4-M2pep mediated PDT-immunotherapy could activate
PI3K-Akt signaling pathway, thus induing tumor cell death.

Although ECyano@Fe3O4-M2pep has achieved some progress, but
there are still some issues that need to be addressed. Different from other
micro/nano-materials, ECyano@Fe3O4-M2pep was a “living material”.
As the incubation time prolonged, ECyano could proliferate. While the
Fe3O4-M2pep nanoparticles could not reproduce, resulting in the
decrease of Fe3O4-M2pep nanoparticles on the surface of ECyano. In the
future work, we will use synthetic biology techniques to further modify
strains, which can synthesize and release nanoparticles under the in-
duction of theophylline, thus achieving the in situ production of PSs and
nanoparticles.

4. Conclusion

In this paper, ECyano@Fe3O4-M2pep hybrid system was constructed
as oxygen generator and photosensitizer production factory for syner-
gistic cancer PDT-immunotherapy. Firstly, the modification of synthetic
biology and Fe3O4-M2pep could not affect the photosynthetic capacity,
laying the foundation for alleviating tumor hypoxia. Secondly, theoph-
ylline induced 5-ALA production could achieve the controlled and effi-
cient PDT effects, which could prevent the premature killing of ECyano
by ROS generated by PDT. Finally, Fe3O4-M2pep was released in
response to the abundant ROS, targeted to M2-like TAMs, induced the
polarization to M1-like TAMs and killed the tumor cells. The synergistic
cancer PDT-immunotherapy could effectively relieve hypoxia, enhance
the PDT effect, promote the polarization of M2-like TAMs and inhibit
tumor growth. We believe that this hybrid system will offer a promising
way for the biomedical application of bacterial therapy.
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