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Bright Bacterium for Hypoxia-Tolerant Photodynamic
Therapy Against Orthotopic Colon Tumors by an
Interventional Method

Daoming Zhu, Jing Zhang, Guanghong Luo, Yanhong Duo,* and Ben Zhong Tang*

While promising, the efficacy of aggregation-induced emission (AIE)-based
photodynamic therapy (PDT) is limited by several factors including limited
depth of laser penetration and intratumoral hypoxia. In the present study, a
novel bacteria-based AIEgen (TBP-2) hybrid system (AE) is developed, that is
able to facilitate the hypoxia-tolerant PDT treatment of orthotopic colon
tumors via an interventional method. For this approach, an interventional
device is initially designed, composed of an optical fiber and an endoscope,
allowing for clear visualization of the position of the orthotopic tumor within
the abdominal cavity. It is then possible to conduct successful PDT treatment
of this hypoxic tumor via laser irradiation, as the TBP-2 is able to generate
hydroxyl radicals (•OH) via a type I mechanism within this hypoxic
microenvironment. Moreover, this interventional approach is proved to
significantly impair orthotopic colon cancer growth and overcame PDT
defects. This study is the first report involving such an interventional PDT
strategy to knowledge, and it has the potential to complement other treatment
modalities while also highlighting novel approaches to the design of hybrid
AIEgen systems.

1. Introduction

Aggregation-induced emission (AIE)-active fluorophores exhibit
significantly enhanced emissivity when aggregated as compared
to when present as monomers.[1] Owing to their high biocompat-
ibility, high photostability, and compatibility with high-contrast
imaging strategies, AIE luminogens (AIEgens) represent an ideal
bioimaging tool.[2] AIEgens have also been leveraged for non-
invasive cancer treatment through photodynamic therapy (PDT)
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approaches, as they can serve as a source
of reactive oxygen species (ROS) production
in response to light.[3] While weekly emis-
sive in a monomeric form, these AIEgens
exhibit intensive illumination upon aggre-
gation due to the restriction of intramolecu-
lar motion and associated radiative decay.[4]

The effective suppression of nonradiative
AIEgens following aggregation can facil-
itate bioimaging, and can also improve
triplet exciton stability, thereby driving ro-
bust ROS generation.[2a,5] Several different
approaches to leveraging AIEgens for tar-
geted tumor PDT have been developed to
date.[5,6] However, tumor treatment using
AIEgens is still limited by a number of fac-
tors. For one, the laser penetration depth is
limited, precluding the use of PDT to treat
deep tumors and affecting tissues such as
the liver or the colon.[6b,7] In addition, hy-
poxia within the tumor microenvironment
can limit the efficacy of PDT, and few stud-
ies have demonstrated the successful PDT
treatment of hypoxic tumor tissues.[8] As

such, there is a clear need for the development of novel AIEgens-
based platforms capable of more reliably treating a wider range
of tumor types.

Several species of bacteria including Salmonella, Bifidobac-
terium, and Escherichia coli exhibit a selective tropism for hypoxic
sites that enables them to accumulate and replicate within tu-
mor tissues.[9] Owing to the high selectivity of these bacteria
for tumor sites, they can be reliably leveraged for the precise
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Scheme 1. Schematic illustration of bright bacteria for hypoxia-tolerant photodynamic therapy against orthotopic colon tumors by an interventional
method.

targeting of hypoxic tumor tissues.[10] We have previously re-
ported the development of an AIE photosensitizer (PS) with two
positive charges (termed TBP-2) that is able to selectively target
and bind to E. coli via uptake into the periplasmic space within
these bacteria.[2a] Since E. coli also exhibits a hypoxic tumor tissue
tropism according to other research,[9,10,11] we therefore sought
to leverage TBP-2-loaded E. coli for the treatment of hypoxic tu-
mors. AIEgen-loaded bacterial enrichment offers promise as a
means of selectively targeting hypoxic tumors. However, the hy-
poxic intratumoral microenvironment limits the anticancer effi-
cacy of PDT.[12] In general, PDT relies upon the transformation
of ground triplet-state molecular oxygen (3O2) into reactive sin-
glet oxygen (1O2) via a type II mechanism that is highly depen-
dent upon local O2 concentrations.[13] Low O2 levels within solid
tumors can thus compromise PDT efficacy, particularly in pa-
tients requiring sustained or prolonged treatment.[14] In contrast,
however, hypoxia-tolerant type I PDT mechanisms can overcome
these limitations by markedly lowering O2 requirements, as O2 is
partially recycled during these cascade reactions, thereby amelio-
rating intratumoral hypoxia and enhancing PDT efficacy.[15] We
found that TBP-2 was able to mediate PDT effectively via both

type I and type II mechanisms through the generation of multi-
ple forms of ROS including hydroxyl radicals (•OH) and singlet
oxygen (1O2) in response to light irradiation in this experiment.
TBP-2-loaded bacteria (AE) can thus not only effectively traffic to
hypoxic tumors, but also represent an ideal tool for conducting
PDT-mediated cancer treatment via a type I mechanism.

PDT is additionally limited by the intrinsically poor ability of
light to penetrate into tissues, rendering this approach ineffec-
tive for the management of tumors within deep-seated tissues
such as the liver or the colon.[8c,16] We thus hypothesized that a lo-
coregional interventional approach to PDT may represent a more
clinically viable means of treating abdominal tumors. To date, no
studies have compared the efficacy of such an interventional PDT
regimen with other therapeutic modalities, underscoring the im-
portance of conducting such a study.

In the present study, we thus developed a novel bacteria-based
hybrid AIEgen system (AE) capable of mediating the hypoxia-
tolerant PDT treatment of orthotopic colon tumors via an inter-
ventional method (Scheme 1). We began by developing a novel
interventional device composed of an endoscope and an opti-
cal fiber that was able to reliably visualize the orthotopic tumor
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Figure 1. TEM images of A) E.coli and B) AE. C) Fluorescent images of AE, indicating successful TBP-2 loading into these bacteria. 𝜆ex = 488 nm and 𝜆em =
600–700 nm. D) Absorption spectra of E.coli (in PBS), AE (in PBS), and TBP-2 (1% DMSO fraction). E) TBP-2 levels in different E.coli populations. F) TBP-
2-mediated •OH generation with/without white laser (WL, 0.1 W cm−2, 5 min) excitation via ESR. G) 9,10-Anthracenediyl-bis(methylene)-dimalonic acid
(ABDA) decomposition rates induced by 1O2 generation associated with the indicated formulations under WL excitation (0.1W cm−2, 5 min, TBP-2
was dissolved in 1% DMSO solution). H) TA decomposition rates induced by •OH generation associated with the indicated formulations under WL
excitation (0.1W cm−2, 5 min, TBP-2 was dissolved in 1% DMSO solution). I) Assessment of the antibacterial effect of TBP-2 on E. coli under different
lighting conditions.

within the abdominal cavity. Hypoxia-targeting E. coli were then
leveraged to deliver TBP-2 into the hypoxic core regions of these
tumors, thus enabling the effective intratumoral accumulation
of this AIEgen. PDT was then successfully conducted via laser
irradiation using our interventional system, with TBP-2 serving
as a PS to facilitate •OH generation via a type I mechanism
within this severely hypoxic microenvironment. This approach
was sufficient to markedly inhibit orthotopic colon tumor growth
and to overcome many of the traditional limitations of PDT. In
summary, this novel approach to the interventional treatment of
deep tumors offers promise as a complement to other therapeu-
tic modalities, and may additionally serve as a foundation for the
development of further novel hybrid AIEgen systems.

2. Results and Discussion

We began by successfully preparing and characterizing TBP-2
(Figure S1, Supporting Information).[2a] We then combined TBP-
2 with E. coli and found that it was readily absorbed by these bac-
teria within 30 min owing to its two positive charges, which can
readily interact with the negatively charged LPS on the bacterial
surface to replace the divalent lipid cations. This destabilizes the
LPS coating and causes partial permeabilization of the bacterial
surface such that TBP-2 can penetrate into the periplasmic space.
Importantly, the morphology of E. coli was comparable before
and after TBP-2 absorption (Figure 1A,B), and AE preparations
exhibited bright red diffuse fluorescence following 488 nm laser
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Figure 2. A) CT26 cell fluorescence images following the indicated treatments. 𝜆ex = 488 nm and 𝜆em = 600–700 nm. B) Tumor cells DCFH-DA flu-
orescence images were observed after the indicated treatments under normoxia or hypoxia condition. L: white light (0.1 W cm−2, 10 min). C) Under
normoxia or D) hypoxic conditions, viability of CT26 tumor cells treated with PBS, L (0.1 W cm−2, 10 min), AE, or AE+L at different TBP-2 concentrations.
*P<0.05, **P<0.01, ***P<0.001; Student’s t-test.

irradiation (Figure 1C). After loading TBP-2, the zeta potential
of AE was greater than that of pure E.coli (Figure S2, Support-
ing Information). Absorption spectrum analyses revealed that
AE exhibited an identical characteristic absorption peak to that
of TBP-2 at 493 nm (Figure 1D). Together, these data revealed
that TBP-2 was readily absorbed by bacteria, thereby facilitat-
ing successful AE preparation. TBP-2 levels also rose with in-
creasing bacterial concentrations at an initial TBP-2 content of
100 µg (Figure 1E). To confirm the utility of TBP-2 as a type I
PS, we utilized an electron spin resonance (ESR) test and con-
firmed that TBP-2 efficiently mediated hydroxyl radical produc-
tion in response to white light laser (WL) exposure. The re-
sults show that TBP-2 can produce •OH efficiently under light,
which is the most direct evidence of TBP-2 as a type I PS.
9,10-Anthracenediyl-bis(methylene)-dimalonic acid (ABDA) and
terephthalic acid (TA) degradation experiments additionally con-
firmed the ability of AE to efficiently generate singlet oxygen and
hydroxyl radicals, in line with prior results (Figure 1G,H). TA
was used to track the capture of •OH and generate 2-hydroxy
TA, along with emitting 435 nm fluorescence light.[17] It should
be noted that AE did not affect the singlet oxygen and hydroxyl
radical production capacity of TBP-2. We further confirmed the
phototoxic effect of TBP-2 on E. coli in response to light expo-
sure (Figure 1I). While E. coli were unaffected by this AIEgen in
the absence of light, the survival of these bacteria was markedly

compromised upon light exposure, consistent with the ability
of TBP-2 to produce high levels of ROS and to thereby in-
duce phototoxicity.[2a] Bacterial structures can also be directly de-
stroyed upon light irradiation (Figure S3, Supporting Informa-
tion), thereby enhancing TBP-2 release (Figure S4, Supporting
Information). After a long time of culture or many times of wash-
ing, TBP-2 can still remain on the AE membrane, indicating that
AE has good stability (Figures S5 and S6, Supporting Informa-
tion). In summary, these data indicated that we were able to suc-
cessfully generate an AE preparation capable of simultaneously
producing singlet oxygen and hydroxyl radicals in response to
light. We thus leveraged this AE preparation in order to explore
its antitumor utility. In general, AE was prepared by a very sim-
ple and environmental-friendly method, from which we thought
that almost all materials with affinity to bacteria could be used for
tumor treatment in this way. So this idea is very meaningful for
the future tumor treatment system.

We then evaluated the in vitro antitumor ability of AE. When
we assessed these interactions in vitro, we found that TBP-2
released from AE in the presence of white light was able to
rapidly interact with CT26 cancer cells (Figure 2A). We used
cell membrane dye (DiO) and TBP-2 co-localization found that
TBP-2 mainly existed on the cell membrane (Figure S7, Support-
ing Information). This is in line with prior studies indicating
that molecules bearing two positive charges can more readily
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Figure 3. A) Ex vivo images and B) radiant efficiency in collected tumor tissues and organs in mice bearing orthotopic CT26 tumors at 24h post-AE or
AP injection. C) Fluorescent visualization of AE co-localization with hypoxic regions. (Green: PIMO, red: TBP-2). D) The PIMO and TBP-2 fluorescence
distribution profiles along the red line within the hypoxic region marked in Figure 3C. *P<0.05, **P<0.01, ***P<0.001; Student’s t-test.

adhere to tumor cell membranes.[18] However, AE treatment
alone was insufficient to mediate TBP-2 binding to tumor cell
membranes,[18] which was only evident following light exposure.
This suggests that TBP-2 is initially bound very tightly to bacteria
such that it can only interact with surrounding tumor tissues
following light-mediated release from AE. For determination of
ROS levels via fluorescent imaging, CT26 cells were incubated
for 0.5 h with 4 different groups: 1) PBS; 2) WL (L, 0.1 w cm−2,
10 min); 3) AE; 4) AE+L. The TBP-2 concentration was 10 µg
mL−1 in groups 3 and 4. We found that under both hypoxic and
normoxic conditions, AE was able to produce large volumes of
ROS within tumor cells upon light exposure in vitro, consistent
with the ability of AE to facilitate PDT in an oxygen-independent
manner attributable to effective TBP-2-mediated hydroxyl radical
production (Figure 2B). No obvious singlet oxygen sensor green
(SOSG) signal associated with 1O2 was observed in hypoxic
condition, whereas numerous 1O2 was generated in CT26 cells
under the normoxic environment (Figure S8, Supporting In-
formation). 3′-(4-hydroxyphenyl) fluorescein (HPF) was used to
monitor the •OH generation, and strong fluorescence of HPF
was presented in both hypoxic and normoxic conditions after
light irradiation. These results indicate that AE can produce
large amounts of hydroxyl radicals through type I PDT under
hypoxic conditions. Importantly, AE was able to efficiently sup-
press tumor cell growth in a light- and concentration-dependent
manner (Figure 2C,D). These findings demonstrate that AE is
able to efficiently mediate hypoxia-tolerant PDT in vitro and
the •OH generation are the ones that kill tumor cells under
hypoxic conditions. The tumor microenvironment is hypoxic,
so this conclusion is very important and provides a basis for the
subsequent treatment of hypoxic tumors in vivo.

We next conducted an AE biodistribution study in vivo. We
began by intravenously injecting animals with TBP-2 loaded into
poly(lactic-co-glycolic) acid (PLGA) nanoparticles (AP), as TBP-2
cannot be directly administered intravenously (Figures S9–S11,
Supporting Information).[2a] PLGA, a biodegradable synthetic

polymer approved for clinical use by US FDA has been widely
used in drug delivery.[19] These AP particles exhibit a diameter
of ≈100 nm and AP has the characteristic absorption of TBP-2,
which indicates the successful loading of TBP-2. Following the
injection of either AP or AE loaded with equivalent amounts of
TBP-2 (Figure 3A,B), bright fluorescence was observed in colon
tumors in animals injected with AE but not AP, consistent with
the ability of AE to target tumors in vivo. Liver fluorescence in
the AE group was also significantly reduced relative to that in the
AP group, underscoring the problematic hepatic accumulation
of traditional polymer materials. In addition, we studied the
bio-distribution in vitro at different time points after AE injec-
tion, and found that AE had a lot of accumulation in the liver
at the beginning. As time went on, liver accumulation gradually
decreased, while tumor accumulation increased (Figure S12,
Supporting Information). This phenomenon is consistent with
previous research.[10b] We then conducted in vivo experiments to
verify the systemic accumulation of AE after oral administration
(Figure S13, Supporting Information). After 24 h of oral adminis-
tration, the accumulation of AE in the tumor site was significantly
less than that of intravenous administration. This is probably
because it takes longer to get into the bloodstream. The specific
reasons need to be further analyzed. This result also suggests
that intravenous administration is more efficient in this model.
Immunofluorescent analyses of tumor tissues from animals in
the AE treatment group were additionally conducted, revealing
that AE accumulated primarily within hypoxic tumor tissues
and was largely absent within normoxic regions (Figure 3C,D).
These findings were consistent with prior reports,[9,10,11,20] and
underscore the ability of this AE system to target hypoxic tumors,
enabling us to conduct subsequent therapeutic experiments.

Since AE showed a good targeting property for orthotopic
colon cancer, we can’t wait to verify its anti-tumor ability. As we
all know, orthotopic colon cancer is deep in the abdominal cav-
ity, and the laser doesn’t go that far, so we thought about us-
ing interventional light to conduct PDT. We next designed an
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Figure 4. A) Development of an interventional device composed of an endoscope and an optical fiber. B) Images of mice bearing orthotopic CT26
tumors undergoing interventional PDT. C) Orthotopic tumor position within the abdominal cavity as visualized via endoscopy. The tumor is marked
using a red dashed line. D) Images of resected orthotopic CT26 tumors in the indicated treatment groups. E) Tumor volume and F) body weight curves
following the indicated treatments in mice bearing orthotopic CT26 tumors. G) Representative TUNEL and Ki-67 stained tumor sections from mice in
the indicated treatment groups. *P<0.05, **P<0.01, ***P<0.005; Student’s t-test.

interventional therapy device so that we could leverage these AE
preparations for the treatment of orthotopic colon cancer tumors.
This homemade interventional device was composed of an en-
doscope and a laser optical fiber joined using medical tape (Fig-
ure 4A). During treatment, the abdomen was punctured with
a puncture needle, which was subsequently removed. The in-
terventional device was then inserted into the abdominal cavity
along the hole made by puncture needle, and the endoscope was
used to locate the tumor, after which the laser was used for tu-
mor irradiation (Figure 4B). The endoscope allowed for clear vi-
sualization of the tumors in these mice (Figure 4C). When tu-
mors had grown to a size similar to the diameter of the intestines,
tumor-bearing mice were divided randomly into 4 groups (each
group included 5 mice): 1) PBS + interventional white laser (L);

2) AE; 3) AE + external white laser irradiation (EI); 4) AE+L. The
TBP-2 dose was 5 mg kg−1 in groups 2, 3, and 4. The PDT (0.1 W
cm−2, 20 min) was performed for 24 h after intravenous injection.
The treatment was conducted every 4 days for 14 days. We found
that tumors in mice treated with AE and interventional laser ir-
radiation were significantly reduced in size relative to those in
the control group (Figure 4D,E), whereas therapeutic efficacy in
administered AE and external laser irradiation group was neg-
ligible. This confirms that low-power lasers are unable to pene-
trate the abdominal cavity, making them of limited value for the
PDT treatment of deep tumors. In contrast, our interventional
approach was highly efficacious. Murine body weight was largely
unchanged over the course of the 14 days of treatment, consistent
with a lack of treatment-associated systemic toxicity. Similarly, no
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significant abnormalities were observed upon H&E staining and
evaluation of heart, liver, spleen, lung, or kidney sections from
these animals, and liver and kidney function were not compro-
mised in these animals (Figures S14–S17, Supporting Informa-
tion). TUNEL and H&E staining of tumor tissues revealed that
tumors in the interventional treatment group exhibited greater
levels of apoptotic cell than did those in control animals (Fig-
ure 4G), confirming the ability of interventional PDT to inhibit
tumor growth. In summary, we have demonstrated the ability of
our interventional treatment approach to successfully treat deep
intraperitoneal tumors via PDT. In the treatment of deep tumors,
PDT has been limited by the depth of light penetration. Our AE
system provides a new idea for the photodynamic treatment of or-
thotopic tumors. This novel AIEgen based system has achieved
potent tumor inhibition by combination with the innovative treat-
ment device.

3. Conclusions

In conclusion, we herein designed a novel bacteria-based hybrid
AIEgen system capable of facilitating hypoxia-tolerant PDT treat-
ment of orthotopic colon tumors via an interventional method.
This hypoxia-targeted AE was utilized to specifically deliver
TBP-2 into hypoxic regions within tumors, after which laser
irradiation-mediated PDT was conducted using a novel inter-
ventional treatment system. Through this approach, the intratu-
moral TBP-2 was able to serve as a PS and to thereby generate
•OH via a type I mechanism under hypoxic conditions in re-
sponse to laser irradiation. This approach was sufficient to in-
hibit orthotopic colon tumor growth and to overcome many of
the limitations associated with PDT. This is also the first study to
our knowledge to have employed interventional PDT to treat deep
tumors, and our approach may offer value as a complement for
other treatment modalities, providing novel avenues for the de-
velopment of an additional hybrid AIEgen system. In the future,
we will continue to design more advanced AIEgen-based systems
in order to better improve the clinical utility of these AIEgens.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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