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ABSTRACT  Escherichia coli (E. coli) DH5a has been re-
cognized as a non-pathogenic bacterial strain with tumor co-
lonization ability. However, whether such a bacteria-driven
drug-delivery system can improve the targeting of tumor
therapy or not remains essentially untouched. Herein, a series
of zinc phthalocyanine (ZnPc) photosensitizers with different
numbers of charges were prepared and their electrostatic ad-
hesion properties on E. coli were investigated via measuring
their fluorescence intensities by flow cytometer. Among these
ZnPc photosensitizers investigated, the ZnPc conjugate with
four positive charges (named ZnPc-IR710) exhibited the
highest loading capacity and the best fluorescence imaging
performance of E. coli. With the help of E. coli, E. coli@ZnPc-
IR710 presented a significantly enhanced cytotoxicity on hu-
man breast cancer MCF-7 cells compared with ZnPc-IR710
(survival rate of tumor cells was 39% vs. 57% at a concentra-
tion of 50 nmol L_l). Moreover, in vivo study showed that
E. coli@ZnPc-IR710 remarkably inhibited the tumor growth
and resulted in a complete tumor growth suppress in sub-
cutaneous mouse 4T1 breast tumor model. These results de-
monstrated the great promise of bacterial-guided
photodynamic therapy (PDT) in the treatment of solid tu-
mors, and provide a unique strategy to enhance the antitumor

efficacy of PDT by utilizing bacterial vectors in tumors.

Keywords: photosensitizer, zinc phthalocyanine, bacteria-driven
drug delivery system, E. coli DH5a, fluorescent molecular to-
mography

INTRODUCTION

In the last few decades, photodynamic therapy (PDT),
also called photochemotherapy, has been recognized as a
promising cancer therapeutic modality for a number of
solid tumors with minimal invasiveness and toxicity,
using light, a photosensitizer and oxygen, to create a
photochemical reaction and ultimately ablate tumor cells
[1-3]. Other attractive features of PDT include reduced
need for delicate surgery and lengthy recuperation, re-
duced scar tissue and defect formation, and short treat-
ment time that is often performed as an outpatient
procedure. However, photosensitizers are hard to accu-
mulate in tumor sites, making PDT not yet widely ac-
cepted as a frontline cancer therapy.

Recently, more and more attention has been paid to
non-pathogenic bacteria in cancer treatment. Some bac-
teria, including Salmonella [4], Escherichia coli (E. Coli)
[5], Bifidobacterium [6] and Clostridium [7], have been
reported to be capable of colonizing tumors. Their pre-
ferential aggregation in tumors is attributed to immune
escape of tumors and the suitable survival conditions of
tumor microenvironment (TME), such as weak acidity
and hypoxia [8-11]. Meanwhile, the flagellum increases
the activity of bacteria penetrating tumor tissue. There-
fore, these bacteria are considered to be natural carriers of
tumor-targeting drugs [12,13]. For instance, mutation of
msbB gene in Salmonella VNP20009 results in blockage
of lipid A synthesis in lipopolysaccharide (LPS) [14], and
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thus decreases the ability to induce tumor necrosis factor-
alpha (TNF-a), which greatly reduces the occurrence of
sepsis [15]. However, mice did not tolerate more than
10° CFU of Salmonella, which was far from enough to
carry drugs to treat tumors.

To this regard, we developed a high-efficiency bacter-
ium-driven drug delivery system for PDT by employing
E. coli DH5a, a non-pathogenic bacterial strain with tu-
mor colonizing ability, as a vector for phthalocyanine
(Pc)-based photosensitizer. The reason why we chose E.
coli as the carrier of the photosensitizer is that the toxicity
of E. coli is very low [16,17], and thus the mice have
strong tolerance to E. coli. In-situ Pc imaging was used to
study the aggregation of Pc-carrying bacteria in tumors of
tumor-bearing mice. Our results showed that E. coli as a
PDT carrier has a good killing effect on hypoxic and
nodule core cells, and may significantly improve the
therapeutic effect of PDT. These findings demonstrate for
the first time the great potential of bacterial-guided PDT
in the treatment of solid tumors, and provide a unique
strategy to enhance the antitumor efficacy of PDT by
using bacterial vectors in tumors.

EXPERIMENTAL SECTION

Materials and light source

All reagents were used as received without any further
purification. 1,4-Dipegylated phthalocyanine zinc (ZnPc-
(a-OH),) was synthesized as described previously [18,19].
A light-emitting diode (LED) lamp (A = 640-720 nm,
200 mW) was obtained from Luma Care Medical Group
(USA) and a planar LED light source was customized by
Uniglory Electronics (HK) Co. Ltd., which consisted of 24
red light-emitting lamps (A = 680 nm) with a bandwidth
of 25 nm and a dose of 2.4 J cm * in 1 min.

Cell line, bacterial strain and animal
Cell lines (human breast adenocarcinoma cell line MCE-7
and mouse mammary carcinoma cell line 4T1) were
purchased from Shanghai Institute of Cell Biology, Chi-
nese Academy of Sciences, and maintained in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS; Gibco, Invitrogen, USA),
100 ug mL ' penicillin and 100 ygmL ' streptomycin
(Gibco, Invitrogen, USA) at 37°C with 5% CO.,.
Bioluminescent E. coli DH5a transformed with plasmid
pAKlux2.1 [20,21] was used as a model organism in this
study. This luminescent strain was cultured in a Luria-
Bertani (LB) medium (1% tryptone, 0.5% yeast extract,
1% NaCl, pH 7.0) at 37°C.
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Kunming mice were purchased from Shanghai SLAC
Laboratory Animal Co. Ltd. (China) and were maintained
and handled in accordance with the recommendations of
Fujian University of Traditional Chinese Medicine in-
stitutional animal care and use committee (IACUC). The
animals were allowed free access to water and food
throughout the course of experiments.

Syntheses of ZnPc conjugates 1-7

A series of zinc phthalocyanine (ZnPc) conjugates (1-7,
the structural diagram is shown in Fig. 1) were prepared.
Among them, monosubstituted -carboxy phthalo-
cyanine zinc (ZnPc-COOH, 6) and 1,4-dipegylated
phthalocyanine zinc (ZnPc-(a-OH),, 7) were synthesized
as described previously [18,19]. The synthetic methods of
other photosensitizers (1-5) and the characterization of
ZnPc conjugate 5 (i.e., ZnPc-IR710), including fluores-
cence excitation spectra (A,,=610 nm, A.,=650-800 nm)
are detailed in the Supplementary information.

Detection of singlet oxygen production

The singlet oxygen production of ZnPc conjugates 1-7
were measured by using diphenylisobenzofuran (DPBE),
where DPBF (240 umol L") dissolved in N,N-
dimethylformamide (DMF) was mixed with suspensions
of ZnPc conjugates 1-7 (at the same concentration of
1 umol L™'). The mixture was then irradiated with light of
680 nm for different time intervals (ranging from 0 to
100 s). The absorbance of DPBF at 415 nm was de-
termined every 10 s under the light of 680 nm.

Comparison of loading capacity of ZnPc conjugates 1-7 on
E. coli

The loading capacity of ZnPc conjugates on biolumines-
cent E. coli was investigated by fluorescence intensity de-
tection of ZnPc conjugate@E. coli by flow cytometer
fluorescence (A,=633 nm, A.,=675-725 nm) and confocal
laser scanning microscopy (CLSM) (A,=641 nm, A=
690 nm). In brief, bioluminescent E. coli (1><108 CFU) was
mixed with ZnPc conjugates 1-7 (10 umol L ') respec-
tively in phosphate-buffered saline (PBS) solution and
incubated with agitation (150 r min ') at 37°C for 10 min.
After being centrifuged (4000 r min ') and then re-
suspended by PBS, the fluorescence of the suspensions
(ZnPc conjugate@E. coli) was analyzed by a CytoFLEX
flow cytometer (Beckman Coulter, USA) and imaged by
CLSM (Olympus FluoView " FV1000, Japan). Further-
more, the kinetic study of ZnPc conjugate 5 (i.e., ZnPc-
IR710) on E. coli was carried out with different incubation
time periods (0, 4, 8 and 12 min, respectively) by CLSM.
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Figure 1 Structural schematic diagram of ZnPc conjugates 1-7.

Furthermore, the loading capacity of ZnPc conjugate 5
on E. coli was investigated after 10-min incubation with
different concentrations of ZnPc-IR710 (1, 2.5, 5, 7.5, 10,
15 and 20 pmol L', respectively). Then they were cen-
trifuged (4000 r min ') and washed with PBS for three
times. By using sodium dodecyl sulfate (SDS) to dissolve
and disperse the sediment, the fluorescence of ZnPc-
IR710 was detected by a microplate reader.

Meanwhile, the dark toxicity of ZnPc-IR710
(10 umol L") on E. coli was evaluated by measuring the
optical density at 600 nm (ODgy) of E. coli after in-
cubation with E. coli (1x10° CFU) for different time
periods (0, 1, 2, 3, 4 and 5 h, respectively).

Cellular uptake of E. coli@ZnPc-IR710

The flow cytometry-based detection of the cellular uptake
of E. coli@ZnPc-IR710 was performed on MCF-7 cells
(1x10° mL ', 2 mL) which were incubated at 37°C for
18 h to allow the cell adhesion. Typically, adhesive MCF-7
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cells were cultured with E. coli@ZnPc-IR710 or ZnPc-
IR710 (both at a concentration of 100 nmolL ") for
30 min and analyzed by flow cytometry (A,=641 nm,
Aey=675-725 nm).

Meanwhile, MCF-7 cells (5><104 mLﬁl, 2 mL) were plated
onto a confocal chamber slide and incubated at 37°C for
18 h to allow the cell adhesion. After 30-min incubation
with E. coli@ZnPc-IR710 or ZnPc-IR710 (both at a con-
centration of 100 nmol L"), the slide was gently rinsed
with PBS for six times to remove unbounded E. co-
li@ZnPc-IR710 or ZnPc-IR710 and then mounted for di-
rect confocal microscopic observation (E. coli: A.,=488 nm,
Aem=525 nm; ZnPc-IR710: A,,=641 nm, A,,,=690 nm).

Photocytotoxicity of E. coli@ZnPc-IR710 in vitro

Human breast adenocarcinoma MCEF-7 cells were seeded
into 24-well microplates at 1x10° cells per well. Eighteen
hours later, these adhesive cells were incubated with
E. coli@ZnPc-IR710 or ZnPc-IR710 at various con-
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centrations (0, 20, 50, 100, 200, 400 nmol L "). The
background control wells in the plate were filled only
with culture medium. After incubation for 30 min, the
cells were washed with sterile PBS before fresh medium
was added. The plates were then illuminated with a light
dosage of 9.0 ] cm * by using a planar LED light and then
returned to the incubator. After another 24-h incubation,
cell survival was assessed by 3-(4,5-cimethylthiazol-2-yl)-
2,5-diphenyl tetrazolium bromide (MTT) assay.

To further investigate the photodynamic antitumor
mechanism of E. coli@ZnPc-IR710 against MCF-7 cells, a
double stain apoptosis detection kit containing Hoechst
33342 (a kind of blue-fluorescence dye that stains the
condensed chromatin in apoptotic cells more brightly
than the chromatin in normal cells) and propidium io-
dide (PI, a red-fluorescence dye which is excluded by an
intact membrane; Beyotime Biotechnology, China) was
applied to distinguish normal, apoptotic and dead cell
populations. In brief, adhesive MCF-7 cells were in-
cubated with E. coli@ZnPc-IR710 or ZnPc-IR710 (both at
a concentration of 100 nmol L") for 30 min before ex-
posure to light (3.0 J cm ). Cells were incubated with
Hoechst 33342 and PI for 20 min and then analyzed by
flow cytometry.

Establishment of 4T1 tumor-bearing mouse model

To establish a tumor-bearing mouse model, mouse
mammary carcinoma 4T1 cells were suspended in ster-
ilized 0.9% saline solution (cell concentration was ad-
justed to 1.0x10'mL'), and 0.2 aliquots were
subcutaneously inoculated into the right hind flank of the
mice. The experiments began when the diameter and
thickness of tumors reached 4-8 and 2-4 mm, respec-
tively, usually 5-7 d after inoculation.

Photodynamic antitumor activity of E. coli@ZnPc-IR710
in vivo

The antitumor activity of E. coli@ZnPc-IR710 against 4T'1
tumor-bearing mouse model was evaluated by growth
inhibition analysis. Typically, 4T1 tumor-bearing mice
were randomly divided into five groups treated with 0.9%
saline, E. coli (1x10° CFU mL™"), E. coli@ZnPc-IR710 (1x
10’ CFUmL ' containing 2 ugmL = ZnPc-IR710) and
ZnPc-IR710 (2 and 20 uyg mL ', 10 mL kg ' body weight),
respectively. Each group contained eight mice. 24 h after
the treatment, all tumor regions in the mice were irra-
diated with an LED lamp (A 640-720 nm, 200 mW for
3 min to receive a total fluence of 30 J cm °). To minimize
the interference from hair on the tumor surface, the tu-
mor regions were shaved prior to the light irradiation.
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Body weights of the mice were monitored daily and the
tumor size were measured with a caliper throughout the
experiment and calculated by using the ellipsoid volume
formula of W*xLxn/6, where W and L are the width and
length of the tumors, respectively. Upon completion of
the 7-day treatment, the mice were sacrificed. The tumors
were carefully dissected out and weighed. It is worth
noting that the dose of E. coli used in this study was
controlled within the tolerance range of mice to the
bacteria, which was determined by injecting different
doses of E. coli (from 10" to 10" CFU mL ™", 100 uL) and
monitoring the mice, including daily weight checks.
Meanwhile, the pathologic changes of important organs
(heart, kidney, spleen, lung and liver) from the mice
treated with E. coli@ZnPc-IR710 were inspected by routine
tissue slice with hematoxylin and eosin (H&E) staining.

Fluorescent molecular tomography imaging

The 4T1 tumor-bearing mice with approximately
equivalent tumor size (~50 mm’) and body weight
(~23 g) were injected intravenously through caudal vein
with 200 pL of E. coli (1x10° CFU mL "), E. coli@ZnPc-
IR710 (1x10° CFUmL "' containing 2 ugmL ' ZnPc-
IR710), low or high dosage of ZnPc-IR710 (20 and
200 ug kg ' body weight), respectively. Three hours later,
the mice were anesthetized with inhaled isoflurane and
secured in an cassette to be imaged by a small animal
fluorescence molecular tomography (FMT) imaging sys-
tem (PerkinElmer ViseEn FMT 2500™ LX, USA). All
FMT scans were carried out by using a 680-nm laser
diode with 50-60 source locations and default scan
parameters (~10,000 counts per pixel and 4.5 mm spacing
between adjacent source locations). The tumor area from
the mice receiving 0.9% saline solution was used to pro-
vide background fluorescence.

Statistical analysis

All data represent group means and standard errors of the
mean (SEM). The experimental data in vitro and in vivo
were analyzed by two-way analyses of variance (ANO-
VA). Individual group means were compared by the
Newman-Keuls multiple-range test. GB-STAT software
(Dynamic Microsystems, Inc., USA) was used for all
statistical analyses. Statistical significance was defined as a
two-sided p value of less than 0.05.

RESULTS AND DISCUSSION

Loading capacity of ZnPc conjugates 1-7 on E. coli
We previously reported that many phthalocyanine pho-

© Science China Press and Springer-Verlag GmbH Germany, part of Springer Nature 2020 235
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tosensitizers showed promising antibacterial effect in
photodynamic antimicrobial chemotherapy (PACT)
[21,22]. However, the loading capacities of different
charged ZnPc conjugates to bacteria are not clear yet. For
this purpose, we synthesized seven kinds of ZnPc pho-
tosensitizers (ZnPc conjugates 1-7, Fig. 1) and in-
vestigated their loading capacities on bioluminescent E.
coli by detecting the fluorescence intensity of these ZnPc
conjugates@E. coli via CLSM (A,=641 nm, A.,=690 nm,
Fig. 2a) or flow cytometer fluorescence (1,=633 nm, A,
=675-725 nm, Fig. 2b). We found that the biolumines-
cence produced by E. coli is proportional to the number
of live E. coli (Fig. S1). There was no significant difference
in the fluorescence intensity (Fig. 2¢) or the quantum
yield of singlet oxygen generation (Fig. S2) among ZnPc
conjugates 1-7; however, ZnPc conjugate 5 (i.e., ZnPc-
IR710) exhibited the highest fluorescence intensity after
10-min incubation with E. coli, indicating that the load of
ZnPc-IR710 on E. coli was much higher than that of other
ZnPc conjugates. This may be due to the fact that ZnPc-
IR710 has more positive charges than other counterparts,
thus it is easier to be loaded on the bacterial surface.
The kinetics of ZnPc-IR710 on E. coli was detected by
CLSM images, showing that the loading of ZnPc-IR710
on E. coli was stable within 8 min (Fig. S3). This result is
consistent with our previous report that ZnPc photo-
sensitizer can quickly adhere to bacteria and reach the
saturation [20,21]. The fluorescence intensity of ZnPc-
IR710 is proportional to its concentration (Fig. S4). Then
we determined the correlation between the concentration
of ZnPc-IR710 and the number of ZnPc-IR710 molecules

Control

loaded within E. coli after 10-min incubation (Fig. 2d).
According to the calibration curve, we estimated that
each E. coli cell could load ~1.30x10° ZnPc-IR710 mo-
lecules. Meanwhile, the dark toxicity of ZnPc-IR710 to E.
coli was evaluated (Fig. 2e), showing no significant effect
of E. coli@ZnPc-IR710 on the growth of E. coli.

Cellular uptake and photocytotoxicity of E. coli@ZnPc-
IR710 in vitro

After 30-min incubation with E. coli@ZnPc-IR710 or
ZnPc-IR710 (both at a concentration of 100 nmol Lfl),
the cellular uptake amount of E. coli@ZnPc-IR710 by
MCEF-7 cells was about twice that of ZnPc-IR710 under
the same conditions by flow cytometry analysis (Fig. 3a,
b). These results demonstrate that E. coli@ZnPc-IR710
has higher cellular uptake activity than ZnPc-IR710.
Furthermore, CLSM images of MCF-7 cells (Fig. S5)
showed that the fluorescence intensity of E. coli@ZnPc-
IR710 (A.,=641 nm, A.,,=690 nm) was stronger than that
of ZnPc-IR710 with the same concentration, confirming
that the accumulation of E. coli promoted the cellular
uptake of ZnPc-IR710. The better cellular uptake ability
of bacteria-mediated system may be due to the fact that
bacteria prefer to accumulate in tumor areas [23]. Com-
pared with small molecules, such as photosensitizers,
which can be pumped out of cells [24], bacteria that enter
tumor cells through their flagella are difficult to expel
[25]. Thus, these bacteria can be considered as natural
carriers of tumor-targeting drugs. Compared with some
other types of photosensitizers reported most recently,
e.g., carbon nanodots [26] and lanthanides@Cu,_,S [27],
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our bacteria-mediated system shows the great potential in
the treatment of solid tumors, and provides another un-
ique strategy to enhance the antitumor efficacy of PDT by
using bacterial vectors.

Next, we investigated the phototoxicity of E. co-
li@ZnPc-IR710 against MCF-7 cells. The photo-
cytotoxicity of E. coli@ZnPc-IR710 was dose-dependent
after incubation with MCF-7 cells for 30 min followed by
irradiation under 670 nm at 9 J cm ® (Fig. 3c). Compared
with ZnPc-IR710, E. coli@ZnPc-IR710 showed enhanced
cytotoxicity against MCF-7 cells under the same irradia-
tion dose (e.g., survival rate of tumor cell was 39% vs. 57%
at a concentration of 50 nmol L") (Fig. 3c), possibly due
to the higher cellular uptake of E. coli@ZnPc-IR710 by
MCEF-7 cells (Fig. 3a).

To further investigate the antitumor mechanism of
E. coli@ZnPc-IR710 against MCF-7 cells, Hoechst 33342/
PI double staining was applied to distinguish normal,
apoptotic and dead cell populations [28,29]. The flow
cytometry data showed that the apoptosis rates of MCF-7
cells in E. coli@ZnPc-IR710 group and ZnPc-IR710 group
were 43.5% and 15.4%, respectively (Fig. 3d). These results

January 2021 | Vol.64 No. 1
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implied that E. coli@ZnPc-IR710 scavenges MCEF-7 cells
mainly through apoptotic rather than direct killing, and
provided evidence for the colonization ability of E. coli.

Photodynamic antitumor activity of E. coli@ZnPc-IR710
in vivo

Before the in vivo antitumor experimental study, we in-
jected different amounts of E. coli (10" and 10°, respec-
tively) into the mice through tail vein to determine the
tolerance of mice to E. coli. The mice injected with 0.9%
saline served as control. During the 10-d observation
period, we did not observe any significant difference in
body weight or behavior between the mice receiving
E. coli or 0.9% saline (Fig. S6), indicating that mice had
good tolerance to E. coli.

The antitumor effect of E. coli@ZnPc-IR710 was then
evaluated on 4T1 tumor-bearing mouse model. The tumor
size and body weight of the mice were monitored during
the 7-d PDT experiment under illumination of 30 J cm .
We observed that the growth rates of tumor masses were
significantly lower in the mice treated with E. coli, ZnPc-
IR710 or E. coli@ZnPc-IR710, compared with that of
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control group treated with 0.9% saline (Fig. 4a). E. coli@
ZnPc-IR710 exhibited the strongest antitumor effect on
4T1 tumor-bearing mice among the three treatment
groups, which was consistent with our results of in vitro
experiments. In addition, the weight of mice was monitored
throughout the whole experiment, and no significant effect
on body weight of mice was observed(Fig. 4b).

Meanwhile, the pathologic changes of important organs
(heart, liver, kidney, spleen and lung) and tumor sites
from the mice treated with E. coli@ZnPc-IR710 were
inspected by routine tissue slice with H&E staining. No
obvious histopathological abnormality or lesion of these
organs was observed (Fig. 4c), suggesting the good bio-
safety of E. coli@ZnPc-IR710.

Pharmacokinetic study of E. coli@ZnPc-IR710 in tumor sites
In the present study, we used a non-invasive optical
method called fluorescent molecular tomography (FMT,
Fig. 5a) to determine the fluorescence intensity in tumor
sites at different time points (6, 12, 24, 48 and 96 h) after
injection of E. coli@ZnPc-IR710 in 4T1 tumor-bearing
mice. Compared with ZnPc-IR710, E. coli@ZnPc-IR710
significantly enhanced the fluorescent signal of ZnPc-
IR710 in tumor sites at each time point (Fig. 5b), in-
dicating that E. coli can significantly increase the con-
centration of ZnPc-IR710 by promoting its entry into
tumors (Fig. 5¢). Further examination of tumor tissue by
CLSM (Fig. S7) confirmed the role of bacteria in pro-
moting the entry of ZnPc-IR710 into tumors.

CONCLUSIONS

We have developed a novel bacteria-mediated drug-
delivery system in an effort to improve the efficacy of
photosensitizer ZnPc-IR710 in photodynamic cancer
therapy. Such a unique strategy takes advantage of the
priority of non-pathogenic E. coli in tumor accumulation,
and PDT with minimal invasion and toxicity. As such,
each E. coli cell can carry 1.3x10° ZnPc molecules, which
remarkably promotes the accumulation of ZnPc photo-
sensitizer in tumors and enhances the effect of eliminat-
ing tumors. Furthermore, our approach demonstrates
successfully the great promise of E. coli as a carrier for
photosensitizer to improve the therapeutic effect of PDT.
These findings showcase the potential of E. coli-guided
PDT in solid tumor therapy and provide a feasible and
concise treatment for tumors.
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