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An ultra-stable bio-inspired bacteriochlorin
analogue for hypoxia-tolerant photodynamic
therapyf

Mengsi Wu,i Zhiyong Liut and Weian Zhang (®*

Photodynamic therapy (PDT) greatly suffers from the weak NIR-absorption, oxygen dependence and poor
stability of photosensitizers (PSs). Herein, inspired by natural bacteriochlorin, we develop a bacteriochlorin
analogue, tetrafluorophenyl bacteriochlorin (FBC), by one-step reduction of tetrafluorophenyl porphyrin
(TFPP). FBC can realize deep tissue penetration, benefitting from the strong NIR absorption. The reactive
oxygen species (ROS) generation capacity of FBC can retain around 60% with a 1.0 cm-thick pork skin as
the barrier. Besides, FBC could not only produce oxygen-dependent 1O,, but also generate less oxygen-
dependent O, " and ‘OH to achieve excellent PDT even in hypoxic tumors. Moreover, FBC exhibits an
ultra-high stability and it is almost unchanged even under visible light at room temperature for 15
months. Interestingly, the high reactivity of the fluorophenyl group makes it easy for FBC to produce
FBC derivatives. A biocompatible FBC nanogel could be directly formed by blending FBC with SH-PEG—
SH. The FBC nanogel displays excellent photodynamic efficacy in vitro and in vivo. Thus, FBC would be

rsc.li/chemical-science

Introduction

Photodynamic therapy (PDT) is an attractive approach for
tumor inhibition due to its advantages of being non-invasive,
and having weak adverse effects and spatiotemporal control.™*
However, the clinical utility of PDT is greatly limited by the
inadequate NIR absorption, oxygen dependence and poor
stability of conventional photosensitizers (PSs) such as photo-
fin, verteporfin and padeliporfin. Short wavelength light
absorbed by PSs cannot reach deep tissue due to absorption of
skin and subcutaneous adipose tissue, resulting in lower pho-
toconversion, serious tissue damage and limited clinical
application of PDT in deep tumors.? To address this issue, some
strategies such as the two-photon excitation (TPE) technique*®
and upconversion nanoparticles (UCNPs)*” had been intro-
duced for the therapy of deep tumors, but their complex
equipment and their low conversion efficiency will bring about
new problems for clinical applications.®® Thus, PSs with strong
NIR (700-1000 nm) absorption, which display deeper tissue
penetration and minimized photodamage, have attracted
intense research efforts for eradicating tumors in deep sites.'***
Moreover, PDT efficacy also greatly suffers from the hypoxic
environment of solid tumors, since conventional PSs consume
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a promising PS for the clinical PDT of deep tumors.

oxygen to produce reactive oxygen species (ROS) for inhibiting
tumor growth (type II mechanism). A great number of contri-
butions have been recently dedicated to defeating the hypoxia of
tumors by increasing oxygen concentration,**** including in situ
oxygen production at tumor sites via catalytic reactions**"” and
oxygen delivery into tumors.'®" Besides the elevation of oxygen
concentration, exploiting photosensitizers that produce ROS
through a less oxygen-dependent mechanism (type I mecha-
nism) is a prospective approach to overcome the limitations of
hypoxia.”*** Additionally, some PSs are unstable towards oxygen
and light. The photobleaching of PSs significantly reduces the
efficacy of PDT, hindering the clinical application of PDT.?***
Therefore, to achieve clinical treatment of deep tumors, it is
urgent to develop highly stable, less oxygen-dependent PSs with
strong NIR absorption for enhancing PDT efficacy.

Besides, most traditional PSs are hydrophobic conjugated
macrocycle compounds, and they often could not produce high
PDT efficiency due to their fatal disadvantages including poor
solubility, the aggregation-caused quenching (ACQ) effect and
inappropriate selectivity.”**® To enhance PDT efficiency, many
strategies have been explored to enrich PSs at tumor sites.>*
For example, a series of nano-carriers have been developed to
load and deliver hydrophobic PSs.**** Nevertheless, some
irreparable deficiencies of nano-carriers such as low loading
efficiency, non-repeatability, drug leakage and carrier-induced
toxicity severely limit the development of their large-scale
applications.>**® Recently, nanogels have received great atten-
tion for delivering and enriching drugs into tumors upon
incorporating hydrophobic drugs into the gel network,*”** since
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they not only possess many promising hydrogel features such as
high drug-loading efficiency, water-solubility, and biocompati-
bility for delivery of hydrophobic drugs, but also exhibit size in
the nanoscale range for accumulation of drugs at tumor sites by
the enhanced permeability and retention (EPR) effect. Given
that hydrophobic PSs are incorporated into nanogel networks to
form PS-based nanogels, except for the above advantageous
properties of nanogels, the ACQ effect of PSs could be inhibited
effectively since PS units are fixed on network knots to prevent
aggregation.*

Inspired by the strong NIR absorption of natural bacterio-
chlorin, we developed a bacteriochlorin-based photosensitizer
tetrafluorophenyl bacteriochlorin (FBC) by one-step reduction
of tetrafluorophenyl porphyrin (TFPP). FBC could be further
utilized to prepare a hydrophilic FBC nanogel by directly mixing
with HS-terminated telechelic poly(ethylene glycol) (HS-PEG-
SH), due to the high reactivity of the p-F atom of fluorophenyl in
FBC. The FBC nanogel as a novel nano-photosensitizer
possesses the following advantages (Scheme 1): (i) strong NIR
absorption of FBC at 750 nm endows the FBC nanogel with deep
tissue permeability, realizing the possibility of PDT against
deep tumors. (ii) FBC could not only produce oxygen-dependent
singlet oxygen (type II), but also generate less oxygen-dependent
ROS (type I), achieving excellent PDT even in hypoxic tumors.
(iii) FBC has an ultra-high stability under visible light at room
temperature, showing the potential for clinical applications. (iv)
FBC could be facilely obtained by two-step reactions from the
original reactive agents pentafluorobenzaldehyde and pyrrole,
providing an opportunity as a novel commercial photosensi-
tizer. (v) The p-F atom of fluorophenyl in FBC is highly reactive,
making it easy to prepare FBC derivatives. (vi) The formation of
the FBC nanogel improves the PDT efficacy due to the high drug
loading efficiency, biocompatibility and reduced ACQ effect of
PSs. Consequently, the FBC-based nanophotosensitizer would
be a promising candidate for NIR-mediated PDT against
hypoxic tumors at deep sites.
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Scheme 1 |llustration of the FBC nanogel synthesis and the mecha-
nism of the PDT performance of the FBC nanogel.
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Results and discussion
Synthesis of FBC

Bacteriochlorins extracted from bacteria have presented great
promising application in PDT, since they exhibit a strong
absorption in the near-infrared region. But, the difficult prep-
aration, low yield and poor stability of bacteriochlorins limited
their applications.”*® Inspired by the structure of bacterio-
chlorins, an analogue of bacteriochlorin, FBC, was synthesized
via one-step diimide reduction of TFPP. TFPP could be directly
obtained using the original reactive agents penta-
fluorobenzaldehyde and pyrrole, according to previous
studies.”** As shown in Scheme S1 (ESIT), TFPP was carefully
mixed with p-toluenesulfonyl hydrazide (TSH) by grinding, and
then the mixture was heated under vacuum to produce FBC
after 2 h of vacuuming. FBC was characterized with "H-NMR
and 'F-NMR spectra (Fig. S1-S5, ESIT). Compared to that of to
TFPP, a new peak at 4 ppm appeared in Fig. S4 (ESIt), indicating
that TFPP was reduced to FBC. Additionally, the successful
synthesis of FBC was also confirmed by mass spectrometry
(Fig. 3 and S6, ESIt).

Penetration ability of FBC

The photophysical features of FBC were determined by UV-vis
spectroscopy and fluorescence spectroscopy, as shown in Fig. 1a
and S7 (ESI). It can be observed that a strong absorbance and
emission peak separately appeared at 750 nm (¢ = 8.23 x 10" L
mol ! em ™) and 760 nm (fluorescence quantum yield: 0.011),
indicating that FBC could possess deep tissue penetrability. To
confirm the deep penetration ability of FBC, tetrafluorophenyl
chlorin (FPC) and tetraphenyl bacteriochlorin (PBC) with different
absorption wavelengths were selected as the references (Fig. S8,
ESIt). FPC and PBC were synthesized according to the previous
literature*** and the maximum absorbance wavelengths were 660
nm and 730 nm, respectively. The penetration ability was evalu-
ated using 1,3-diphenylisobenzofuran (DPBF) as a probe by
detecting the generation of ROS under light irradiation. DPBF can
irreversibly react with ROS, leading to the decrease of the absor-
bance with the increase of illumination time (Fig. 1b). To mimic
the penetration of light more accurately into tissues, pork skins
with different thicknesses were utilized as barriers to evaluate the
penetration ability of light with different wavelengths (Fig. 1c). As
shown in Fig. 1d and S9-S11 (ESI}), it was observed that the
degradation rate of DPBF with three solutions clearly decreased
with pork skins. There is no significant difference between them
with a 0.5 cm pork skin, since the absorbed light of three solu-
tions all have good penetrating abilities to thin tissue. But the
degradation rate of DPBF for FBC can still retain more than 60%
with a 1.0 cm thick pork skin barrier, compared with the 27%
retention for FPC. Thus, FBC has a remarkable penetration
capability, which is beneficial to the treatment of deep tumors.

ROS production of FBC

The mechanism of ROS production of FBC under 750 nm light
irradiation was further studied by using probes of ROS including
singlet oxygen (*O,), superoxide ions (O, *) and hydroxyl radicals

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Characterization of FBC. (a) UV-vis absorbance spectra of FPC, PBC and FBC. (b) UV-vis spectra of DPBF with increasing illumination time.
The inset image shows the intensity changes at the maximum absorbance wavelength. (c) Photographs of FBC under laser irradiation with or
without a barrier ((I) without a barrier; (ll) with a 0.5 cm thick pork skin; (Ill) with a 1.0 cm thick pork skin). The degradation rates of DPBF in FPC
(655 nm), PBC (730 nm) and FBC (750 nm) under laser irradiation (50 mW cm™2) with or without different thicknesses of pork skins (d). Fluo-

rescence spectra of (e) SOSG, (f) DHE and (g) HPF for *0,, O,™" and "OH detection with increasing illumination time (750 nm, 50 mW cm

-2,

respectively. (h) Schematic of ROS production. (i) The UV-vis absorbance spectra of FBC at different times.

(‘OH).*** First, Singlet Oxygen Sensor Green (SOSG) was used as
a 'O, probe to detect generated 'O, (Fig. 1¢), and the fluorescence
emission of SOSG incubated with FBC increased gradually with
the increase of the illumination time, which confirmed that the
0, could be produced by FBC under light irradiation. The singlet
oxygen quantum yield is 0.496, using tetraphenyl porphyrin (TPP)
as the standard (Fig. S12, ESIT).*” Then, dihydroethidium (DHE) as
an O, " fluorescent probe was employed to determine the gener-
ation of O, °, where DHE can be dehydrogenated by O, " and
emit red fluorescence at 610 nm. As shown in Fig. 1f, the fluo-
rescence intensity increased significantly with the extension of
illumination time, suggesting that O, " could be effectively
produced by FBC. In addition, the "OH production potential of
FBC was also demonstrated using fluorescence emission spectra
using hydroxyphenyl fluorescein (HPF) as an indicator (Fig. 1g).

© 2021 The Author(s). Published by the Royal Society of Chemistry

The gradual increase of the fluorescence intensity of HPF revealed
that FBC could successfully induce the formation of highly toxic
‘OH. These consequences demonstrated that FBC can not only
generate 'O, through a type II reaction, but also produce O, and
"OH through a type I reaction. However, FPC almost did not result
in the generation of O, " and PBC could only generate modest
O, " asdepicted in Fig. S13 and S14 (ESIt), respectively. Therefore,
FBC would achieve excellent PDT even in hypoxic tumors.

Stability evaluation of FBC

In addition, stability is also a crucial parameter for an excellent
photosensitizer. To evaluate the stability, FPC, PBC and FBC
solutions were irradiated at 660, 730, and 750 nm, respectively, and
the stability of the samples was detected by UV-vis spectroscopy. As
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shown in Fig. S15 (ESI{), there is no significant change for FPC and
FBC solutions with increase of light irradiation, except for the
obvious decrease of the absorption intensity of PBC solution,
revealing that FPC and FBC have superior light stability. Much
more visual results could be seen from their photographs taken
before and after laser irradiation, as displayed in Fig. S16 (ESIt).
More importantly, FBC in the mixed solution (Vpume/Viater, 1/99)
was further evaluated under visible light at room temperature for
more than one year (Fig. 1i). The strong characteristic absorbance
peak of FBC could be well retained even after 15 months, which
further confirms the excellent stability of FBC. Therefore, hypoxia-
tolerant FBC with remarkable penetration capability and excellent
stability would present promising clinical application for NIR-
mediated PDT of deep tumors.

Synthesis of the FBC nanogel

Encouraged by the hypoxia tolerance, excellent stability and
penetration ability, FBC was further reacted with SH-PEG-SH to
form cross-linked FBC nanogels for improving the hydrophi-
licity and biocompatibility. The reaction could be simply carried
out by stirring at room temperature due to the high reactivity of
fluorophenyl groups of FBC and strong nucleophilicity of sulf-
hydryl groups.*** The particle size of FBC nanogels could be
tuned with the concentrations of reactants, which was deter-
mined by dynamic light scattering (DLS), and it can be found
that the size of FBC nanogels increased with increasing the
concentration (Fig. S17, ESIt). Therefore, we prepared two kinds
of FBC nanogels with different sizes by varying the concentra-
tions of reactants. FBC nanogels were characterized by DLS and
transmission electron microscopy (TEM), respectively. As
shown in Fig. 2a, the hydrodynamic sizes of two kinds of FBC
nanogels measured by DLS were about 80 nm and 200 nm, and
they were termed FBC-80 and FBC-200, respectively. The FBC-80
and FBC-200 observed by TEM all showed a spherical
morphology with homogeneous sizes of 50 nm and 180 nm,
respectively (Fig. 2b and S18, ESIf), which were smaller than
those obtained by DLS, probably resulting from the shrinkage of
the hydration of PEG chains in TEM measurements. ‘H-NMR
and '’F-NMR spectra were also utilized to determine the
formation of FBC nanogels (Fig. S19-5S22, ESIt). By comparing
the integration area of the signal at 3.64 ppm (protons of SH-
PEG-SH) to that of 8.1 ppm (protons of FBC) from the "H-NMR
spectra of FBC nanogels, FBC nanogels were formed using
a 2 :1 molar ratio of SH-PEG-SH and FBC. Moreover, the *°F-
NMR spectrum also showed that the characteristic peak of p-F
completely disappeared in that of FBC nanogels, indicating that
the p-F atoms were all replaced by the sulthydryl groups of SH-
PEG-SH. The photophysical properties of FBC nanogels were
determined by utilizing UV-vis and fluorescence spectra as
depicted in Fig. 2c and d. Both FBC nanogels have similar UV-
vis absorbance and fluorescence emission behaviors to the
small molecular FBC, indicating that the formation of nanogels
has no impact on the photophysical properties of FBC. Then,
the ROS ('0,, 0, and "OH) generation of FBC nanogels was
also assessed using the corresponding probes under 750 nm
light irradiation (Fig. 2d, e and S23, ESIt). The result is similar
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Fig. 2 Characterization of FBC-80 and FBC-200. (a) Average hydro-
dynamic sizes of FBC-80 and FBC-200. (b) TEM images of FBC-80.
UV-Vis absorbance spectrum (c) and fluorescence emission spectrum
(d) of FBC-80 and FBC-200. Fluorescence spectrum of SOSG (e) and
DHE (f) for '0,, O, detection with the increasing illumination time.

to that of FBC, suggesting that the formation of nanogels did
not affect the ROS production capability of FBC. In addition,
FBC nanogels could reduce the ACQ effect of PSs (Fig. S24 and
S25, ESIt) and have excellent stability under physiological
conditions (Fig. S26-S29, ESIt). Thus, the FBC nanogels should
be suitable for NIR-mediated hypoxia-tolerant PDT.

Intracellular uptake and photoactivity

To evaluate the intracellular uptake of FBC nanogels, 4T1 cell
lines were respectively co-incubated with FBC, FBC-80 and FBC-
200 for 24 h. The cellular uptake of the samples was observed by
confocal laser scanning microscopy (CLSM), where the nucleus
was stained using Hoechst (blue fluorescence) and the samples
were located through the red fluorescence produced by FBC
itself. As shown in Fig. 3a, it can be observed that the red
fluorescence appeared around the blue fluorescence, indicating
that the samples were taken by the cells. Compared with those
of FBC, the groups of FBC nanogels showed stronger fluores-
cence intensity, illustrating that more nanogels have been taken
up by cells than the small molecular FBC.

To confirm the photodynamic performance of FBC nanogels
against cancer cells, the intracellular ROS generation of FBC
nanogels was evaluated as well (Fig. 3b). SOSG was used as
a probe to detect the 'O,, since it can be oxidized to produce
green fluorescence by 'O,. As demonstrated by CLSM in Fig. 3b,
strong green fluorescence could be observed under laser

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.3 Invitro PDT efficacy of FBC-80 and FBC-200. (a) Confocal laser
scanning microscope (CLSM) images of 4T1 cells treated with FBC,
FBC-200 and FBC-80 for 24 h. (b) CLSM images of 'O,, *OH and O, *
in FBC nanogels-treated 4T1 cells using SOSG, HPF and DHE as
detection probes, respectively. Cell viability of 4T1 cells treated with
FBC, FBC-200 and FBC-80 without a laser in normoxic (c) and hypoxic
(d) environments. Cell viability of 4T1 cells treated with FBC, FBC-200
and FBC-80 with a laser in normoxic (e) and hypoxic (f) environments.

irradiation, indicating that FBC nanogels can produce massive
10, after 750 nm laser irradiation. In addition, HPF and DHE as
specific ROS probes were separately employed to detect “OH and
O, ", which were generally produced through a less oxygen-
dependent type I process of PDT. The bright fluorescence
images of HPF and DHE are shown in Fig. 3b, meaning that
a large amount of ‘OH and O, "~ was produced with light irra-
diation. Thus, FBC nanogels can be used as a potential nano-
photosensitizer especially for a hypoxic environment.
Encouraged by the excellent cellular uptake and ROS
production capability of FBC nanogels, the phototherapeutic
effect of FBC was investigated by in vitro cytotoxicity assays.
FBC, FBC-200 and FBC-80 with different concentrations were
co-cultured with 4T1 cells, respectively. Cell viability was tested
by a standard MTT assay in normal and hypoxic environments,
respectively. As shown in Fig. 3c and d, the cells treated with the
three samples all maintain a high cell survival rate under dark
conditions. Moreover, FBC nanogels both showed higher cell
viability compared with FBC, indicating that the introduction of
hydrophilic PEG moieties endowed FBC nanogels with an
excellent biocompatibility. The photodynamic efficiency was
determined by using a 750 nm light source to irradiate cells for

© 2021 The Author(s). Published by the Royal Society of Chemistry
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15 min at a power density of 100 mW cm 2 (Fig. 3e and f). The
viability of cells in all groups showed a concentration-related
decrease whenever under normal and hypoxic conditions,
indicating that FBC can produce ROS to cause cell death under
illumination. Compared with those treated with FBC, cells
treated with FBC-200 and FBC-80 showed a significantly lower
survival rate, suggesting that FBC nanogels have a superior
photodynamic therapeutic effect. This result may be attributed
to the enhanced internalization of FBC nanogels. In addition,
we found that FBC-80 nanogels had the most efficient inhibi-
tion to cancer cells both under normal and hypoxic conditions,
which could be resulting from the weak aggregation of FBC in
FBC-80 nanogels compared with FBC-200 nanogels.

In vivo imaging and biodistribution, photodynamic therapy
and bio-safety

In order to demonstrate the accumulation of FBC nanogels at
the tumor site, a 4T1 tumor xenograft mouse model was chosen.
Since FBC nanogels have a fluorescence emission in the near
infrared region, the accumulation of FBC nanogels at the tumor
site could be monitored in label-free methods by detecting the
fluorescence of FBC itself. FBC nanogels were injected into
tumor-bearing mice through the tail vein, and then the fluo-
rescence images of nanogels were observed at 0.5 h, 4 h, 10 h,
and 24 h post-injection. As shown in Fig. 4a, b and S30-S33
(ESIt), FBC-80 and FBC-200 both showed a strong fluorescence
signal at the tumor site after 24 h, indicating that the nanogels
could successfully accumulate into the tumor through the EPR
effect. Subsequently, the in vivo anti-tumor therapeutic effect of
FBC nanogels was studied. When the volume of the tumor
xenograft in mice reached 100 mm?, the mice were divided into
five groups and injected with a 200 pL solution of different
agents (n = 4 for each group): (1) PBS, (2) FBC-80, (3) FBC-200,
(4) FBC-80+L and (5) FBC-200+L (porphyrin concentration at 1
mg kg™ ). At 24 h post injection, tumors of FBC-80+L and FBC-
200+L groups were treated with 750 nm laser irradiation (200
mW cm?) for 10 min, respectively. In the period of treatment,
the body weights of the mice and the volumes of the tumors
were recorded every three days (Fig. 4c and d). There is no
significant weight loss for all mice as shown in Fig. 4c, indi-
cating that the FBC nanogels are biocompatible. The curves of
relative tumor volume are shown in Fig. 4d. Compared with
those in the control groups, the tumor growths in FBC-80+L and
FBC-200+L groups were observed to be significantly suppressed
after 15 days. In addition, the FBC-80+L group has better tumor
suppression than the FBC-200+L group, indicating that FBC
nanogels with a small particle size have a better photodynamic
effect.”® In order to further confirm the photodynamic thera-
peutic effect, the mice were sacrificed on the 15" day. The
photograph of the tumors is displayed in Fig. 4e. The weights of
the tumors are measured and recorded in Fig. 4f. From Fig. 4e
and f, it can be seen that in the cases of treatment with FBC
nanogels under light irradiation, the sizes and weights of the
tumors changed significantly, which is consistent with Fig. 4d.
These results confirm that FBC nanogels show excellent pho-
totherapy against tumors. Among them, the FBC-80+L group
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staining of tumors (n = 4, mean + s.d., **p < 0.01, ***p < 0.001).

had the most significant tumor suppressive effect, indicating
that the photodynamic therapy of FBC nanogels with a small
particle size was the most effective among these groups.®*>*
Additionally, according to qualitative histological examinations
(Fig. 4g), the most significant tumor necrosis was observed for
the FBC-80+L group, which further confirmed the excellent
photodynamic effect of FBC-80 in inhibiting tumor growth.
Besides, hematoxylin and eosin (H&E) staining of the major
organ tissues is shown in Fig. S34 (ESIf). No obvious tissue
damage was found in all organ tissues, revealing that the FBC
nanogels are biocompatible.

Conclusions

In conclusion, we are inspired by the NIR absorption of natural
bacteriochlorin to develop a novel bacteriochlorin-based photo-
sensitizer FBC. In comparison to natural bacteriochlorin, FBC
could be easily prepared by a two-step reaction from the original
reactants pentafluorobenzaldehyde and pyrrole. Moreover, FBC
exhibits an ultra-high stability even under visible light at room
temperature for more than one year. FBC has strong NIR
absorption at 750 nm, and its ROS generation capability can still
retain around 60% with a 1.0 cm-thick pork skin as the barrier,
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which is significant for the treatment of deep tumors. FBC could
not only produce oxygen-dependent 'O,, but also generate
oxygen-independent ROS O, " and OH’, overcoming the bottle-
neck of PDT caused by tumor hypoxic microenvironments. Based
on the promising properties of FBC, FBC nanogels were con-
structed by a simple crosslinking reaction with SH-PEG-SH. The
formed FBC nanogels have a significant cumulative effect in the
tumor site. Additionally, the FBC nanogels show a strong fluo-
rescence emission in the NIR region, and thus distribution of
drugs could be monitored using FBC itself. Finally, the excellent
photodynamic efficacy of FBC nanogels has been revealed by in
vitro and in vivo experiments. Therefore, FBC with superior
properties would be a promising clinical photosensitizer for NIR-
mediated hypoxia-tolerant PDT of deep tumors.
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