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1 | INTRODUCTION

The development of nanotechnology in drug delivery has
offered a novel and effective way to cure cancer [1, 2]. As a
result, nanotechnology-based drug delivery systems (DDS) are
becoming one of the most noted fields in cancer treatments
[3, 4]. Numerous studies have successfully developed different
types of nano-sized DDSs for the treatment of cancers [5-7].
Due to the special enhanced penetration and retention (EPR)
effect of tumour tissues, nano-sized DDSs have shown higher
drug accumulation than free drugs, which in turn results in
better anticancer performance [8—10].

However, it was also noted that most of the current studies
employed additional carriers to load the therapeutic drug
molecules due to their disadvantages, such as low stability,
solubility and targetability [11-13]. Although carriers offer
additional advantages to deal with the above-mentioned
shortages, they also introduce other concerns, including cyto-
toxicity, low reproducibility and most importantly, reduced
drug-loading content [14—16]. Therefore, it was suggested that
drug molecules capable of self-assembly into nanoparticles
without the aid of additional carriers might be of great sig-
nificance to cancer therapy, which not only promotes the drug-
loading content to almost 100% but also realizes fast drug
release as well as high local drug concentrations to afford
better anticancer performance [17, 18].

The drug nanoparticles free of additional carriers hold great promise in drug delivery and
are suitable for the therapy of cancers. Herein, we developed a one-pot method to prepare
chlorin e6 (Ce6) nano-precipitations (Ce6 NPs) for effective photodynamic therapy of
colorectal cancer. The drug loading of Ce6 NPs was around 81% and showed acceptable
stability, high biocompatibility as well as effective reactive oxygen species (ROS) gener-
ation capability. As a result, the Ce6 NPs can produce significantly elevated ROS upon
laser irradiations and achieved better anticancer benefits than free Ce6.

Photodynamic therapy (PDT) is a recently emerging
treatment for cancer management, which kills cancer cells
based on the reactive oxygen species (ROS) created by the
photosensitizer upon laser irradiations [19, 20]. PDT can
realize site-specific cancer treatment by controlling the appli-
cation site, time and interval of the laser [21, 22]. Moreover, the
side effects can be greatly reduced compared with common
chemotherapy, as only cytotoxicity is triggered by the laser
[23, 24]. However, most of the currently available PDT agents
are not suitable to be administered alone due to their innate
disadvantages, such as low stability, solubility and targetability
[25, 206]. Therefore, nanotechnology is widely considered a
promising tool that helps increase the stability and availability
of these drugs. In many previous reported articles, PDT agents
were loaded into, conjugated to or adsorbed onto DDSs to
afford effective PDT for cancers [27-29]. However, carrier-
free formulation of these drugs were rarely reported and
needs further investigation. Chlorin e6 (Ce6) is a widely
adopted photosensitizer for PDT due to its high laser-ROS
transfection efficiency and has been widely adopted in many
experimental cases [30-32]. In our opinion, the development
of carrier-free Ce6 nanoformulations can significantly increase
its PDT efficacy and further promot its application in a variety
of biomedical fields.

Here in our study, we aim to develop a one-pot method to
prepare Ce6 nanoprecipitation to afford carrier-free delivery of
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Ce0 for the therapy of the model cell line of colorectal cancer.
Polystyrene maleic anhydride (PSMA) was dissolved in DMSO
with Ce6 under agitation to obtain clear solution. Afterwards,
the mixture was injected into sonicated solution by a one-pot
solvent-diffusion method to obtain PSMA-stabilized cartier-
free Ce6 nanoprecipitation (Ce6 NPs). The size, stability as
well as biocompatibility of this platform was studied and the
PDT effect on HT-29 cells and tumour-bearing mice models
was also investigated. Using this method, we can easily obtain a
well-controlled Ce6 NPs. This is more convenient than pre-
vious reported protocol [33] and might be a good alternative
that inspires future research studies.

2 | MATERIALS AND METHOD

2.1 | Materials

All the chemical agents were supplied by Sigma-Aldrich unless
otherwise stated. The human colorectal cancer cell line HT-29
was provided by ATCC (United States) and cultured in stan-
dard condition as previous reported [34]. The HT-29 tumout-
bearing mouse model was established using balb/c nude mice
(Qinglongshan, Nanjing, China) as previous reported [35].

2.2 | Preparation of Ce6 NPs

Polystyrene maleic anhydride (PSMA) and Ce6 at the weight
ratio of 1:4 were dissolved in a glass vial to obtain a final drug
concentration of 2 mg/ml. Afterwards, the mixture was injec-
ted into 10-fold of water (v/v) using a syringe under probe-type
sonication (VCX2500, Sonics, United States) for 10 min. The
final solution's dialysis was performed in a semipermeable
membrane (MWCO: 3000 Da) against pure water for 12 h to
remove organic solvent and unreacted materials [306].

2.3 | Characterizations

The size of Ce6 NPs (0.1 mg/ml) was measured by Zetasizer
(Malvern Panalytical, United Kingdom). The
morphology of Ce6 NPs was observed by using a transmission
electron microscope (TEM, JEM-1200, JEOL, Japan). The ROS
generation of free Ce6 and Ce6 NPs was determined using 3-
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diphenylisobenzofuran (DPBF) as the probe, according to a
previous report [37] DPBF was added into the solution-free Ce6
and Ce6 NPs (final concentration: 10 pg/ml) and then irradiated
by using a 680-nm laser (0.2 W/cm?, 5 min); the changes in
absorption at 413 nm was recorded every 30 s. The stability and
haemolysis assays were conducted using previous reported
protocol [38]. The size of Ce6 NPs in PBS (pH 7.4) and 10%
mouse plasma was monitored for 48 h. 2% red blood cells from a
rabbit were incubated with Ce6 NPs at different concentrations
in the dark for 1 h. In the end, the cells were removed by
centrifugation (1500 rpm, 10 min) and the absorption at 413 nm
was assessed in comparison to cells treated with pure water.

2.4 | In vitro cellular ROS level and
anticancer assay

The DCFH-DA as an ROS probe was employed for the
determination of the in vitro cellular ROS level of HT-29 after
it was treated with different samples, as previously reported
[39]. Cells were incubated with free Ce6 or Ce6 NPs for 4 h; at
the last 0.5 h, the cells were loaded with the DCFH-DA, as
instructed by the manufacturer. Afterwards, the cells were
irradiated (as mentioned above) and the fluorescence signals in
the cells were observed by using a fluorescence microscope.
Parallel cells were treated for another 48 h and the final cell
viability was determined using the methyl thiazolyl tetrazolium

(MTT) assay, as reported previously [40].

2.5 | In vivo anticancer assay

The HT-29 tumour-bearing mice were randomly divided into
three groups (7 = 5). The subjects were administered intra-
venously with saline, free Ce6 and Ce6 NPs (5 mg/kg Ce6)
once every 2 days for 2 weeks. The laser was applied three
times 24-h post injection (680 nm, 0.5 W/cm? for 5 min). The
tumour volume of the subjects was recorded and plotted
against time. At last, the tumours were collected and assessed
by TUNEL and Ki67staining to study their apoptosis and
proliferation profiles.

3 | RESULTS AND DISCUSSION

31 |
NPs

Preparation and characterization of Ce6

According to previous reports, the NPs under nanoscale range
usually have larger surface area and tend to aggregate in a short
time [41, 42]. Therefore, the introduction of an additional
stabilizer is important. In this study, PSMA, as a commonly
adopted stabilizer for nanoprecipitation, is employed to help
Ce6 forms stable NPs with the aid of sonication. As shown in
Figure 1la, the resulting Ce6 NPs were nano-sized particles,
which were largely located at the size range of around 70 nm.
Previous reports [43, 44] have shown that nanoparticles of size
under 100 nm are suitable for targetting tumour tissues via the
EPR effect; therefore, Ce6 NPs is a promising formulation to
realize passive tumour targetting. Moreover, TEM was also
employed to observe the morphology of the nanoparticles. As
shown in Figure 1b, Ce6 NPs were shown as spherical particles
under self-assembled state. The boundary was clear and the
size distributions were uniform, which is consistent with that
reported in Figure 1a. After dialysis, the nanoparticles were
dissolved in excess volume of DMSO and the Ce6 content was
determined by wusing an ultraviolet spectrophotometer
(405 nm), using the standard curve established by the free Ce6.
The results revealed that the drug-loading content was around
81%, which further indicated the carrier-free preparation of
NPs [45].
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FIGURE 1 Characterization of chlorin e6 nano-precipitations (Ce6 NPs). The size distribution (a) and transmission electron microscope image (b) of Ce6
NPs. Scale bar is 100 nm. The reactive oxygen species generation capability (c) and stability (d) capability of Ce6 NPs. The Ce6 concentration was fixed at 10 pg/

ml and the solution was irradiated by 680 nm (0.2 W/cm? for 5 min). The results were summarized as average and standard deviation based on three parallel

experiments

Afterwards, the ROS generation capacity of Ce6 NPs in
comparison with free Ce6 was studied to see if the NPs can
still preserve the photodynamic nature of Ce6. As shown in
Figure 1c, we used DPBF as the probe whose absorption at
413 nm can be quenched by ROS. Under the same laser
irradiation condition, both free Ce6 and Ce6 NPs resulted in
significant drop in the absorption (413 nm) of DPBE
Interestingly, it was noted that Ce6 NPs showed faster drop
than free Ce6, indicating that the ROS generation by Ce6
NPs is more effective than the ROS generation by free Ce6.
According to a previous report, free Ce6 usually suf-
fers from photobleaching and degradation upon laser irradi-
ation [46]. The aggregation state is beneficial to stabilize Ce6
to avoid undesired degradation, which explains the phe-
nomenon that Ce6 NPs had a better ROS generation profile
than free Ce6.

In order to further confirm this conclusion, we studied
the aqueous stability of Ce6 NPs in two simulated physio-
logical environments, PBS and mouse plasma. As shown in
Figure 1d, the size changes of Ce6 NPs were monitored for
48 h to show the stability of Ce6 NPs under physiological
environments. It was shown that Ce6 NPs successfully
resisted the challenge under both conditions and maintained

stability without observable size changes. Therefore, it is ex-
pected that Ce6 NPs can bypass the extracellular barriers in a
stable form to reach the tumour site and exert PDT on
tumours.

Following the confirmation of the stability of Ce6 NPs, the
biocompatibility of this platform is another critical issue that
needs to be studied. Therefore, haemolysis, as a universal and
critical indicator for biocompatibility, is tested. As shown in
Figure 2a, series concentrations of Ce6 NPs were incubated
with 2% rabbit red blood cells for 1 h and the haemolysis ratio
(ODs30 nm) was determined. It was observed that the hae-
molysis of NPs was concentration dependent and the highest
concentration of Ce6 NPs (1 mg/ml) only resulted in around
1.75% of haemolysis, indicating that this platform showed no
cytotoxicity or irritation on red blood cells. Next, the cyto-
toxicity of a seties concentrations of Ce6 NPs and free Ce6 on
HT-29 cells were investigated without laser irradiations for
48 h. As shown in Figure 2b, both free Ce6 and Ce6 NPs
showed almost no toxicity on HT-29 cells at all given con-
centrations for 48 h. This suggested that the toxic effect of
Ce6 NPs is controllable through laser irradiation, which is
beneficial for reducing the unwanted side effects upon
application.
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3.2 | In vitro cellular ROS level and
anticancer assay

Because the PDT of Ce6-based formulations relies on the
generation of ROS, cellular ROS generation is of significant
importance to the final anticancer benefits of the formula-
tions. Therefore, the in vitro cellular ROS level was investi-
gated. The cells were first treated with free Ce6 and Ce6 NPs
for 4 h and then loaded with the ROS probe DCFH-DA.
After replacing the medium with fresh ones, the cells were
irradiated by using a 680 nm laser (0.2 W/cm” for 5 min) and
the intracellular fluorescence was evaluated by flow cytometry
(MoFlo Astrios, Beckman, United States). As shown in
Figure 3a, in Ce06-treated groups, there was significant eleva-
tion of intracellular ROS after laser irradiation, which was in
line with previous studies which showed that Ce6 can
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effectively create ROS upon laser irradiations [47, 48]. More-
over, it was noted that Ce6 NPs had a much higher intracel-
lular ROS level than free Ce6 groups. This result suggested
that the accumulation of Ce6 is more powerful in cells using
Ce6 NPs than those using free Ce6. A higher cellular ROS
level is expected to induce higher cytotoxicity on cells. As a
proof of concept, the viability of HT-29 cells subjected to free
Ce6 and Ce6 NPs' treatment at different drug concentrations
was studied. The cells were incubated with formulations for
4 h and then treated by laser irradiations (680 nm, 0.2 W/ cm?,
5 min). They were incubated for another 24 h and then
assessed by MTT assay. As shown in Figure 3b, both free Ce6
and Ce6 NPs showed concentration-dependent increase in
cytotoxicity and it was noted that the cell viability in the Ce6
NPs group was lower than that in the free Ce6 group under all
tested concentrations.
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FIGURE 2 Characterization of chlorin e6 nano-precipitations (Ce6 NPs). (a) The haemolysis ratio of 2% rabbit red blood cells in various concentrations of
Ce6 NPs for 1 h. (b) The viability of HT-29 cells after incubation with different concentrations of free Ce6 and Ce6 NPs without light for 48 h. The results were
summarized as average and standard deviation based on three parallel experiments
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FIGURE 3 (a) Quantitative flow cytometry analysis of intracellular fluorescence intensity, indicating the oxidative stress. (b) Viability of HT-29 cells treated
with different formulations at different Ce6 concentrations for 24 h. The results were summarized as average and standard deviation based on three parallel

experiments



MIAO ET AL.

(a) 1200-
—=—Saline
_ 1000+ —e— Free Ce6+L
“& —4— Ce6 NPs+L
E
)
£
=
S
»
L
=]
g
=
=

Time (d)

FIGURE 4

’. ‘
= o ®
24 X
e 8"
.4 X
SN Y e
- o
" ' al 8§ H
LRl S Do ¢ e

(a) The changes in the tumour volume in HT-29-bearing mice treated with different formulations. The Ce6 dosage was 5 mg/kg and all mice
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every administration. (b) The tumour weights of tumours from different groups. (c) The TUNEL and Ki67 staining of tumour tissues obtained from different

groups after experiments. Scale bar is 50 pm. The results were summarized as average and standard deviation based on five parallel experiments

3.3 | In vivo anticancer assay

At last, we tested the in vivo anticancer assay to study the
extended application of this platform in living samples. The
tumour volume was recorded and plotted against time to show
the in vivo anticancer benefits. As shown in Figure 4a,
compared with the saline group, the laser-treated free Ce6
showed significant decrease in the growth of tumours. But this
effect is not powerful enough to cause total tumour remission
as the final tumour volume in this group was still over
400 mm’. As expected, Ce6 NPs showed significantly
enhanced anticancer benefits compared to free Ce6, which
almost obtained full ablation of tumours at the end of the
study. The TUNEL and Ki67 staining also obtained a similar
conclusion. As shown in Figure 4b, the tumour tissues that
were treated with Ce6 NPs showed serious apoptosis and had
the lowest proliferation (brown staining indicated positive cells)
compared with the rest of the groups, indicating the best
anticancer performance using this platform rather than with
free drugs.

4 | CONCLUSION

In summary, we can say that we successfully developed PSMA-
stabilized Ce6 NPs as a carrier free platform for PDT for
colorectal cancer. The Ce6 NPs showed acceptable stability,
high biocompatibility as well as effective ROS generation
capability. As a result, we concluded that Ce6 NPs can produce
significantly elevated ROS upon laser irradiations and have
better anticancer benefits than free Ce6. This strategy provides
a facile way of preparing Ce6 NPs, which might be a promising
alternative that pushes PDT towards clinical applications.
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