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d with dual clinical
photosensitizers for enhanced photodynamic
therapy of cervical cancer

Gulinigaer Alimu,a Ting Yan,a Lijun Zhu,b Zhong Du,c Rong Ma,c Huimin Fan,b

Shuang Chen,c Nuernisha Alifu *ab and Xueliang Zhang*ab

Photodynamic therapy (PDT) has become a potential anti-cancer strategy owing to its negligible

invasiveness, low toxicity, and high selectivity. The photosensitizer (PS) plays an indispensable role in

PDT. Herein, a novel type of PS (Ce6-MB@Lips) which can be excited by a near-infrared (NIR) laser was

designed and synthesized. Methylene blue (MB) and Chlorin e6 (Ce6), two organic dyes approved by the

Food and Drug Administration (FDA), were used to prepare Ce6-MB@Lips by thin-film dispersion

method, which improve the water solubility of Ce6 and reduce the cytotoxicity of MB. The Ce6-

MB@Lips were shown to have a spherical nanostructure with an average particle size of 160.3 nm and

excellent water solubility. Then the optical properties of Ce6-MB@Lips were further studied. Ce6-

MB@Lips showed absorption peaks at 413 nm/670 nm and fluorescence peak at 697 nm. Compared

with Ce6@Lips and MB@Lips, Ce6-MB@Lips showed better stability, stronger fluorescence intensity, and

higher singlet oxygen (1O2) generation ability. Cell experimental analysis exhibited that the stable Ce6-

MB@Lips showed low cytotoxicity, high phototoxicity and high reactive oxygen species (ROS) production

capacity. After effective cell internalization, the prepared Ce6-MB@Lips showed excellent ability to

promote tumor cell apoptosis in vitro. The Ce6-MB@Lips could be a promising candidate for PDT of

cervical cancer.
Introduction

Cancer is one of the leading causes of death worldwide, and
cervical cancer is the fourth most common malignancy diag-
nosed in women.1,2 In recent years, the incidence rate of cervical
cancer has been high at a young age.3,4 It is a devastating disease
that results from an uncontrollable growth of tumor cells and
their subsequent spread across the body. At present, various
methods have been used for the diagnosis and screening of
cervical cancer. For example, pap smear cytology and DNA
testing are performed in cases of human papillomavirus (HPV)
infection.5,6 The treatment of cervical cancer includes surgical
treatment, external irradiation radiotherapy, brachytherapy,
and concurrent cisplatin chemotherapy.1,7 However, drug
tolerance, non-specicity, and unavoidable side effects hinder
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their further development.8–10 As an alternative emerging
treatment, photodynamic therapy (PDT) brings a new dawn.11

PDT has emerged as an effective therapeutic alternative for
tumor treatment. The PDT process includes three key compo-
nents—a photosensitizer (PS), a light source of the ideal wave-
length, and reactive oxygen species (ROS).12–14 When the PS is
irradiated by a laser of a specic wavelength, it can transfer
energy to oxygen or oxygen-containing groups in the
surrounding environment, and nally generates ROS.15–19 PDT
exhibited superiority such as minimal invasiveness, favourable
safety, fewer side effects, good repeatability, and relatively low
cost. It plays an important role in the comprehensive treatment
of tumors.20–23 However, the clinical application of PDT is still
limited by the depth of tissue penetration.24 Therefore, we
utilized the laser in the near-infrared I (NIR-I) spectral region
(650–950 nm)25–27 as excitation light in order to reduce tissue
autouorescence and scattering from the biological tissue,
which could help to penetrate into deep tumor.

In recent years, the NIR-I light are favorable as the excitation
light for PDT, for longer wavelength and deep tissue penetration
ability. Among various PSs, Chlorin e6 (Ce6), an FDA-approved
second-generation PS with absorption peaks around 407 nm
and 660 nm,28 is extensively used in PDT because of its lipo-
philic characteristics29 and high singlet oxygen (1O2) generation
efficiency.30 However, the poor water solubility of Ce6 leads to
RSC Adv., 2023, 13, 3459–3467 | 3459
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low PDT efficacy and hinders their further biomedical
applications.31–33 Methylene blue (MB) is another FDA-approved
hydrophilic second-generation PS,34 with absorption peak
around 664 nm.35,36 Thus, as the NIR dyes,37,38 under NIR-I
irradiation, Ce6 and MB have well PDT property for the deep
penetration ability of excitation light. Especially, the usage of
a single wavelength laser could bring great convenience.

Liposomes are one of the ideal drug carriers with the
construction of amphiphilic phospholipid bilayers.39 The
morphology of liposomes is similar to cellular membranes.
Therefore, liposomes obtains excellent biocompatibility which
could incorporate various substances.40 In cancer therapy,
liposomes have been demonstrated to be particularly useful.41

Liposomes can increase the hydrophilicity of PS and enhance
the ability of PS engulfed by tumor cells.42 Liposomes have been
introduced intomore elds, including the development of novel
agents for PDT.43 Zhang et al. prepared a liposome loaded with
PS Ce6, hypoxia-activated prodrug Tirapazamine (TPZ), and
a gene probe for synergistic photodynamic chemotherapy.44

Herein, to improve water solubility and achieve highly effi-
cient photodynamic efficacy, we designed and synthesized
a new type of PS (Ce6-MB@Lips) by the lm dispersion method.
We used two FDA-approved organic dyes MB and Ce6 to prepare
low-toxicity and effective nanoplatforms, which can achieve
high-efficiency photodynamic effects under the guidance of NIR
uorescence imaging. Ce6-MB@Lips showed absorption peaks
at 413 nm and 670 nm and uorescence peak at 697 nm.
Compared with Ce6@Lips and MB@Lips, Ce6-MB@Lips had
better optical properties and stability. Through cell experi-
ments, we tested the biological activity of Ce6-MB@Lips on
HeLa and SiHa cells, including phototoxicity, dark toxicity,
cellular uptake, and apoptosis rate. And it was proved that Ce6-
MB@Lips had a good ability to produce ROS (O2) under
a 660 nm laser irradiation, which was veried by 9,10-
anthracenediyl-bis (methylene) dimalonic acid (ABDA) and 2,7-
dichlorodi-hydrouorescein diacetate (DCFH-DA) probes in
vitro. And the PDT therapeutic efficiency of Ce6-MB@Lips
applied to HeLa cells was 78.35%; the PDT therapeutic effi-
ciency applied to SiHa cells was 68.45%. This means Ce6-
MB@Lips is a promising PS for the PDT treatment of cervical
cancer.

Experimental section
Materials and instruments

The L-a-phosphatidylcholine and cholesterol were obtained
from Beijing Solarbio Science & Technology Co., Ltd in China.
Chlorin e6 (Ce6) and 9,10-anthracenediyl-bis (methylene)
dimalonic acid (ABDA) were purchased from Shanghai Macklin
Biochemical Co., Ltd. Methylene blue (MB) was purchased from
Shanghai Aladdin Biochemical Technology Co., Ltd. Methyl-
idyne trichloride (CHCl3) and tetrahydrofuran (THF) were
procured from the Central-Lab of the Medical University in
Xinjiang. Hoechst 33342 and enhanced cell counting kit-8
(CCK8) were obtained from Beijing Solarbio Science & Tech-
nology Co., Ltd in China. And 2,7-dichlorodi-hydrouorescein
diacetate (DCFH-DA) was purchased from Beyotime
3460 | RSC Adv., 2023, 13, 3459–3467
Biotechnology in China. Dulbecco's modied essential medium
(DMEM), phosphate buffered saline (PBS), and fetal bovine
serum (FBS) were purchased from GIBCO, and deionized water
(DIW) was used in all experimental process.

The morphology and size of liposomes were measured by
transmission electron microscope (TEM, JEM-1230, Japan). The
particle size distribution was measured by dynamic light scat-
ting analysis (DLS, Malvern, UK). The absorbance spectra and
uorescence spectra were recorded from a Shimadzu UV-2700
UV-Vis spectrophotometer (Japan) and Shimadzu RF-5301PC
spectrouorophotometer (Japan). A confocal laser scanning
microscope (CLSM, NIKON C2+, Japan) was utilized for the NIR
uorescence microscopic imaging. A ow cytometer (BD, LSR II,
America) was used to detect the apoptosis rate and the
production of ROS.

Synthesis of Ce6-MB@Lips

Ce6-MB@Lips was synthesized by the thin-lm dispersion
method. 40 mg of lecithin, 10 mg of cholesterol, and 4 mg of
Ce6 were weighed with an electronic balance and dissolved in
appropriate amounts (CHCl3/THF = 1 : 1, v/v) to form a mixed
solution. Then the lm was formed by rotating evaporation on
a magnetic stirrer, and MB solution (the solvent was DIW and
PBS) was added. Next, the mixture was placed in a 40 °C water
bath for ultrasonic mixing for 30 min. Then the solution was
placed in a dialysis bag for 24 h to separate free Ce6 andMB and
then ltered by a 0.22 mmmicroporous membrane to obtain co-
encapsulated MB and Ce6 liposomes suspension (Ce6-
MB@Lips). Blank liposomes, single-coated liposomes contain-
ing MB (MB@Lips), and single-coated liposomes containing
Ce6 (Ce6@Lips) were prepared by the same method. The
resulting nanoparticles were stored at 4 °C for future use.

Characterization

The absorption spectra of free Ce6 and MB, Ce6@Lips,
MB@Lips, and Ce6-MB@Lips solutions (5 mg mL−1) were
measured by a Shimadzu UV-2700 UV-Vis spectrophotometer,
and the absorption values were measured for ve consecutive
days to observe its stability. The uorescence spectra of Ce6,
MB, Ce6@Lips, MB@Lips, and Ce6-MB@Lips solutions (100 mg
mL−1) were determined using an RF-5301PC spectro-
uorophotometer. The morphology and particle size of
Ce6@Lips, MB@Lips and Ce6-MB@Lips were observed by
transmission electron microscopy (TEM) and dynamic laser
light scatterometer (DLS). The uorescence intensity of Ce6,
MB, Ce6@Lips, MB@Lips, and Ce6-MB@Lips solutions was
observed by confocal microscopy (CLSM).

Release rate, drug loading and entrapment efficiency

The release rate of PS is an important indicator. Thus, we used
the UV-2700 Shimadzu ultraviolet spectrograph to calculate the
cumulative release of PSs from Ce6-MB@Lips at pH values of
7.4, 5.4 and 5 in vitro.45 To do this, the Ce6-MB@Lips (15 mL, 30
mg mL−1) in the solution were stirred with a magnetic stirrer at
37 °C and 1000 rpm. At different times (0, 2, 4, 6, 8, 10, 12, 24, 36
and 48 h), we removed 2 mL of this Ce6-MB@Lips and added
© 2023 The Author(s). Published by the Royal Society of Chemistry
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2mL of fresh pH solution. The cumulative release rates of PSs in
Ce6-MB@Lips were calculated at 665 nm. To determine drug
loading content (DLC) and encapsulation efficiency (EE),
supernatants from three centrifugation cycles were collected
when preparing Ce6-MB@Lips. We measured the absorption
spectrum of Ce6 and MB using the UV-2700 ultraviolet spec-
trograph at 665 nm. The concentrations of Ce6 and MB in Ce6-
MB@Lips were acquired using the standard curve method and
calculated by using the following formulas:46,47

DLC ð%Þ ¼ WCe6=MB �Wdrug in supernatant

WCe6-MB@Lips

(1)

EE ð%Þ ¼ WCe6=MB �Wdrug in supernatant

WT

(2)

where the WCe6/MB is the quantity of Ce6 or MB in the Ce6-
MB@Lips, WCe6-MB@Lips is the weight of the Ce6-MB@Lips,
and WT was the total weight of the Ce6 or MB added.

Singlet oxygen detection

Singlet oxygen (1O2) is one of the important indexes for the
efficacy of PDT.48 It has high oxidation activity and ROS to
change the spectrum of the detection agent. We selected the 1O2

detector ABDA.49 Under the 660 nm laser irradiation, ABDA can
irreversibly react with the 1O2 produced by the PS, resulting in
a decrease in ABDA uorescence intensity. ABDA solution (100
mL, 1 mg mL−1 in DMSO) was added into Ce6, MB, Ce6@Lips,
MB@Lips and Ce6-MB@Lips solutions (10 mg mL−1) respec-
tively. The mixture was then irradiated with a laser (660 nm, 1W
cm−2) and the absorption spectra of the mixture were measured
every 15 s for 120 s.

Cell culture

Human cervical cancer cells (SiHa and HeLa) and cervical
normal cells (H8) were obtained from the American Type
Culture Collection (ATCC), and these cells were routinely
maintained in DMEM containing 1% penicillin/streptomycin
and 10% FBS.50 And the incubation environment was main-
tained at 37 °C and with 5% CO2.

In vitro cytotoxicity and phototoxicity assay

H8 and HeLa cells (5 × 103 cells per well) at the logarithmic
growth stage were inoculated into 96-well plates and incubated
for 24 h at 37 °C. Then the culture medium was replaced with
100 mL of culture medium containing Ce6@Lips, MB@Lips, and
Ce6-MB@Lips (10, 20, 40, 60, 80, 100 mg mL−1) and incubated
for 6 h, then CCK8 (10 mL) was added and incubated for 2 h and
the OD values were measured by a Thermo Scientic Multiskan
FC and the cell viability and 50% inhibiting concentration
(IC50) were calculated. To evaluate phototoxicity, the cells were
treated with Ce6-MB@Lips under the same conditions but with
laser exposure (660 nm, 1 W cm−2, 5 min). The cell viability was
calculated using the following formula:51

Cell viability ð%Þ ¼ ODE �ODB

ODC �ODB

� 100% (3)
© 2023 The Author(s). Published by the Royal Society of Chemistry
In this formula, ODE is the average value of absorbance in the
trial group, ODB is the average value of absorbance in the blank
group, and ODC is the average value of absorbance in the
control group.

Cellular uptake

A uorescence imaging method was used to evaluate Ce6-
MB@Lips, which was analyzed by a CLSM to determine
whether it has a great ability to label cells, and compared with
Ce6, MB, Ce6@Lips and MB@Lips. HeLa cells in the logarithmic
growth phase were inoculated in confocal dishes with 2.5 × 105

cells (500 mL) and placed overnight in an incubator (5% CO2,
37 °C). Then the cells were washed with 1× PBS three times, and
500 mL complete media containing free Ce6 or MB (15 mg mL−1),
and Ce6@Lips, MB@Lips and Ce6-MB@Lips (20 mg mL−1) were
added to the HeLa cells for 2 h, and the supernatant was dis-
carded and washed three times with 1× PBS, followed by the
addition of 500 mL of Hoechst 33342 dye liquor (1 : 100) reacting
for 20 min. Then cells were washed with 1× PBS three times, and
500 mL of fresh complete culture solution was added to each dish.
CLSM uorescence imaging was performed.

Cellular ROS generation detection

The production of ROS intracellular was determined via the
DCFH-DA probe which had no uorescence and could pass
through the cell membrane freely with 660 nm laser irradiation.
To better verify the experimental phenomenon, HeLa and SiHa
cells were selected to be seeded in confocal dishes and cultured
for 24 h at 37 °C, followed by treatment with Ce6, MB,
Ce6@Lips, MB@Lips and Ce6-MB@Lips at the concentration of
20 mg mL−1 for 2 h. Then the cells were washed with 1× PBS
three times and stained with Hoechst 33342 dye liquor (1 : 100)
for 20 min and DCFH-DA (5 mM, 500 mL) for 30 min. Then the
cells were washed with 1× PBS again, aer that, they were
irradiated for 5 min (660 nm, 1 W cm−2), and the generation of
ROS was observed by CLSM.52,53

The amount of ROS produced in HeLa and SiHa cells was
quantitatively assessed by a ow cytometer to verify the PDT
efficacy of Ce6-MB@Lips. HeLa and SiHa cells (2 × 105 cells per
well) were inoculated in 6-well plates and incubated at 37 °C for
24 h, then the cells were washed with PBS and Ce6-MB@Lips (20
mg mL−1) were added. Aer incubation for 2 h, the cells were
washed twice with PBS and treated with 10 mM DCFH-DA for
30 min at 37 °C. Then, the cells were irradiated with a 660 nm
laser (1 W cm−2) for 5 min, and the intracellular ROS concen-
tration was quantitatively determined by a ow cytometer.

Apoptotic analysis

PDT-induced apoptosis and necrosis were detected using the
Annexin-V-FITC/PI apoptosis detection kit. HeLa and SiHa cells
were plated in 6-well plates (2 × 105, 2 mL) and incubated
overnight. Subsequently, the cells were treated with a medium
containing free Ce6, MB, Ce6@Lips, MB@Lips, and Ce6-
MB@Lips at an equivalent concentration of 20 mg mL−1. Aer
2 h, the cells were washed with PBS and then irradiated with
a 660 nm laser for 5 min. Aerward, cells were harvested and
RSC Adv., 2023, 13, 3459–3467 | 3461
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Scheme 1 (A) Ce6-MB@Lips preparation process description. (B) Schematic diagram of the role of Ce6-MB@Lips in tumor cells.
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suspended in a binding buffer. Finally, the samples were
stained with Annexin-V-FITC (5 mL) and PI (5 mL) for 10 min in
the dark and then analyzed by a ow cytometer.

Results and discussion
Synthesis and characterization of Ce6-MB@Lips

The synthesis process of Ce6-MB@Lips is shown in the
Scheme 1, Ce6 was rst coated with liposomes to form
Fig. 1 Characterization of Ce6-MB@Lips. (A) Picture of Ce6@Lips, MB@
sponding histogram of particle size. (C) The size distribution of Ce6-MB
MB@Lips. (E) Fluorescence spectra of Ce6, MB, and Ce6-MB@Lips. (F
consecutive days. (G) The release rate of PS. (H) Fluorescence images of C
640 nm, lem = 800–1000 nm).

3462 | RSC Adv., 2023, 13, 3459–3467
a suspension (Ce6@Lips), and MB was further loaded to form
a murky dark green solution (Ce6-MB@Lips), as shown in
Fig. 1A. The TEM images (Fig. 1B) showed the spherical nano-
structure of Ce6-MB@Lips, and the average particle size was
113.4 nm. The average diameter of Ce6-MB@Lips was further
determined by DLS as 160.3 nm (Fig. 1C). The UV-Vis spectra
(Fig. 1D) showed that Ce6 has two absorption peaks at 404 nm
and 660 nm, and MB has a maximum absorption peak at
664.5 nm. Ce6-MB@Lips owned peak absorption wavelength at
Lips and Ce6-MB@Lips. (B) TEM image of Ce6-MB@Lips and corre-
@Lips was measured by DLS. (D) UV-Vis spectra of Ce6, MB, and Ce6-
) Changes in the absorption of Ce6, MB, and Ce6-MB@Lips for five
e6, MB, and Ce6-MB@Lips in a capillary glass tube under a CLSM (lex=

© 2023 The Author(s). Published by the Royal Society of Chemistry
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413 nm and 670 nm overlapping with that of Ce6 and MB. The
optical characterization indicated that the encapsulation of
liposomes did not change the characteristics of free Ce6 and
MB. The uorescence spectra (Fig. 1E) suggested that Ce6-
MB@Lips also has luminescent properties, and even the uo-
rescence intensity is stronger than that of free Ce6 and MB, this
was also demonstrated by capillary glass tube diagrams
(Fig. 1H). As shown in Fig. 1F, Ce6-MB@Lips and the maximum
absorption peak decreased by less than 20% on the h day
compared to the rst day, while the absorption values of Ce6
and MB solutions decreased signicantly, proving that Ce6-
MB@Lips were more stable than free Ce6 and MB.
Release rate, drug loading and entrapment efficiency

As a signicant index, the release rate of PS was studied. We
simulated the PS release behavior of Ce6-MB@Lips at 37 °C by
using neutral conditions (pH = 7.4), an acidic microenviron-
ment of cancer cells (pH = 5.4) and a lysosomal environment
(pH= 5).53,54 As shown in Fig. 1G, pH value signicantly affected
the release rate of PS in Ce6-MB@Lips. In 6 h, at pH = 7.4, the
Ce6-MB@Lips released 20.6% of PS, while at pH = 5 and 5.4,
21.3% and 22.1% were released, respectively. At pH = 7.4,
49.5% of PS was released from Ce6-MB@Lips within 48 h, while
50.6% and 53.4% were released at pH = 5 and 5.4, respectively.
These results indicated that the release rate in the simulated
microenvironment of cancer cells is higher than that in the
neutral environment.

As an excellent delivery system, liposomes can help to
increase the hydrophobicity of PSs and enhance the absorption
of PSs by the tumor. Free Ce6 and MB were successfully
encapsulated in liposomes; we calculated the DL and EE of Ce6
and MB in Ce6-MB@Lips by UV-2700 spectroscopy. The EE of
Ce6 and MB was 84.3% and 45.3% respectively, and the DLC of
Ce6 and MB was 8.1% and 2.9% respectively.
Fig. 2 Detection of 1O2 production. (A) Ce6, (B) Ce6@Lips, (C) MB, (D)
generates 1O2, and then 1O2 reacted with ABDA. (F) Ce6-MB@Lips withou
values were normalized at the beginning of irradiation.

© 2023 The Author(s). Published by the Royal Society of Chemistry
Detection of singlet oxygen production

ABDA probes were used to assess the extent of 1O2 production
aer 660 nm laser irradiation.55 Under the same experimental
conditions, the relative absorbance of ABDA at 378 nm in
a solution containing Ce6 only decreased to 72.9% of its original
value while Ce6@Lips decreased to 65.2% (Fig. 2A and D). And
the relative absorbance of ABDA at 378 nm in MB solution
decreased to 82.1% while the MB@Lips decreased to 90.6%
(Fig. 2B and E). These results showed that the coating of lipo-
somes did improve the 1O2 production ability of Ce6 andMB. As
illustrated in Fig. 2E, in the presence of Ce6-MB@Lips and aer
120 s of 660 nm laser stimulation, the absorbance of ABDA at
378 nm decreased to 9.4% of its original value.56,57 However, the
Ce6-MB@Lips group without laser exposure decreased by only
2.5%, which was negligible (Fig. 2C). These results conrmed
that Ce6-MB@Lips had an excellent ability to produce 1O2 when
exposed to a 660 nm laser, and the PS could produce 1O2 for
PDT only when the laser exists.

In vitro cytotoxicity and phototoxicity

Aer laser irradiation at the appropriate wavelength, the PS is
triggered to produce 1O2 for treatment. However, it should not
show great cytotoxicity in the absence of a laser. To compare the
cytotoxicity of Ce6@Lips, MB@Lips, and Ce6-MB@Lips in vitro,
we evaluated the effect of cell viability with/without laser irra-
diation by the CCK8 method.

As shown in Fig. 3A and B, Ce6@Lips, MB@Lips and Ce6-
MB@Lips at concentrations ranging from 10 mg mL−1 to 100
mg mL−1 was co-cultured with HeLa/H8 cells for 6 h. The IC50 of
Ce6@Lips, MB@Lips and Ce6-MB@Lips in HeLa cells were
71.12 mg mL−1, 53.30 mg mL−1 and 109.98 mg mL−1 while the
IC50 in H8 cells were 77.45 mg mL−1, 66.25 mg mL−1 and 138.81
mg mL−1. These results indicated that Ce6@Lips, MB@Lips and
Ce6-MB@Lips had lower cytotoxicity to normal cells, and the
MB@Lips and (E) Ce6-MB@Lips under the 660 nm laser (1 W cm−2)
t laser irradiation. Finally, the OD values of ABDAweremeasured. All OD
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Fig. 3 Cell viability analysis of (A) HeLa cells incubated with dark, (B) H8 cells incubated with dark, and (C) HeLa and H8 cells incubated with Ce6-
MB@Lips with the laser (660 nm, 1 W cm−2, 5 min).
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dark toxicity of Ce6-MB@Lips to cells was lower than that of
Ce6@Lips and MB@Lips.

As shown in Fig. 3C, only laser irradiation did not reduce the
cell viability, indicating that laser alone would not damage cells.
At the same concentration, the Ce6-MB@Lips treated group
showed high cell viability, indicating that its dark toxicity to
HeLa and H8 cells was low. Then, aer laser irradiation, the cell
viability signicantly decreased with the increase in concen-
tration. However, the viability of HeLa cells decreased more
obviously than that of H8 cells. Ce6-MB@Lips even at 10 mg
mL−1 also had strong phototoxicity to HeLa cells, which could
reduce the cell survival rate to 64.6%. When the concentration
reached 100 mg mL−1, the cell viability decreased to 13.7%. The
results showed that Ce6-MB@Lips had strong phototoxicity to
HeLa cells.
Cellular uptake

To determine the ability of Ce6-MB@Lips to be absorbed
through cell membranes and compared with free Ce6 and MB,
we studied the absorption of these PSs by HeLa cells in vitro.
HeLa cell nuclei were stained with Hoechst 33342 which
showed blue uorescence, while the PS uoresces red. As shown
in Fig. 4, Ce6, MB, Ce6@Lips, MB@Lips and Ce6-MB@Lips
Fig. 4 Cell uptaking images after co-incubation of Ce6, MB, Ce6@Lips, M
50 mm, lex = 640 nm, lem = 800–1000 nm). The blue fluorescence w
fluorescence was due to the PSs.

3464 | RSC Adv., 2023, 13, 3459–3467
could all be absorbed by the cells and were widely distributed
in the cytoplasm, and the NIR uorescence in the cytoplasm of
HeLa cells incubated with of the Ce6-MB@Lips group was the
strongest and the number of cells was the largest. It was turn
out to be that Ce6-MB@Lips had a strong ability to enter HeLa
cells and achieve NIR uorescence imaging, locate and label
HeLa cells. It may be that the improvement of water solubility
enhanced the absorption of PS in HeLa cells. This result re-
ected that Ce6-MB@Lips was a good candidate with excellent
imaging and tumor internalizing ability for NIR uorescence
imaging-guided PDT treatment.
Intracellular ROS assay

DCFH-DA was able to penetrate cells well without obvious
spontaneous uorescence.58 And it showed signicantly
enhanced green uorescence when degraded by intracellular
lipase into DCF and oxidized by ROS, which provided the
possibility of evaluating cell ROS generation. As shown in
Fig. 5A, when there was no PS in the control group, DCFH-DA
had almost no green uorescence aer laser irradiation; it
showed that DCFH-DA had no spontaneous uorescence. Aer
laser irradiation (660 nm, 1 W cm−2, 5 min), the free Ce6 group
and free MB group still showed weak uorescence, by
B@Lips, Ce6-MB@Lips with HeLa cells for 2 h under CLSM (scale bar:
as attributed to the cell nucleus (stained by Hoechst 33342), the red

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 ROS generation capacity. (A) CLSM fluorescence images of DCFH-DA-stained HeLa cells treated with Ce6, MB, Ce6@Lips, MB@Lips and
Ce6-MB@Lips (scale bar: 50 mm, lex = 488 nm, lem = 525 nm). (B) Shift in fluorescence peak due to the ROS generation in HeLa cells in the
presence of Ce6-MB@Lips before irradiation (Ce6-MB@Lips (−)) and after irradiation (Ce6-MB@Lips (+)) with a 660 nm laser. (C) CLSM fluo-
rescence images of DCFH-DA-stained SiHa cells treated with Ce6, MB, Ce6@Lips, MB@Lips and Ce6-MB@Lips (scale bar: 50 mm, lex = 488 nm,
lem = 525 nm). (D) Shift in fluorescence peak due to the ROS generation in SiHa cells in the presence of Ce6-MB@Lips before irradiation (Ce6-
MB@Lips (−)) and after irradiation (Ce6-MB@Lips (+)) with a 660 nm laser.
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comparison, the ROS production capacity of Ce6@Lips and
MB@Lips was enhanced. As expected, the uorescence signal of
the Ce6-MB@Lips groups showed the most signicant
improvement aer laser irritation, indicating more signicant
ROS production. To better verify the experimental phenom-
enon, we selected SiHa cells for the same treatment and
detection. As shown in Fig. 5C, Ce6-MB@Lips also produced
Fig. 6 Flow cytometer analysis of the apoptosis and necrosis of (A) HeLa
Ce6-MB@Lips in the presence of laser irradiation (660 nm, 1 W cm−2, 5 m
Q4: live cells).

© 2023 The Author(s). Published by the Royal Society of Chemistry
more ROS in SiHa cells, as in HeLa cells, indicating the excellent
ability of Ce6-MB@Lips to generate ROS in vitro.

The amount of ROS produced in HeLa and SiHa cells was
quantitatively assessed by a ow cytometer to support the PDT
efficacy of Ce6-MB@Lips. As shown in Fig. 5B and D, aer
a 660 nm laser irradiation, the uorescence peaks shied to the
right because of the regeneration of the ROS, indicating that
cells, and (B) SiHa cells treated with PBS, Ce6, Ce6@Lips, MB, MB@Lips,
in) (Q1: necrotic cells; Q2: late apoptotic cells; Q3: early apoptotic cells;
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660 nm laser caused Ce6-MB@Lips generate more ROS in HeLa
and SiHa cells.
Apoptotic analysis

To further conrm the phototoxicity of Ce6-MB@Lips, Annexin-
V-FITC/PI double staining method was used to detect the
apoptosis and necrosis of HeLa and SiHa cells. As shown in
Fig. 6, under the same irradiation condition (660 nm, 1W cm−2,
5 min), the HeLa cell death rate of the Ce6-MB@Lips group was
measured to be 78.35% (apoptosis rate was 72.7%, necrosis rate
was 5.65%), which was signicantly higher than that of free Ce6
group (10.08%), free MB group (34.55%), Ce6@Lips group
(34.25%) and MB@Lips group (54.51%). To further verify the
experimental phenomenon, the apoptosis of SiHa cells under
identical treatment conditions was evaluated. The SiHa cell
death rate of the Ce6-MB@Lips group was 68.45% (apoptosis
rate was 49.05%, necrosis rate was 19.4%), which was signi-
cantly higher than that of the free Ce6 group (18.88%), free MB
group (43.72%), Ce6@Lips group (42.9%) and MB@Lips group
(47.25%). Therefore, Ce6-MB@Lips has the high phototoxicity
to HeLa and SiHa cells, showing its application prospect in
cervical tumor therapy.
Conclusion

In summary, we have successfully prepared a novel type of PS
Ce6-MB@Lips which can be excited by a NIR-I laser at 660 nm.
As expected, Ce6-MB@Lips had good stability, water solubility,
and 1O2-generation capacity. The results of in vitro experiments
suggested that Ce6-MB@Lips showed lower toxicity to normal
cells than to tumor cells. Ce6-MB@Lips showed high cell uptake
efficiency, well phototoxicity, and a strong ability to produce
ROS. The in vitro PDT effect was then evaluated by simultaneous
application of nanoparticles and laser irradiation. The results
showed that Ce6-MB@Lips produced a large number of ROS in
the tumor cells to more effectively induce apoptosis of HeLa and
SiHa cells, and the apoptosis rates were 78.35% and 68.45%
respectively. Therefore, our work provides an innovative
strategy, which is to induce PDT with a single NIR-I laser by
coating two PSs with similar excitation wavelength with lipo-
somes, to make more tumor cells apoptosis.
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