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ABSTRACT: Cancer vaccine is well recognized as a promising approach for
immunotherapy of cancers. Since dendritic cells (DCs) are capable of processing
and presenting antigens to initiate the immune response cascade, the development
of DC vaccines is considered as a good choice for the treatment of cancer. Herein,
a folic acid (FA)-modified liposome was constructed and loaded with chlorin e6
(Ce6) as a DC vaccine (FA-Lipo-Ce6). It was suggested that the loaded Ce6
within FA-Lipo-Ce6 can be activated under laser irradiation. The photodynamic
therapy (PDT) of Ce6 was expected to create on-demand reactive oxygen species
(ROS) in situ, which causes cell death and trigger the exposure of tumor-
associated antigen (TAA). In addition, the produced ROS can mimic the
inflammatory responses for the employment of DC for better antigen presentation
and immune response. Most importantly, the employment of DC can recognize
the exposed TAA to stimulate DC for effective vaccination in situ. Our results
demonstrated the powerful capacity of FA-Lipo-Ce6 to induce DC activation, leading to effective suppression of the growth of breast
cancers.

■ INTRODUCTION

The immunotherapy of cancer represents a class of novel
treatments, including cancer vaccine, immune checkpoint
therapy, and adoptive T cell therapy. In particular, compared
with other methods, cancer vaccine with irreplaceable
advantages, such as high accessibility and low cost, is widely
treated as a better way for promising cancer treatment.1,2

Recent studies have gradually revealed the critical role of
dendritic cells (DCs) in the initiation of T cell response and
the following immune cascades, which is indispensable for
immunotherapy. As a result, many preceding researches have
focused on exploring DC vaccines for the immunotherapy of
cancers.3,4 However, the previously developed formulations
often require complex processing of blood products to afford
required materials before further vaccination to the host.5

Therefore, artificial on-demand DC vaccines that can minimize
the processing complexity to provide a quick immune response
are critical for excellent anticancer performance.6

In the past decade, the evolution of nanotechnology offers
many powerful ways to prepare DC-based cancer vaccines.7−10

Liposome (Lipo) is almost the most widely applied
formulation in cancer therapy. It shows many advantages,
including high biocompatibility, low cytotoxicity, and facile
fabrication. Therefore, many drug delivery systems (DDSs)
have employed Lipo as the skeleton that have shown satisfying
outcomes.11,12 According to previous reports, the combination
of passive and positive targeting approaches is more potent
than ordinary formulations.13,14 Therefore, the construction of
nanosized Lipo with positive targeting moiety conjugation is a

promising way to realize cancer therapy. Moreover, it was also
noted that many currently available formulations usually
require repeated injections and high doses to meet acceptable
therapeutic performance.15−17 As a result, there is a great need
for a novel platform capable of increasing the immunoreaction
efficacy.18−20

Previous studies have shown promising potential of
photodynamic therapy (PDT) to destroy the integrity of
tumor tissues, during which the reactive oxygen species (ROS)
is also capable of effectively killing cancer cells to induce
significant apoptosis and to expose tumor-associated antigen
(TAA).21,22 Moreover, the natural inflammatory response
characterized by a high level of ROS was also reported. As a
result, it was suggested that the ROS produced by artificial
PDT was capable of mimicking the inflammatory response of
the body to employ the immune-related cells, including
DC.9,23 The unconsolidated tumor tissue after PDT was
favorable for the distribution and penetration of DC for
vaccination. The exposure of TAA was expected to activate DC
to realize in situ vaccination, which was much more powerful
than the traditional administration route and was also expected
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to minimize the required dosage for effective immunother-
apy.4,24

In this study, a folic acid (FA)-decorated Lipo vehicle (FA-
Lipo) was developed to load chlorin e6 (FA-Lipo-Ce6) for
PDT. The as-prepared DDS was expected to be a powerful in
situ DC vaccine showing powerful immunotherapy in breast
cancer models. The modified FA was expected to increase the
tumor’s targetability of the DDS upon administration. The Ce6
was expected to create ROS upon laser irradiation to damage
the structure of tumor cells to effectively expose the TAA.
Afterward, the DC cells recruited by the introduction of ROS
(mimicking inflammation) processed and presented the
antigen for a strong immune response.

■ RESULTS AND DISCUSSION

Preparation/Characterization of FA-Lipo-Ce6. The
preparation of FA-Lipo-Ce6 was achieved using the rotary
evaporation method in a one-pot approach. The Ce6 was
loaded in the lipid matrix due to its hydrophilic nature, while
the FA was modified onto the surface of the nanoparticles. As
displayed in Figure 1A, the as-prepared FA-Lipo-Ce6 was fine
nanoparticles with narrow size distribution at 100 nm. Previous
reports noted that nanoparticles with size around 100 nm are
optimal for making good use of the tumor-specific enhanced
permeation and retention (EPR) effect than those with other
sizes for promising tumor drug accumulation.32−34 The drug

loading capacity and encapsulation efficiency were determined
as 6.92 and 91.03%, respectively.
To reveal the stability of FA-Lipo-Ce6, the nanoparticles

were incubated in PBS/plasma for 48 h and the changes in
particle sizes were selected as an indicator for stability. As
shown in Figure 1B, in the entire period, the diameter of FA-
Lipo-Ce6 only showed minor fluctuations (less than 10%),
indicating that the stability of FA-Lipo-Ce6 could be well
preserved at physiological conditions, which is beneficial to be
a drug delivery platform for cancer therapy.
Although FA-Lipo-Ce6 can offer satisfactory protection to

the loaded Ce6, it remains to be explored whether the
packaged Ce6 can respond to the stimulation of laser to show
photodynamic benefits. As a result, 1,3-diphenylisobenzofuran
(DPBF) was employed to be an ROS probe to show ROS
production profile of FA-Lipo-Ce6 upon laser irradiation.
According to previous reports, DPBF can react with ROS to
quench its UV absorption peak at 418 nm, and the degree of
quenching is positively related to the amount of ROS in the
environment. This is a convenient method to determine the
ROS generation profile in the system. As displayed in Figure
2A, upon laser irradiation, the ROS concentration of FA-Lipo-
Ce6 was significantly increased, as evidenced by the obvious
quenching in OD418nm (86.7% at 3 min of stimulation).
Furthermore, results in Figure 2B also showed that the ROS
generation of FA-Lipo-Ce6 is positively correlated with the
concentration of Ce6. Both experiments indicated that Ce6 in

Figure 1. (A) Size distribution in FA-Lipo-Ce6. (B) Variations of FA-Lipo-Ce6 sizes upon incubation in phosphate-buffered saline (PBS) (pH 7.4)
and mouse plasma (37 °C, 48 h). The results were expressed as the mean ± standard deviation (SD) of three independent experiments.

Figure 2. (A) Time-dependent changes of OD418nm when FA-Lipo-Ce6 (Ce6 concentration: 0.1 mg/mL) was irradiated (1 W/cm2). (B)
Concentration-dependent changes in OD418nm when FA-Lipo-Ce6 (Ce6 concentration: 0.1−0.5 mg/mL) was irradiated (1 W/cm2) for 60 s. The
results were expressed as the mean ± SD of three independent experiments.
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FA-Lipo-Ce6 retained the ability to produce ROS, which was
beneficial to exert PDT for cancer therapy.
2′,7′-Dichlorodihydrofluorescein diacetate (DCFH-DA) can

preferably penetrate into the cells without significant
fluorescence. DCF is produced after degradation by intra-
cellular lipase. Upon oxidation by ROS, the obtained DCF
shows greatly enhanced fluorescence as compared to DCFH-
DA, which offers the possibility to assess the cellular ROS
profiles of FA-Lipo-Ce6. As shown in Figure 3A, the
fluorescence of DCFH-DA in the free Ce6 group was weak
without laser stimulation. As expected, the fluorescence
increased after light irradiation, which suggested that laser
stimulation is essential for the production of ROS. In contrast,
the intracellular fluorescence intensity of the FA-Lipo-Ce6
group was higher than that of the free Ce6 group without laser
irradiation, indicating that under the aid of DDS, Ce6 could
more readily be internalized into cells. Similarly, after laser
stimulation, the fluorescence signal in the FA-Lipo-Ce6 group
was most significant than that in other groups, suggesting its
best ROS creation profile. The results were further quantified
using flow cytometry in Figure 3B; it was quantified that the
ROS level in the FA-Lipo-Ce6 group was 3.86-fold of that in
the free Ce6 group under laser irradiation, suggesting the
effective delivery efficacy of FA-Lipo-Ce6 for PDT of cancers.
In Vitro Cellular Uptake and In Vivo Targeting. The

drug delivery efficacy of different formulations in cells was
explored. As displayed in Figure 4A, the cellular Ce6 intensity

was positively related to the treating time. Moreover, as
compared to two nanoparticles, the accumulation of free Ce6
in cells was the lowest among all three experimental groups,
indicating that the introduction of DDS can significantly
increase the accumulation of drugs in cells and was also
consistent with previous reports.35 Additionally, in the absence
of FA, the FA-Lipo-Ce6 group showed a higher cellular Ce6
level than Lipo-Ce6 at all given time points. Interestingly, the
intracellular Ce6 intensity of the FA-Lipo-Ce6 group decreased
sharply after folic acid pretreatment, while the free Ce6 and
Lipo-Ce6 groups exerted insignificant changes. These obser-
vations indicated that the FA decoration might enhance the
internalization of FA-Lipo-Ce6 into 4T1 cells, possibly through
the FA-mediated endocytosis.
To further verify the in vivo tumor-homing ability of FA-

Lipo-Ce6 in 4T1 cells, the fluorescence distribution of Ce6 in
major organs/tumors was obtained by in vitro imaging and the
results are displayed in Figure 4B. The accumulation of Lipo-
Ce6 in the tumor was poor with major retention in organs,
particularly in the liver and spleen (reticuloendothelial
system). In contrast, the Ce6 signal in the tumor tissue of
the FA-Lipo-Ce6 group was much higher than that in organs,
suggesting that the nontargeted distribution of Lipo-Ce6 was
improved by the surface modification of Li and FA.

Anticancer Effect In Vitro. Next, we used the methyl
thiazolyl tetrazolium (MTT) method to study the in vitro
anticancer effect of different formulations on 4T1 cells. First, a

Figure 3. ROS generation capacity of FA-Lipo-Ce6. (A) Confocal laser scanning scope (CLSM) images of cells treated by free Ce6 or FA-Lipo-
Ce6 with/without irradiation (1 W/cm2, 5 min). The scale bar is 20 μm. (B) MFI of ROS in cells determined by flow cytometry. The results were
expressed as the mean ± SD of three independent experiments.

Figure 4. (A) Time-dependent cellular uptake of different formulations with/without pretreatment by FA. (B) Ex vivo MFI of tumors and other
organs in mice after injection with Lipo-Ce6 and FA-Lipo-Ce6 for 48 h. The results were expressed as the mean ± SD of three independent
experiments.
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blank vector without drugs was cultured with the cells to study
its biocompatibility. As displayed in Figure 5A, at 48 h after
incubation (carrier concentration: 100 μg/mL), the viability of
4T1 cells was not significantly reduced. These results indicate
that FA-Lipo is highly biocompatible and suitable to be a drug
delivery vehicle.
Thereafter, the anticancer effects of the drug-loaded FA-

Lipo-Ce6 were evaluated employing free Ce6 and Lipo-Ce6 as
negative controls. According to Figure 5B, the PDT effects of
all Ce6-containing formulations under the given laser
conditions positively correlated with the concentration of
Ce6. Furthermore, unlike DDSs, free Ce6 showed an inferior

anticancer effect, which was in line with the cellular uptake
assay that DDS showed a positive effect on drug accumulation
in cells.36,37 Most importantly, compared to Lipo-Ce6, the
advantages of FA-Lipo-Ce6 were significantly enhanced under
all given Ce6 concentrations. In particular, at a concentration
of 5 μg/mL, the viability of cells upon PDT was less than 15%,
which was optimal among all groups.
Multicellular tumor spheroid (MCTS), constructed by

fibroblasts and cancer cells, is widely adopted in in vitro
experiments to mimic solid tumors and to explore the
anticancer performance of DDS. From Figure 6A, it was
observed that cells treated with saline showed a continual

Figure 5. (A) Cytotoxicity effect (48 h) of FA-Lipo on 4T1 cells. (B) PDT-induced cytotoxicity effect of different formulations with different Ce6
concentrations (48 h) on 4T1 cells (400 mW/cm2, 10 min). The results were expressed as the mean ± SD of three independent experiments.

Figure 6. Changes in MCTS volume (A) and the images (B) of MCTS in different groups at the end of the test. The results were expressed as the
mean ± SD of three independent experiments.

Figure 7. Time-dependent changes in IL-6 (A) and TNF-α (B) levels in mouse sera from mice after different treatments. The results were
expressed as the mean ± SD of three independent experiments.
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increase of MCTS volume and reached a final volume of 3.2
times as compared to the original one. In contrast, the growth
of MCTS subjected to PDT was significantly inhibited. As
noted, in line with the results of the MTT assay, FA-Lipo-Ce6-
treated MCTS showed only 75% of initial volume at the end of
the test, indicating the optimal anticancer performance. The
results of optical observations in Figure 6B also showed similar
conclusions. It was observed that MCTS after PDT treatment
has structural damage and cell apoptosis, and the MCTS in the
FA-Lipo-Ce6 group has the smallest volume and the most
significant structural damage.
In Situ Vaccination of DC and Immunoreaction.

Results from previous studies have shown that PDT can
destroy the integrity of cells and also mimic the inflammation
process in vivo. As a result, upon PDT, the tumor tissue was
expected to expose sufficient TAA and employ the DC for in
situ vaccination, resulting in strong immune responses.
Therefore, two representative cytokines (IL-6 and TNF-α)
were selected and their plasma concentrations were measured
at different time points after PDT using an ELISA kit. It was
reported that the activated DC can secrete IL-6 and TNF-α,
which can therefore become indicators to reflect the activation
of DC.38 As displayed in Figure 7, while the control group
showed insignificant changes in plasma concentrations of IL-6
and TNF-α, these two indicators in the PDT groups were
elevated significantly and maintained at a similar level until 4
days post treatment. These results strongly indicated the
activation of DC cells upon PDT, which persistently released
cytokines for strong immune responses. As expected, FA-Lipo-
Ce6 after PDT showed the highest cytokine levels among all
tested groups, indicating its capability to be an effective in situ
vaccine for strong immune response.
In Vivo Anticancer Study. To explore the relation of in

situ DC vaccine and the in vivo anticancer benefits, 4T1
tumors were inoculated on both sides of the mice with the
larger one (inoculated with more 4T1 cells) as the primary
tumor and the other as the distant tumor. The primary tumor
was subjected to PDT, and both the volume of primary/distant
tumors was recorded at day 3 and repeated every 3 days in 15
days. As shown in Figure 8, both primary and distant tumors
were obviously inhibited during the test in the FA-Lipo-Ce6
group (232 mm3 of primary tumor and 61 mm3 of distant
tumor) after PDT as compared to those in the control group.
However, tumors in the Lipo-Ce6 group persistently increased
to reach the final tumor volumes of 505 mm3 (primary) and
259 mm3 (distant), respectively, indicating the importance of

FA modification in the increase of tumor homing of the DDS.
However, the promoted T cell (such as CD8+ and CD4+)
populations in the spleen should be given to further confirm
this conclusion, which might be displayed in our future work.
In all, these results strongly suggested the significance of in situ
DC vaccination of FA-Lipo-Ce6 for the effective therapy of
breast cancer.

■ CONCLUSIONS

In this study, we developed FA-modified Lipo (FA-Lipo) as a
drug delivery vehicle for the loading of Ce6 (FA-Lipo-Ce6),
which served as a powerful in situ DC vaccine for
immunotherapy of breast cancer. Our results suggested that
the stability and biocompatibility of FA-Lipo-Ce6 were
acceptable and the FA modification effectively increased the
accumulation of Ce6 in 4T1 cells, which in turn increased the
generated ROS level after laser irradiation. Based on MTT and
MCTS assays, it was confirmed that FA-Lipo-Ce6 showed
optimal in vitro anticancer assay. Moreover, the plasma level of
DC-related cytokines (IL-6 and TNF-α) suggested that FA-
Lipo-Ce6 can significantly boost the activation of DC for a
strong immune response, which showed the best in vivo
anticancer benefits than other groups, indicating its potential to
be a novel way for effective cancer therapy.

■ EXPERIMENTAL SECTION

Materials. Phosphatidylethanolamines (DSPEs), cholester-
ol, 1,3-diphenylisobenzofuran (DPBF), methyl thiazolyl
tetrazolium (MTT), 2′,7′-dichlorodihydrofluorescein diacetate
(DCFH-DA), chlorins e6 (Ce6), folic acid (FA), Triton X-
100, paraformaldehyde cholesterol, and paraformaldehyde
were provided by Sigma-Aldrich (St. Louis, MO). DSPE-
PEG and FA−DSPE-PEG were offered by Sangon Biotech
(Shanghai, China).

Cell and Animal Models. 4T1 (mouse breast carcinoma
cell line) and NIH3T3 (mouse embryonic fibroblast) cell lines
were obtained from the Shanghai Model Cell Center
(Shanghai, China). All cell lines were cultured using the
standard protocols mentioned in previous reports.25 The
multicellular tumor spheroid (MCTS) was established
according to the previous report.19 Female C57BL/6J mice
(6−8 weeks) were purchased from the Wuhan Model Animal
Center (Wuhan, China) and raised under standard conditions.
The establishment of the 4T1 tumor-bearing mice model was
in line with the previous report.26 In brief, 6/2 × 105 4T1 cells

Figure 8. In vivo anticancer effect of different treatments on C57BL/6 mice-bearing 4T1 tumor. The time-dependent changes in tumor volume at
(A) primary and (B) distant tumors were recorded. The temperature upon irradiation was around 40 °C. The results were expressed as the mean ±
SD of six independent experiments.
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were inoculated subcutaneously to the right/left flank of the
mice to generate primary/distant tumors. All animal
procedures in this study were reviewed and approved by the
Institutional Ethics Committee of the Huazhong University of
Science and Technology.
Preparation of FA-Lipo-Ce6. The liposome was con-

structed using the rotary evaporation method. In brief, DSPE
(10 mg), cholesterol (2 mg), DSPE-PEG and FA−DSPE-PEG
(2 mg), and Ce6 (3 mg) were dissolved in appropriate
amounts of mixed solution (chloroform/ethanol = 1:1, v/v) in
a flask. Afterward, the solution was evaporated under vapor to
obtain a thin layer. Finally, 10 mL of PBS (pH 7.4) was added
into the flask under rotation to obtain a transparent solution,
which was FA-Lipo-Ce6.
FA-unmodified Lipo-Ce6 was employed as a control in the

following study and was prepared using a similar method
without the addition of FA−DSPE-PEG.
Characterization. The size distribution of FA-Lipo-Ce6

was determined by particle sizing system (Nano9200, Hair-
uixin, China) in PBS/plasma for 48 h for stability assessment.27

The morphology was shown by transmission electron micro-
scope (TEM, Hitachi-2100, Hitachi, Japan).
The serum was collected from the tested mice at

prearranged time points and subjected to centrifugation
(CR21, Hitachi, Japan, 10 000 g, 30 min) to obtain
supernatants. IL-6 and TNF-α levels in the serum supernatant
were determined by ELISA kit (Omega) as instructed.
Drug Release and ROS Generation. The drug release of

Ce6 from FA-Lipo-Ce6 was determined using the previously
reported protocol.28 The ROS generation was assessed using
DPBF. In brief, 20 μL of DPBF (10 mM) was incubated with
FA-Lipo-Ce6 to give a uniform solution. After that, the mixture
was subjected to laser irradiation (680 nm, 1 W/cm2) and
OD418nm was recorded by a UV spectrophotometer (TU-1800,
Persee, Beijing China).
In Vitro Anticancer Study. Drug-free Lipo at a

concentration between 5 and 100 μg/mL and FA-Lipo-Ce6
at a drug concentration between 0.25 and 5 μg/mL were
incubated with 4T1 cells for 48 h. The laser irradiation was
performed at 4 h post incubation (680 nm, 400 mW/cm2 for
10 min). At the end of treatment, cell viability was assessed by
a standard MTT assay according to the previous report.29

Moreover, MCTS was incubated with free Ce6, Lipo-Ce6, and
FA-Lipo-Ce6 (Ce6 concentration of 5 μg/mL) for 24 h and
then treated with laser as mentioned above. The volume
changes of MCTS were monitored for 5 days.
Intracellular Uptake and ROS Generation. 4T1 cells

were pretreated with and without excess FA (1 mM) for 2 h
and then incubated with free Ce6, Lipo-Ce6, and FA-Lipo-Ce6
for different time intervals (2, 4, and 6 h). Afterward, cells were
collected and analyzed by flow cytometer (FCM, ACEA
NovoCyte, Agilent, California).
In addition, cells were treated with different formulations for

4 h and then loaded with an ROS probe (DCFH-DA, 25 mM)
for 0.5 h in dark. After treating with and without laser
irradiation (400 mW/cm2, 5 min), cells were viewed by a
confocal laser scanning scope (CLSM, A1R MP, Nikon,
Tokyo, Japan).
In Vivo Drug Distribution. 4T1 tumor-bearing mice with

only primary tumors were administered intravenously with
Lipo-Ce6 and FA-Lipo-Ce6. After 48 h of distribution, mice
were sacrificed and the organs/tumors were collected to reveal

the accumulation of Ce6 using in vivo imaging technic (In-
Vivo Xtreme, Bruker, Germany).30

In Vivo Anticancer Assay. Every six tumor-bearing mice
were randomly employed as one group and given saline (as
control), free Ce6, Lipo-Ce6, and FA-Lipo-Ce6 (5 mg/kg
Ce6) intravenously. The primary tumor was treated with a 680
nm laser irradiation (100 mW/cm2, 20 min) at 24 h post drug
administration. The administration was repeated every 2 days
for 2 times.31 The tumor volumes and body weight of all mice
were recorded at day 3 and repeated every 3 days for a period
of 15 days.
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