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� Abstract
Photosensitizers (PSs) are ideal cancer theranostic drugs that can be administered as
both fluorescence imaging reagents and photodynamic therapy (PDT) drugs. To
improve the tumoritropic behavior of PSs, nanoliposomes are presently being consid-
ered as optimal PSs carriers. Although nanoliposomal PSs have been utilized in clinical
therapy, PSs localization and photosensitive processing in nanoliposomal PSs are rarely
observed on nanoscale. Investigating changes in the fine structure of nanoliposomes
under photosensitive processing will further our understanding of the photosensitive
effect on nanoliposomal PSs. In this study, nanoliposomes co-encapsulating the PSs
benzoporphyrin derivative monoacid A (BPD) and the photoswitchable probe Cy5-927
were prepared to realize PDT and nanoscale super-resolution optical imaging. The fine
structures of nanoliposomal BPD and Cy5-927 (LBC) were visualized by a home-built
stochastic optical reconstruction microscopy (STORM). Our PDT results showed that
the photorelease and PDT efficiency of BPD were not decreased by co-encapsulating
with Cy5-927 in LBC. Taken together, LBC can be used as a new optical probe and
PDT reagent for investigating changes in nanoliposomes fine structure and micro-
interaction in the cellular process of PDT. Therefore, our results deepened our under-
standing of liposome-based PDT for optimizing cancer treatment. © 2019 International

Society for Advancement of Cytometry
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Photodynamic therapy (PDT) is a photochemical modality involving activation of
nontoxic photosensitizers (PSs) using a harmless light (wavelength specific) to gener-
ate cytotoxic reactive molecular species that kill or modulate target cells and tissues.
PDT, compared to other therapies (e.g., chemotherapy and radiation), allows locali-
zation of both light and PSs at target sites to achieve more precise, spatiotemporally
controlled therapeutic actions (1). Especially, hydrophobic PSs can directly kill
tumor cells by penetrating deeply into them to disintegrate their membranes and
organelles (2). However, the water insolubility of hydrophobic compounds needs to
be overcome in the pharmacy.

The motivated development of nanotechnology for drug delivery in oncologic
applications has led to various new therapeutic approaches, including delivery of PSs
for PDT (3–5), which can be used to optimize hydrophobic PSs for utilization in
cancer therapy. To date, Visudyne®, a liposomal benzoporphyrin derivative mono-
acid A (BPD) formulation, is the FDA-approved photonanomedicine for PDT of
age-related macular degeneration. (3). The clinical impact of BPD is further
evidenced in ongoing clinical trials (6,7). In addition to improving the solubility and
pharmacokinetics of PSs, liposomal nanotechnology offers a unique opportunity to
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co-package multiple PSs and/or drugs, thereby unifying their
pharmacokinetics to maintain their ratio until arrival at a
tumor site (8,9). Moreover, the liposomal membrane can pro-
vide sufficient sites for conjugation with multiple functional
ligands; thus, nanoliposomes with a specifically modified sur-
face have been designed for enhanced pharmacokinetic prop-
erties as well as improved therapeutics (10). Currently, He
et al. have developed multiagent nanoparticles to deliver cis-
platin and the PSs pyropheophorbide for combined chemo-
therapy and PDT. They also found that releasing the two
reagents in a triggered manner could synergistically induce
cancer cell apoptosis and necrosis (11). Besides, Hasan’s
group has also demonstrated that the optimal incorporation
of insoluble BPD into the lipid bilayer can enhance photo-
cytotoxicity (9), reduce drug efflux from cells (8), and realize
spatiotemporal control of drug photorelease (12).

Although the efficacy of PDT and safety of PSs can be
substantially improved by using liposomal formulations (13),
the micro-mechanisms of the interaction of nanoliposomes
with cells and its photorelease in PDT remain to be further
investigated. Especially, extensively used nanoliposomes, with
size smaller than 200 nm, showed enhanced passive tumor
uptake through the enhanced permeability and retention
(EPR) effect because their small size allows entrance to the
tumor vasculature (14). However, these small-sized liposomes
are difficult to be visualized by conventional optical imaging
methods because the optical diffraction limit defines the spa-
tial resolution. Although the morphology of nanoliposomes
can be observed by some conventional imaging methods, such
as transmission electronic microscopy (TEM), scanning elec-
tronic microscopy (SEM), or atomic force microscopy (AFM),
these methods are time-consuming because they always
require dry liposomes and invasive, high-vacuum environ-
ment (15). Currently, super-resolution fluorescent microscopy
is available as a new method to directly observe the fine
nanostructures of nanoliposomes, with the amphiphilic
photoswitchable fluorophore as a staining agent (16). There-
fore, choosing the optimal photoswitchable fluorophore to
combine with liposomal PSs is important for investigating
liposomal PSs in PDT.

As one of the oldest and most investigated organic fluo-
rophore family, the cyanine dyes’ history could trace back to
nearly 160 years ago when a fluorescent solid was synthesized
by Williams. From that time on, the cyanine dyes are widely
used as photosensors in varied applications (17–19). Because
of its remarkable photophysical properties, fluorescence effi-
ciencies, and wide-range of fluorescence, these species were
developed at excellent fluorescent probes for bio-imaging.
Moreover, with the increasing interest in single-molecule-
based spectroscopy, the polymethine compounds become the
fluorophores of choice for single-molecular Forster resonance
energy Transfer (sm-FRET). In the last decades, several fluo-
rescence microscopy technologies have broken the diffraction
limitation and gained tremendous attentions. Among the
three major super-resolution microscopy techniques, the sto-
chastic optical reconstruction microscopy (STORM) offers
new approach to observe the structure and interaction of

subcellular organelles with a spatial resolution virtually at the
molecular level (20,21). Although a few organic fluorescent
molecules were found to be useful in STORM (22), the first
and most commonly used probes—cyanine dyes—are still of
much significance due to their spontaneous “blinking,” which
is an essential elements required for STORM.

In our research, in order to perform super-resolution
imaging, a typical indodicarbocyanine dyes Cy5 was chosen.
By inducing a phenyl group on one side of the indole, the
hydrophobicity of the probe was increased. Moreover, a 1, 3,
2-dithiarsenolane moiety was modified on the other side of
indole to synthesize the new fluorescent arsenicals called
Cy5-927 (the relative molecular mass is 927). The arsenicals
moiety can selectively bind to vicinal dithiol proteins (VDPs)
by forming covalent bonds (23). Mitochondria possess abun-
dant VDPs, which play essential roles in maintaining mito-
chondrial redox homeostasis, antioxidant defense, and redox
signaling. Therefore, Cy5-927 can be considered as a biomo-
lecular target to visualize the ultra-fine mitochondrial struc-
tures by super-resolution optical imaging.

In the current study, we performed super-resolution
imaging and PDT by co-delivery of Cy5-927 and BPD via
nanoliposomes to achieve synchronous pharmacokinetics.
Potentially, this strategy could be used to visualize the fine
nanostructures of liposome and optimize the PDT efficiency
of liposomal PSs. The characteristics of LBC were examined,
including their particle size, zeta potential, stability, and
photorelease. The fine structure of LBC was observed by
STORM imaging. Furthermore, the in vitro PDT therapeutic
efficacy of LBC was compared with that of free BPD and lipo-
somal BPD (LB) in HeLa cells. The results showed that the
photodynamic cytotoxicity of BPD did not decrease following
co-encapsulation with Cy5-927 in LBC.

MATERIALS AND METHODS

Synthesis of LBC

Lipid compositions of 1,2-dipalmitoylsn-glycero-3-phospho-
choline (DPPC), 1,2-dioleoyl-3-trimethylammonium-propane
(chloride salt) (DOTAP), 1,2-distearoyl-sn-glycero-3-phospho-
ethanolamineN-[amino(polyethylene, glycol)-2000] (ammonium
salt) (DSPE-PEG2000) and cholesterol (Avanti Polar Lipids Inc,
Alabaster, AL) were mixed in chloroform at a molar ratio of
10:1:1:5. BPD (U.S. Pharmacopeial Convention, Rockville, MD)
solution (50 mM in acetone) and Cy5-927 (synthesized by our
laboratory) solution (50 mM in acetone) weremixed with the lipid
mixture in a glass flask, and the organic solvents were evaporated
using a rotary evaporation system to make a thin lipid film. The
Cy5-927 and BPD-containing lipid film were hydrated in phos-
phate buffered saline (PBS). The hydrated solution was then sub-
jected to 10 freeze–thaw cycles (4–45�C). The dispersions were
extruded through polycarbonate membranes (200 nm pore size,
Avanti Polar Lipids Inc, Alabaster, AL) at 42�C to form
unilamellar vesicles. Unencapsulated agents were removed by dial-
ysis overnight against PBS at 4�C using a 300 KD Spectra/Por®

Float-A-Lyzer® G2 system (Spectrum® Laboratories, Rancho
Dominguez, CA). BPD in nanoliposomes (LB) or Cy5-927 in
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nanoliposomes (LC) were also prepared separately using the afore-
mentionedmethod.

Characterization of LBC

The size, polydispersity index (PDI), and zeta potential of
nanoliposomes were measured by dynamic light scattering using a
Zetasizer Nano ZS90 (Malvern Instruments, Malvern, UK).
The absorbance spectra of LB, LC, and LBC in Dimethyl Sulfoxide
(DMSO) were measured by a spectrophotometer (LAMBDA
750UV/VIS/NIR, PerkinElmer). Themolar extinction coefficients
(MECs) of BPD at 435 nm and Cy5-927 at 650 nm were deter-
mined, respectively, by calculating the slope of the concentration
and absorbance standard lines of BPD and Cy5-927 at
corresponding wavelength. The concentration of BPD and
Cy5-927 in liposomal PSs was determined according to their
MEC. The PSs leaking out of the stored nanoliposomes weremon-
itored by dialyzing free PSs in the 300 KD dialysis system at differ-
ent time intervals. The residual concentration of PSs inside
the nanoliposomes was determined by measuring their absor-
bance spectrum after the dialysis. The leakage of PSs from
nanoliposomes was calculated by subtracting the residual concen-
tration from the original concentration. The drug photorelease
was also investigated with the same method. Dark release ratio
(no irradiation with laser) and photoinduced drug release ratio
(irradiation with 690 nm laser) were measured using dialysis sys-
tem in PBS at 37�Cwith 10% fetal bovine serum.

Super-Resolution Optical Imaging of LBC

LBC suspension was dropped onto a clean coverslip and dried.
The raw image was obtained using a home-built system consisting
of an Olympus IX 81 inverted optical microscope equipped with
a high-numerical-aperture (NA) oil-immersion objective (100×
UPlanSApo, NA 1.4; Olympus), a 656 nm solid-state laser
(460 mW; CNI Laser China), and an EMCCD camera (iXon
Ultra 897; Andor). Electronic shutters equipped with neutral den-
sity filters (Optical Densities from 0.1 to 4.0, THORLABS) were
used to control the laser irradiance and a custom filter set (LED-
DA/FI/TR/Cy5-4X4M-B-000; Semrock) was used to separate the
emission from scattering laser and impurity fluorescence. The
laser beam was guided into the microscope for direct activation of
the sample with maximal illuminating intensity of 1.54 kW cm−2.
The Cy5-927 red dyes automatically switch into blinking state
under such high intensity irradiation. An open source package
written in python was used for the acquisition of STORM raw
data (http://zhuang.harvard.edu/). Images were recorded typically
at 60 Hz for 256×256 pixels (~160 nm per pixel). ImageJ plugin
written in Java was used to analyze the image.

Cell Culture and in vitro PDT

HeLa cells were maintained in complete Dulbecco’s Modified
Eagle Medium (DMEM) (contained 1% (v/v) 5,000 I.U. per
mL penicillin/streptomycin and 10% (v/v) fetal bovine serum)
at 37�C in a 5% CO2 incubator. Before PDT, HeLa cells
(50,000 cells per well) were seeded in 35 mm cell culture
treated plates and maintained at 37�C in a 5% CO2 incubator.
After 24 h, attached cells were incubated with free PSs or
LPSs according to experimental concentration in culture

media for 90 min under subdued light conditions. And then,
all the cells were washed and replenished with 2 ml of fresh
culture media and exposed to a laser irradiation system
immediately. In this system, light was delivered from a
690 nm fiber-coupled diode laser (MRL-III-690; Changchun
New Industries Optoelectronics Technology Co. Changchun,
China) which was connected to the optical fiber and the laser
power density was adjusted to 50 mW/cm2. Dark toxicity of
PSs and control groups were prepared in the same manner
without laser irradiation. All the dishes were then incubated
24 h at 37�C under 5% CO2. Next day, cell survival rates were
assessed using commercial CCK-8 cell viability test. CCK-8
kits (Dojindo, Japan) containing a water-soluble tetrazolium
salt (WST-8) can be reduced to a yellow-colored formazan
dye by dehydrogenase activities (24). All cell culture plates
were washed and replenished with 1 ml complete cell culture
medium containing 100 μl CCK-8 solution. Threefold repli-
cates were run and the absorbance at 450 nm of all the groups
were measured by a multimode microplate reader (Spark®,
Tecan). All experiments were repeated at least three times.

Data Analysis

All experiments were performed in triplicate and the data
were expressed as mean plus and minus the standard devia-
tion. T-test was used to determine the statistically significant
differences among different groups when appropriate.

RESULTS

Physical Characterization of LBC

LBC was fabricated by encapsulating both BPD and Cy5-927
in the sterically stabilized moderately cationic PEGylated lipo-
somes made with DPPC, DOTAP, DSPE-PEG2000 and cho-
lesterol. BPD and Cy5-927 are entrapped in the lipid bilayer
(Fig. 1). The nanoliposome that contained only BPD (LB) or
Cy5-927 (LC) was also prepared with the same phospholipid
composition for the control experiments.

The characteristics of these prepared nanoliposome are listed
in Table 1. The average diameter of the LBC was ~188.3 nm, sim-
ilar to the size of LB and LC, indicating that the Cy5-927 co-
encapsulation with BPD did not modify the nanoliposome size
(25). The nanoliposome in our study was slightly cationic
(Table. 1) due to the DOTAP in the lipid composition.

The absorbance spectra of LBC, LB, and LC in DMSO are
shown in Figure 2a. LB has a strong absorbance peak at
689 nm (Fig. 2a green line) while LC has absorbance maximum
at 662 nm (Fig. 2a, red line). The optical absorption of LBC
(Fig. 2a, blue line) has multiple absorbance peaks representa-
tive of the BPD and Cy5-927 presence. Their fluorescence spec-
tra have been measured with excitation wavelength of 435 nm
and 656 nm, respectively (Fig. 2b). LBC and LB have signifi-
cant fluorescence peaks close to 695 nm at 435 nm excitation.
However, LC has very low fluorescence signal at 435 nm exci-
tation. In contrast, LBC and LC have significant fluorescence
intensity close to 671 nm at 656 nm excitation. Meanwhile, LB
has very low fluorescence intensity at 656 nm excitation, which
indicated that BPD has very low fluorescence signal when BPD
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and Cy5-927 were excited at 656 nm at the same time. There-
fore, BPD has less influence on the Cy5-927 fluorescence signal
when LBC was excited at 656 nm laser irradiation.

The concentration of BPD and Cy5-927 in the LBC can
be calculated using the standard absorbance curve of BPD or
Cy5-927 in DMSO according to the following equations:

CB =
A435

MB435
ð1Þ

Cc =
A650−CB ×MB650

Mc650
ð2Þ

where CB and Cc stand for the concentration of BPD and
Cy5-927. A435 and A650 represent the absorbance of the LBC at
435 nm and 650 nm, respectively.MB435,MB650, andMC650 indi-
cate the MECs of BPD and Cy5-927 at 435 nm or 650 nm.

The PSs loading efficiency in LBC and control
nanoliposomes was calculated as a percentage of the concentra-
tion of regents in the nanoliposomes to the initial concentra-
tion of regents used to prepare the nanoliposomes. The results
are shown in Table 1. The loading efficiency of Cy5-927 in the
LBC and LC was about 51.1% and 57.5%, respectively. The
BPD loading efficiency in LBC and LB was 71.2% and 80.9%,
respectively. The similar loading efficiencies observed between
LB and LBC indicated that the BPD did not interfere with the
encapsulation of Cy5-927 into the hydrophobic lipid film dur-
ing the extrusion process.

We compared the leakage of the PSs from the LBC and
the control liposomes (Fig. 3a). The leakage of BPD or
Cy5-927 was <5% in LB, LC, or LBC for a 10 day storage
period. The BPD and Cy5-927 leakage were not significantly
different in LBC from the control liposomes until Day 30.
The difference between the LBC and control liposomes was
observed only at later time points. Furthermore, no statisti-
cally significant change was observed in the size and zeta
potential of the liposomes (LBC, LB and LC) during 40 days
of storage at 4 �C, indicating the intact stability of the lipo-
somes. The PDI of the liposomes was also lower than 0.1,
indicating the absence of aggregation during this storage
period (Supporting Information Fig. S1). In all the studies
indicated below, the liposomes were freshly prepared, charac-
terized, and used within 5 days post preparation to ensure
stability and consistency.

Drug Photorelease From LBC

Although PSs can be released from liposomes through lysosomal
degradation and other internalization processes, these cellular
release mechanisms are slow processes and unable to completely
and simultaneously release drugs from liposomes (26). Therefore,
we investigated whether BPD in the bilayer can be activated to
damage the lipid film and enhance drug release from liposomes,
that is, light-activated drug release. We induced PSs release from
LBC, and the results are presented in Figure 3b. There was mini-
mal release of BPD (23.3%) and Cy5-927 (22.3%) under dark
conditions (no irradiation with laser) at 37�C in 10% fetal bovine
serum. As positive controls, LBC were dissolved in DMSO to dis-
rupt liposomes and enable drug release. This process yielded
87.9% and 85.9% release of BPD and Cy5-927, respectively.
Meanwhile, 84.8% and 83.4% release were observed for BPD and
Cy5-927, respectively, under 10 J/cm2 690 nm laser irradiation;
these values were not significantly different from those in the
positive group (dissolved in DMSO). By comparing the release
percentages following irradiation with 690 nm laser and dis-
solvement in DMSO, we concluded that BPD (encapsulated in

Figure 1. The schematic diagram of NL-co-encapsulated BPD and Cy5-927 (LBC) with the BPD and Cy5-927 in the bilayer of liposome.

[Color figure can be viewed at wileyonlinelibrary.com]

Table 1. The particle size, zeta-potential, and the PSs loading

percentage in NL (LB), Cy5-927 in NL (LC) and

NL-co-encapsulated BPD and Cy5-927 (LBC)

NL SIZE (NM)

ZETA

POTENTIAL

(MV)

BPD

LOADING

(%)

CY5-927

LOADING

(%)

LBC 188.3 � 0.7 5.1 � 0.3 71.2 � 4.8 51.1 � 6.2
LB 179.5 � 0.8 6.5 � 0.9 80.9 � 2.1 N/A
LC 182.4 � 0.4 4.7 � 0.8 N/A 63.5 � 5.3
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the bilayer) exhibited very good photorelease ability to release
drugs from LBC.

STORM Imaging of LBC

A small droplet of LBC was placed on a coverslip to induce photo
blinking under laser irradiation at 656 nm. The blinking data
were recorded by using a home-built super-resolution imaging
system. Although super-resolution localization microscopy is a
powerful tool for studying nanoscale biological structures, its
time-consuming data acquisition has hindered its application in
live-cell imaging. A recently developed variation of localization
microscopy, Bayesian analysis of blinking and bleaching (3B),
provides the possibility of observing cellular dynamics below the
diffraction limit (27). The 3B analysis provides the possibility of
observing cellular dynamics below the diffraction limit (27). By
using a hidden Markov model (HMM), 3B analysis allows over-
lapping multiemitter localization from data that would be impos-
sible to analyze with standard single-molecule localization
algorithms. In exchange for rapid data acquisition, 3B requires a
long analysis time to solve the HMM model for molecular locali-
zation. The 3B algorithm can be manipulated in the standard way
as Java plugin in ImageJ images and offers the possibility of
observing cell dynamics at super-resolution (28). In our research,
the blinking data for super-resolution imaging were analyzed by
using the ImageJ plugin open-source package for 3B analysis soft-
ware, which includes both 3B analysis and super-resolution image
reconstruction.

As shown in Figure 4, the 3B super-resolution images
showed significant improvement in spatial resolution, com-
pared with the wide-field images. The ring structure peculiar
to nanoliposomes was clearly recognizable, as shown in
Figure 4b. More interestingly, piles of several nanoliposomes
can still be clearly identified, as shown in Figure 4d.

The In Vitro Efficiency of LBC for PDT

To evaluate the in vitro efficacy of LBC for PDT, HeLa cells
were incubated for 90 min with different reagents prior to PDT
irradiation. Cell viability was analyzed for 24 h post-treatment
using the CCK-8 test. As shown in Figure 5, no dark toxicity
was observed in HeLa cells incubated with free BPD (B), LB,
and LBC. No cell death was observed in the light control group
(10 J/cm2 laser irradiation). Under 690 nm laser irradiation, the
cells treated with BPD, LB, and LBC showed viabilities of 0.294,
0.269, and 0.248, respectively. Although these three groups
showed significantly higher phototoxicity than that of the other
groups, cell viabilities in the BPD, LB, and LBC groups were not
significantly different, thus indicating that the in vitro efficacy of
BPD, LB, and LBC for PDT were similar.

DISCUSSION

In this study, we presented a co-delivery strategy of BPD and
Cy5-927 to tumor cells for effective PDT. Co-encapsulation of
BPD and Cy5-927 in LBC allows both simultaneous delivery of

Figure 2. (a) Absorption spectra of BPD in NL (LB), Cy5-927 in NL (LC), and NL-co-encapsulated BPD and Cy5-927 (LBC). (b) Fluorescence

spectra of LB, LC and LBC. Ex = 435 nm and Ex = 656 nm. [Color figure can be viewed at wileyonlinelibrary.com]

Figure 3. (a) Monitoring the leakage of BPD and Cy5-927 from BPD in NL (LB), Cy5-927 in NL (LC) and NLco-encapsulated BPD and

Cy5-927 (LBC) stored at 4�C for over 2 months. (b) BPD and Cy5-927 release from LBC under dark conditions (no laser irradiation),

10 J/cm2 690 nm laser irradiation and dissolving in DMSO. [Color figure can be viewed at wileyonlinelibrary.com]
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these drugs to a region of interest and observation of the fine
nanostructures of liposomes and active PDT. The size of the fab-
ricated liposome is around 200 nm, which is appropriate size for
enhanced permeation through the leaky vasculature (13). Cho-
lesterol was added to the liposome formulation to modulate
membrane permeability and biological stability, DOTAP were
added in lipid film to get the cationic liposome with positive
potential to enhance the stability and drug delivery (29). Fur-
thermore, PEG-2000 has been added to the lipid film to form

the poly(ethyleneglycol)-modified liposomes (PEGylated lipo-
somes). PEGylation strategy is able to alter biodistribution, pro-
long circulation half-life, and avoid the recognition and
subsequent uptake by the reticuloendothelial system (RES) (30).

The absorbance spectrum of LB has shown that BPD has a
strong absorbance peak at 689 nm. Therefore, 690 nm laser was
chosen for PDT in our research. This wavelength is in the therapeu-
tic window and has deep penetration in tissue. The maximum
absorbance peak of LC is 662 nm; therefore, 656 nm laser was cho-
sen to excite Cy5-927 for STORM imaging. The fluorescence spec-
trum of LB has shown that the fluorescence intensity of BPD was
very low at 656 nm excitation. So BPD has less influence on the
fluorescence signal in LBC super-resolution optical imaging. Visu-
alization of liposomes in PDT is one of the aims of our research.
The STORM imaging results showed that LBC can be identified,
and the lipid layer of LBC can also be visualized. This result indi-
cated that our co-encapsulation strategy was feasible for application
in PDT. In future research, we will improve the STORM imaging
method for smaller-sized liposomes. Overall, our current research
suggested that LBC can be utilized in super-resolution optical imag-
ing and that BPDhad low effect on the imaging results.

In addition, the effect of Cy5-927 on the drug photorelease
and PDT efficiency of BPD in LBC was investigated. Spatial and
temporal light-triggered drug photorelease enabled specific deliv-
ery of the drugs to target cells while reducing overall systemic tox-
icity (31). In our study, BPD encapsulated in the lipid bilayer
enhanced the release of both BPD andCy5-927 (Fig. 3b). For com-
parison, Peng et al. co-encapsulated the chemotherapy agent
doxorubicin and the PSs chlorin e6 in liposomes (PL-Dox-Ce6),
in which chlorin e6 was used to trigger doxorubicin release. This
previous study highlighted that the combined regimen of PDT
and chemotherapy showed higher efficacy than either therapy
alone (32). Moreover, a recent study by Spring et al. introduced
liposomes with photoactivable multi-inhibitor nanoliposome
(PMIL) doped with BPD in the lipid bilayer and encapsulated
cabozantinib (XL184), a multikinase inhibitor, inside the
nanoliposomes. By spatiotemporally controlled drug release, the
PMIL was shown to reduce systemic drug exposure and associated
toxicities for cancer therapy (12). In our study, co-encapsulation
of BPD and Cy5-927 in LBC had similar function as PL-Dox-Ce6
and PMIL. Under 690 nm laser exposure, activated BPD can lead
to damage in the PEGylated lipid bilayer and, ultimately, release of
BPD and Cy5-927. In future research, we will investigate changes
in the fine structure of LBC in the photorelease process by using
STORM imaging, which will reveal more details on changes in the
lipid layers under photosensitive reaction.

In our research, the in vitro effects of free BPD, LB, and
LBC for PDT were shown to have no significant difference. It
should be noted that free BPD was initially dissolved in
DMSO owing to its hydrophobic characters. Although the
concentration of DMSO was very low, it is still toxic to cells.
In contrast, LB and LBC were dissolved in PBS, which has
virtually no toxicity to cells. In addition, nanoliposome has
higher in vivo tumor targeting and retention abilities, benefi-
cial for imaging and monitoring of PDT. The similar effects
of LB and LBC for PDT indicated that Cy5-927 had low
influence on the efficiency of BPD for PDT.

Figure 4. Super-resolution imaging of NL-co-encapsulated BPD and

Cy5-927 (LBC). (a) and (c) wide-field images. (b) and (d) Bayesian

analysis of the blinking and bleaching (3B analysis) results. [Color

figure can be viewed at wileyonlinelibrary.com]

Figure 5. HeLa cells survival 1 day post-PDT. Free BPD (B), BPD in

NL (LB) and NL-co-encapsulated BPD and Cy5-927 (LBC) all contained

250 nM BPD. Statistical significance was calculated by t-test:

** P < 0.01. [Color figure can be viewed at wileyonlinelibrary.com]
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Therefore, the PDT process can be investigated by using
LBC and super-resolution optical imaging. Furthermore,
Cy5-927 contained a biomolecular target that can target
VDPs in the mitochondria to visualize ultra-fine mitochon-
drial structures. In future research, LBC-containing HeLa cells
will be used to investigate the intracellular localization and
cellular PDT process of LBC by using both fluorescence and
STORM imaging. Co-encapsulation of photoswitchable pro-
bes and PSs was shown to be a new feasible method for fur-
ther investigation of liposome application in PDT.

CONCLUSIONS

To improve the efficiency of PSs for PDT, liposomes are presently
used as one of the most optimal carriers for PDT. It is important
to investigate the function of liposomes in the photosensitive pro-
cess to optimize liposome-based PDT. In our research, co-
encapsulation of BPD and Cy5-927 in LBC was performed to
observe the liposome on nanoscale. Our results showed that LBC
could be visualized by super-resolution imaging. In addition, the
efficiency of BPD for PDT was not decreased following co-
encapsulation with Cy5-927 in LBC. Thus, these liposomes can
be used as an optimal carrier to investigate liposome-based PDT,
which will promote our understanding of the PDT process at the
micro level, providing guidance to optimize PDT trails.
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