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ABSTRACT: Combinatory modulation of the physical and
biochemical characteristics of nanocarrier delivery systems is
an emergent topic in the field of nanomedicine. Here, we
studied the combined effects of incorporation of active
targeting moieties into nanocarriers and their morphology
affecting the enhanced permeation and retention effect for
nanomedicine cancer therapy. Self-assembled lipid discoidal
and vesicular nanoparticles with low-polydispersity sub-50 nm
size range and identical chemical compositions were
synthesized, characterized, and correlated with in vitro cancer
cellular internalization, in vivo tumor accumulation and cancer
treatments. The fact that folate-associated bicelle yields the
best outcome is indicative of the preference for discoidal carriers over spherical carriers and the improved targeting efficacy due
to the targeting ligand/receptor binding. The approach is successfully adopted to design the nanocarriers for photodynamic
therapy, which yields a consistent trend in in vitro and in vivo efficacy: folate nanodiscs > folate vesicles > nonfolate nanodiscs >
nonfolate vesicles. Folate discs not only have shown a higher tumor uptake and photothermal therapeutic efficiency, but also
minimize skin photosensitivity side effects. The advantages of nanodiscoidal bicelles as nanocarriers, including well-defined size,
robust formation, easy encapsulation of hydrophobic molecules (therapeutics and/or diagnostics), easy incorporation of
targeting molecules, and low toxicity, enable the scalable manufacturing of a generalized in vivo multimodal delivery platform.

KEYWORDS: EPR effect, nanodisc, in vivo animal model, small-angle X-ray scattering, photodynamic therapy

1. INTRODUCTION

Nanoparticles (NPs) have been widely applied to biodiagnostic
and pharmaceutical carriers, which enhance the potency of
different applications. To date, three different generations of
NPs have been introduced for clinical applications. The first
generation of NPs was designed based on biocompatibility,
water solubility, size, and charge density to enhance cellular
uptake and toxicity.1 The second-generation NPs are equipped
with two important features: stealth and active targeting. The
third generation shifted the paradigm of design to new shapes,
more complicated structures, and “intelligent” platforms that
can release their payload on demand (by environment or
external stimuli) and have the therapeutic/diagnostic (thera-
nostic) property.2

In regard to cancer treatment or diagnosis, several important
properties of NPs are desirable, such as high biocompatibility,
long in vivo circulation half-life, high accumulation at cancer
tissues, and high loading drug/diagnostic capacity. Significant
attention has been drawn to a variety of nanocarriers, such as

solid lipid NPs,3 liposomes,4 polymeric micelles,5 dendrimers,6

oil bodies,7 aptamers,8 and nanoporous lipid bilayers,9

demonstrating great potential for in vivo applications. That is
due to their large capacities as drugs carriers, passive
accumulation in malignant and inflamed tissue areas, long
circulation times, and adaptability to multiple functions.5

NPs tend to selectively accumulate at the tumor sites via
extravasation through the endothelial cells from the leaky
vasculature, known as the “enhanced permeability and
retention” (EPR) effect.10 Based on recent findings, the
physicochemical properties of the NPs (e.g., size, shape, charge,
etc.) can be even more effective in tumor accumulation than
simply using active targeting on the surface of nanoparticles.11

Therefore, even in the absence of targeting ligands, nano-
medicines can be designed to target a specific tissue better or be
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nonspecifically absorbed by cells, by optimizing their
physicochemical properties.11 Recently, it has been proven
that shape can also play a crucial role in cellular uptake.12,13

There are multiple studies regarding morphology-dependent
efficacy based on the same materials.1,14 For instance, recent
articles have shown an enhanced cellular uptake of self-
assembled micelles compared to the vesicles synthesized with
the exact same chemical composition.15 However, the study on
the efficacy of NPs with discoidal shape with sizes <50 nm
remains limited.16,17 Furthermore, a self-assembled platform
with a controllable disc-to-vesicle transformation is unprece-
dented. The efficiency strongly depends on the physicochemical
characteristics of the NPs, including both size and shape. It has
been established that spherical NPs with a diameter range of
20−100 nm result in optimal tumor accumulation because of the
EPR effect.18 Nonetheless, different EPR effects have been
reported to nonspherical nanostructures (i.e., nanorods).
Nonetheless, different EPR effects have been reported for
nonspherical nanostructures (i.e., nanorods) presumably due to
their differences in vivo hydrodynamic behaviors, e.g., in vivo
transport, circulation, and extravasation into the tumor.19 For
NPs larger than 100 nm, needle-like rods have exhibited the
highest cellular uptake, followed by spheres, cylinders, and cubes
as reported.12,20 In the case of sub-100 nm NPs, spheres show
some advantages over rods.1 Here, we focused on comparing the
efficacies of sub-100 nm discoidal NPs and optimized spherical
carriers with a size of ∼50 nm.
Another commonly overlooked, but the important aspect is

the scalability of the NPs. Recently, low-polydispersity,
spontaneously forming discoidal bicelles have been found to
be capable of entrapping hydrophobic molecules and having a
robust formation/assembly mechanism. These bicelles are
around 30 nm in diameter and 5 nm in thickness, and composed
of short- and long-chain lipid molecules.21 Nanodiscs are stable
and soluble membrane mimetics. Their structure allows further
modification such as affinity tags to the scaffold proteins. Thus,
they can represent an appealing model system for isolation,
solubilization, purification, and biophysical and biochemical
studies of membrane proteins.22,23 The platform allows large-
scale nanomanufacturing of the NPs. A disc-to-vesicle structural
transition also takes place as the long-chain lipid undergoes the
change from the low-temperature gel (order) to the high-
temperature Lα (liquid disorder) phase. Both nanodiscs and
nanovesicles exhibit uniform dimensions. At low lipid
concentrations, the nanovesicles irreversibly form and do not
revert to nanodiscs even when the long-chain lipid becomes gel
phase at a lower temperature.21,24,25 These properties allow us to
produce different low-polydispersity morphologies from a
mixture of identical chemical compositions.21

However, the lack of specificity with passive targeting driven
by the nanosize of NPs has limited efficacy. It has been suggested
that active targeting to the tumors may enhance the intracellular
uptake and minimize the NPs’ distribution in healthy tissues. A
reasonable strategy to achieve this goal is to utilize specific
interactions between the overexpressed receptors of the cancer
cells and the targeting molecules on the NPs’ surface. Some
ligands, such as folate and transferrin, can substantially increase
site-specific targeting.26 Particularly, folate has arisen as one of
the targeting ligands for selective delivery of attached
therapeutic and diagnostic agents due to the overexpressed
folate receptor (FR) in a wide range of tumor tissues, such as
lung, cervical, ovarian, kidney, breast, epithelial, colon, and brain
tumors,27 while limited in healthy tissues and organs. Folic acid

is nonimmunogenic and stable over broad ranges of temper-
atures and pH values and can bind to the folate receptor after
conjugation with drugs or imaging markers. Therefore, folic acid
has been widely using used in cancer targeting therapy research
works.28 The application of folic acid has the advantages of its
simplicity of conjugation to different NPs, its high binding
affinity to FR (Kd ∼ 10−9 M),29 and the extensive distribution of
FR in a significant portion of human cancers.30

It is further reported that the fluidity of lipid membranes can
vary with charge (negative or positive) and may induce local
gelation.31 Blood half-life is found the longest with neutral and
slightly negative NPs.32 NPs with positive charge are cleared
relatively fast from the blood, resulting in the challenges of
hemolysis and platelet aggregation.12 The capability of our
platform to fine-tune surface charge is another advantage besides
size and shape control. In this study, the surface charge of the
NPs is slightly negative for all of the samples.
Recently, photodynamic therapy (PDT) has been reported as

a possible platform for cancer treatment. Using a light-induced
chemical reaction, PDT agents can be activated to produce
reactive oxygen species, damaging cancer cells. PDT is currently
used in cancer therapy; however, its application is primarily
limited due to the side effect on skin photosensitivity.33,34

Moreover, most of PDT agents are hydrophobic and tend to
aggregate, resulting in less production of 1O2.

33 Here, we
encapsulated meta-tetra(hydroxyphenyl) chlorin (m-THPC,
Foscan), a clinically approved PDT agent for human use in
Europe,35 in both liposomes and nanodiscs and compared their
efficacies for tumor reduction. Moreover, the impacts of folate as
a targeting molecule on the enhancement of the cancer cellular
uptake of both discoidal and vascular lipid-based self-assembly
NPs were also evaluated. The sizes of both nanostructures were
confirmed via dynamic light scattering (DLS) and small-angle X-
ray scattering (SAXS). Fluorescence-activated cell sorting
(FACS) and fluorescence confocal optical microscopy were
used to quantify and visualize the cellular uptake of folate-
conjugated NPs, respectively. A comprehensive structure−
function relationship is studied to provide an insight into the
choice of lipid-based NPs.

2. EXPERIMENTAL SECTION
2.1. Materials. Dipalmitoyl phosphatidylcholine (di-16:0, DPPC),

dipalmitoyl phosphatidylglycerol (DPPG), dihexanoyl phosphatidyl-
choline (di-6:0, DHPC), poly(ethylene glycol) (PEG2000)-conjugated
distearoyl phosphoethanolamine (DSPE-PEG2000), and folate poly-
(ethylene glycol)-conjugated distearoyl phosphoethanolamine (DSPE-
PEG2000 Folate) were purchased from Avanti Polar Lipids (Alabaster,
AL) and used without further purification. Nile Red (NR) and
phosphate-buffered saline (PBS) powder were purchased from Sigma-
Aldrich (St. Louis, MO). Sepharose CL-6B was purchased from GE
Healthcare (Pittsburgh, PA). CellTiter-Blue kit was purchased from
Promega (Madison, WI). Folate-deficient RPMI FD-RPMI medium,
Dulbecco’s phosphate-buffered saline (DPBS), and Hoechst 33342
were purchased from Life Technologies (Grand Island, NY). meta-
Tetra(hydroxyphenyl)chlorin (m-THPC) was purchased from Cay-
man Chemical (Ann Arbor, MI).

2.2. Synthesis of Folate-Conjugated Lipid NPs of Different
Shapes. (DPPC), (DPPG), (DHPC), (DSPE-PEG2000), (DSPE-
PEG2000 Folate), and (NR) were used for NPs preparation. Themolar
composition of the mixture DPPC/DHPC/DPPG/DSPE-PEG2000/
DSPE-PEG2000-Folate/NR is prepared at a ratio of 66.58/25.1/3.76/
4.5/0.5/0.002.23 All components of the required weights were first
homogenized in chloroform. After the removal of the solvent by a
vacuum oven, the dried samples were then redispersed in filtered
deionized water to make stock suspensions with a total lipid weight
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concentration, Clp of 10 wt %. After successive vortex and temperature
cycling between 25 and 70 °C, the stock dispersions were then
progressively diluted at room temperature to Clp = 1.0 mg/mL with
phosphate-buffered saline (PBS) solution. Vesicles were formed by
increasing the temperature of 1.0 mg/mL discs solution to 55 °C for
several hours.10

The m-THPC-entrapped bicelles were prepared at an m-THPC/
lipid molar ratio of 1:200 homogeneously dispersed in chloroform.
After being dried, the sample was rehydrated in water to form 10 wt %
mother solution. After temperature cycling, the solution was
centrifuged at 5000 rpm for 5 min in a Beckman Coulter centrifuge
to separate the aggregates and large particles out. Further dilution to the
desired concentration was performed prior to the use for in vivo study.
2.3. Nanoparticles Characterization. 2.3.1. Small-Angle X-ray

Scattering (SAXS). All of the samples were prepared at a concentration
of 10 mg/mL in deionized water. Before SAXS measurements, the
samples were put in an ultrasonic bath for 30 min and vortexed for 10
min. For each measurement, 70 μL of the solution was loaded in a
standard quartz capillary (designed by Bruker) of 1.5 mm path length.
The background (empty cell) and transmission of each sample were
collected before each experiment. SAXSmeasurements were conducted
using the Bruker Nano-STAR instrument, which has a Turbo X-ray
source with rotating anode to generate the X-ray. By using a Go bel
mirror, the wavelength (λ) of 1.542 Å produced by Cu Kα was
employed. Two “scatterless” pinholes with the size of 500 and 350 μm,
respectively, were used to collimate the beam. Data were collected by a
MikroGap VÅNTEC-2000 detector. The sample-to-detector distance

was set at 108 cm, which covers a q range ( ≡ π
λ

θq sin4
2
, where θ is the

scattering angle) of 0.009−0.25 Å−1. SAXS intensity is expressed as a
function of q. Circular average and q-conversion of data were performed
using the software provided by Bruker.
2.3.2. Dynamic Light Scattering (DLS). Size and population

distribution of folate and nonfolate nanodiscs and vesicles were
determined by ALV/CGS-8F/4 (ALV compact goniometer system,
Germany) instrument equipped with a 632.8 nm laser beam. Both
folate conjugate bicellar nanodiscs and nanovesicles were characterized.
The samples were dissolved in ultrapure distilled filtered water to 0.1 wt
% and vortexed before each measurement. The results were the average
of 10 times measurements.
2.3.3. Negative-Staining Transmission Electron Microscopy (ns-

TEM). The ns-TEM images of the samples were taken using FEI Tecnai
T12. TEM samples were prepared by a drop (5 μL) of 0.001 wt %
aqueous solution on a 400 mesh Formvar/carbon film copper grid
(Electron Microscopy Sciences, PA). Negative staining was then
applied with 10 mg/mL uranyl acetate (SPI Supplies, PA). Afterward,
the extra sample was removed and the grids were dried at 25 °C. TEM
was performed at 80 kV.
2.3.4. Calculation of Molecular Lipophilic Surface Potential

(MLSP). MLSP describes the combined lipophilic influence of all
fragments of a molecule36 and can be calculated at given points in
space.37 MLSP analysis ofm-THPC molecule was carried out using the
Molinspiration Property Calculation Service molecular modeling
package to study the feasibility of their encapsulation inside the lipid
bilayers of nanodiscs and liposomes.38 The surfaces were generated by
assigning the Gasteiger −Hu ckel charges to the TMS structure atoms.
The color scale for the MLSP includes a range from violet/blue, which
represents higher lipophilicity, to red, for lower lipophilicity.
2.4. In Vitro Studies. FR-overexpressing human cervix carcinoma

KB cells were maintained in FD-RPMI medium supplemented with
10% heat-inactivated fetal bovine serum at 37 °C in a 5% CO2 and 95%
air-humidified atmosphere.
2.4.1. Viability and Cytotoxicity Assay.Cytotoxicity against KB cells

of folate nanoparticles (discs and vesicles) was assessed bymicroculture
tetrazolium (MTT) assay and compared with nonfolate NPs (discs and
vesicles). Briefly, KB cells were cultured in 96-well plates at a density of
around 5× 103 cells/well. The cells were allowed to adhere overnight. A
series of doses (range from 0 mg/mL as a control to 1.6 mg/mL) of
folate or nonfolate nanoparticles were added to the cells in FD-RPMI
medium at 37 °C. After incubation with cells for 24 h, 25 μL of MTT
indicator dye was added to each well and the cells were incubated for

another 4 h at 37 °C in the dark. The absorbance was measured at 570
nm using a microplate reader. The values were normalized to the
control value (untreated cells) to obtain the percentage of cell viability.

2.4.2. Evaluation of the Effect of Folate Targeting on the Cellular
Uptake. KB cells were plated in six-well plates at a density of 50 × 103

cells/well and allowed to adhere for 24 h prior to the assay. For analyses
of NPs uptake, 20 μL of 1 mg/mL folate nanodiscs, folate nanovesicles,
nonfolate nanodiscs (control), and none folate nanovesicles (control)
were added to each well and incubation was carried out for 2 h at 37 °C.
The cells were then washed twice with DPBS to remove unbound
ligand. Afterward, they were removed from the wells by trypsinization,
centrifuged, and resuspended in cold (4 °C) DPBS to block further FR
trafficking. The uptake of NR-loaded NPs was quantitated by a Becton
Dickinson FACSCalibur flow cytometer. A total of 10 000 cells were
counted for each run, and data were collected for three samples from
each treatment condition. CellQuest software was used for data
analysis.

2.4.3. Confocal Microscopy for Uptake Visualization. The
visualization of the folate NPs internalization to KB cells was done by
a Nikon A1R confocal microscope using a 60 × oil immersion lens.
Image acquisition was performed by Nikon Elements Ar software. The
preimaging incubation procedure followed the same conditions for the
FACS quantification except that cells were not removed from the well
by trypsin. The laser beam intensity and the sensitivity of photodetector
were kept constant for comparison of the relative fluorescence
intensities between the different samples.

2.4.4. Mechanism of Uptake. FA receptors in KB cells were blocked
by adding folic acid to verify that the uptake mechanism of folate-
conjugated NPs is following the FR-mediated endocytosis. Briefly, 1
mM folic acid was added to each well after plating 50 000 cells/well in
six-well plates. The cells were incubated for 30min at 37 °C. Then, both
folate and nonfolate NPs (discs and vesicles) were added to each well.
After an additional 2 h of incubation, the cells were washed twice with
DPBS and removed from the plate by trypsin, centrifuged, and
resuspended in cold (4 °C) DPBS to block further FR trafficking. The
quantification was performed using FACS and confocal microscopy.

2.4.5. Intracellular Localization Study. To follow intracellular
trafficking of nanoparticles, 1 × 105 KB cells were seeded on 15 mm
glass coverslips and incubated at 37 °C for 24 h. Then, folate or
nonfolate NPs (discs and vesicles; lipid concentration: 0.1%) were
added to cells and incubated for 6 h. Following the incubation, the cells
were treated with LysoTracker Green DND-26 (the guideline was
provided by Invitrogen) for 30 min, followed by washing three times
with HBSS buffer and fixing with 4% paraformaldehyde at room
temperature. The coverslips were mounted onto a glass slide. Then, the
colocalization of nanoparticles within LysoTracker-labeled cellular
compartments was examined by confocal laser scanning microscopy
(CLSM; Leica-SP5, Leica Microsystems Heidelberg GmbH, Ger-
many). The colocalization ratio of nanoparticles within LysoTracker
was quantified by MetaMorph software (Molecular Devices). All
images were converted into 24 bits. The images of the two channels
were automatically thresholded. MetaMorph “Measure colocalization”
tool was used to determine the area pixel value of Nile Red and the area
pixel value of LysoTracker. The percentage of overlapping was
calculated by the following formula

=
+ −

×

overlapping percentage
Nile Red area

(Nile Red area lysotracker area) overlapping area
100%

(1)

2.5. Tumor Penetration and Accumulation of Folate Lipid
NPs in Vivo. The noninvasive animal study using an in vivo imaging
system (IVIS) was approved by the Institutional Animal Care and Use
Committee of the National Chung Hsing University. Female athymic
nu/nu (nude) mice (age: 6−10 weeks) were purchased from LASCO,
Taiwan. KB cells (1 × 107 per mouse) were sterilely inoculated
subcutaneously in the right flank of nude mice. When the tumors
reached a volume of around 500−1000 mm3, 200 μL of folate or
nonfolate NPs (discs and vesicles; lipid concentration: 2%) were
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injected via the tail vein intravenously (iv). The images were recorded
via a Caliper IVIS system (excitation: 535 nm; emission: 600 nm) at
different time points after injection. The fluorescence intensities were
quantified for each sample by Living Image software.
2.6. In Vitro Studies of Photodynamic Activity of the NPs.

2.6.1. In Vitro Cytotoxicity of m-THPC-NPs. Cellular cytotoxicities of
free m-THPC, m-THPC-NPs, and m-THPC-FA-NPs were tested in
vitro against KB cells byMTT cell viability assay. KB cells were cultured
in a 96-well plate at a density of 1× 104 cells/well. After incubation at 37
°C overnight, various concentrations of free m-THPC (BioLITEC
PHARMA, Edinburgh, U.K.), nanodisc-m-THPC, nanodisc-m-THPC-
FA, vesicle-m-THPC, and vesicle-m-THPC-FA were added to cell
media in each well. After 24 h, the media were removed and the cells
were washed with DPBS. KB cells were irradiated with a light dose (10
J/cm2) of 660 nm laser. Next day, the MTT solution was added to each
sample, followed by 4 h of incubation at 37 °C. The MTT solution was
then replaced by 100 μL of dimethyl sulfoxide in each well. Using a
scanning multiwell plate reader (SpectraMax M2e, Molecular Devices,
Sunnyvale), the cell viabilities were measured at 570 nm. The cell
viability was calculated by the following equation: cell viability (%) =
Abssample/Abscontrol × 100%. Here, Abssample represents the absorbance
of the cells incubated with free m-THPC, nanodisc-m-THPC,
nanodisc-m-THPC-FA, vesicle-m-THPC, and vesicle-m-THPC-FA,
and Abscontrol is the absorbance of untreated cells (positive control).
2.6.2. Flow Cytometry Studies of m-THPC-NPs. Cellular binding/

uptake was measured by a flow cytometer. KB cells were cultured in a 6
cm culture dish at a density of 1× 106 in folate-free RPMI 1640medium
for 24 h. The cells were pretreated with or without 1 mM folic acid for
30 min. After washed with 1xPBS, the KB cells were exposed for 1 h at
37 °C to nanodisc-m-THPC, nanodisc-m-THPC-FA, vesicle-m-THPC,
and vesicle-m-THPC-FA, whose concentrations were fixed at 0.1 μg/
mL of m-THPC during the experiment. The KB cells were trypsinized
and resuspended in PBS. The samples were then quantitatively
measured by an Accuri C6 flow cytometer (BDAccuri Cytometers, Ann
Arbor, MI). The uptake and intracellular accumulation of m-THPC-
NPs andm-THPC-FA in the KB cells were evaluated by flow cytometry.
A total of 1 × 106 cells were incubated in the 6 cm culture dish for 24 h
and then were treated with nanodisc-m-THPC, nanodisc-m-THPC-FA,
vesicle-m-THPC, and vesicle-m-THPC-FA in a medium containing 0.1
μg/mL m-THPC for 2 or 24 h. After removing the medium, the cells
were washed two times with DPBS. Then, the cells were trypsinized and
resuspended in DPBS. The fluorescence intensity of the samples was
then quantitatively measured by the Accuri C6 flow cytometer at a 488

nm excitation and with a 670 nm long pass filter. The Accuri C6
(version 1.0.264.21) was utilized to quantify the cellular uptake.

2.6.3. Intracellular Localization Study of NP-m-THPCs. To follow
intracellular trafficking of free m-THPC, NP-m-THPCs, and NP-m-
THPC-FAs, 1 × 105 KB cells were seeded on 15 mm glass coverslips
and incubated at 37 °C for 24 h. Then, nanodisc-m-THPC, nanodisc-m-
THPC-FA, vesicle-m-THPC, and vesicle-m-THPC-FA (m-THPC
concentration: 0.1 μl/mL) were supplemented into cells and incubated
for 2 h. After incubation, the cells were treated with LysoTracker Green
DND-26 (the guideline was provided by Invitrogen) for 30 min,
followed by washing three times with HBSS buffer and fixing with 4%
paraformaldehyde at 25 °C. The coverslips were mounted onto a glass
slide. Then, the colocalization of nanoparticles within LysoTracker-
labeled cellular compartments was examined by CLSM. The
colocalization ratio of nanoparticles within LysoTracker was quantified
by MetaMorph software.

2.7. In Vivo Studies of Photodynamic Activity of the NPs.
2.7.1. Antitumor Activity of NP-m-THPCs in Vivo. Female athymic nu/
nu (nude) mice (5 weeks old, 20 ± 2 g) were purchased from LASCO,
Taiwan, and antitumor studies were approved by the Institutional
Animal Care and Use Committee of the National Chung Hsing
University. All of the mice were kept in air-conditioned facility with
artificial light−dark cycles and were provided standard food and filtered
water. The tumor size was calculated as π( )( )( )HL W1

2
4
3 2 2

, where L,W,

and H are the length, width, and height of the tumor, respectively. The
treatments started when the tumor size reached a volume of
approximately 100 mm3 (as “day zero”). The mice were randomized
into six treatment groups (n = 3 per group). PBS (control), free m-
THPC, vesicle-m-THPC, vesicle-m-THPC-FA, nanodisc-m-THPC, or
nanodisc-m-THPC-FA was used at a concentration of 0.3 mg/kg for tail
vein injection. After 24 h, the tumor was irradiated by a diode laser at
661 nmwith 15 J/cm2 and tumor size and body weight of the mice were
measured every 3 or 4 days. The skin photosensitivity was evaluated in
mice treated with free m-THPC, vesicle-m-THPC, or nanodisc-m-
THPC without or with FA conjugation. The degree of normal skin
damage after PDT treatment was evaluated using a quantitative skin
scoring system.39

2.7.2. Histological and Immunohistochemical Analysis. For
histological examination, the tumor samples fixed in formalin (10%),
dehydrated, and embedded in paraffin and tumor sections were stained
with hematoxylin and eosin (H&E) and proliferating cell nuclear
antigen (PCNA). The sections were deparaffinized in xylene followed
by rehydration, incubated in 3% H2O2 to inhibit endogenous
peroxidase activity, blocked with 5% skim milk, and then incubated

Figure 1. (A) SAXS characterization of nanodiscs and nanovesicles. The solid black lines show the best-fitting results for the scattering results. Related
outcome data are shown in Table 1 based on these fittings. (B) Size distribution of nanodiscs and nanovesicles in the presence (solid line) and absence
(dotted line) of folate ligand. The hydrodynamic radius, RH, of NPs was 10−12 nm for nanodiscs and 27−30 nm for nanovesicles, consistent with the
best-fitting dimensions from SAXS data. TEM images of the (C) bicelles and (D) liposomes show consistent outcome with the SAXS best-fitting
results and hydrodynamic radii from DLS. The planar and edge-on views of the NDs are pointed by the green and yellow arrows, respectively.
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with primary PCNA antibodies (PC10, 1:200, Dako, Denmark). The
sections were then incubated with the biotinylated secondary antibody
for 30 min, and 3,3′-diaminobenzidine tetrahydrochloride chromogen
was used to visualize avidin−biotin complexes. The stained sections
were observed at low power (40×) and counted at high-power
magnifications (400×). The cancer cells in the slides of each tumor
were counted in 10 randomly selected microscope fields at 400×
magnification using an Olympus BX 50 microscope. The percentage of
PCNA-stained cells was analyzed using AlphaEaseFC (Alpha
Innotech).
2.8. Statistical Analysis. Standard deviation (SD) is included in

the expression of the experimental data in the form of (mean ± SD) for
both in vitro and in vivo studies. The tumor volumes are monitored and
recorded as a function of time. A linear mixed model with Bonferroni
correction is applied to examine the group effects on tumor. The data

were presented as the estimated marginal means (EM means) with the
corresponding 95% confidence interval of tumor volume. The time
effects were also considered. SPSS 11.0 software package (SPSS Inc.,
Chicago, IL) was used for statistics analyses, and statistical significance
was set at 0.05.

3. RESULTS
3.1. NP Structural Characterization. SAXS is a character-

ization method which allows for morphological identification
through simulating the electron density distribution of proposed
NP structures. Figure 1A shows the SAXS data of 1.0 wt % of
folate nanodisc, folate nanovesicle, nanodisc, and nanovesicle.
The general scattering feature contains a broad peak between q =
0.07 and 0.20 Å−1. Bilayer has a lipophilic core (hydrocarbon

Table 1. Best-Fitting Parameters Obtained from the SAXS Data of the NPs

core−shell discoidal model (with invariant ts,norm = 14.9 Å, ρw = 9.40 × 10−6 Å−2 and ρs,norm = 1.06 × 10−5 Å−2)

ρrim (×10−6 Å−2) trim (Å) ρdisc (×10
−6 Å−2) tdisc (Å) Rdisc (Å)

nanodisc 9.8 (±0.1) 23.5 (±0.5) 8.5 (±0.1) 26.6 (±0.2) 101 (±8)
folate nanodisc 9.8 (±0.1) 23.9 (±0.6) 8.7 (±0.2) 28.9 (±0.3) 115 (±11)

core−three-shell spherical model (with invariant ρw = ρcore = 9.40 × 10−6 Å−2)

ρshells (×10
−6 Å−2) tshell (Å)

shell 1 shell 2 shell 3 shell 1 shell 2 shell 3 Rcore (Å)

nanovesicle 10.3 (±0.9) 9.0 (±0.1) 10.0 (±0.7) 6.8 (±4.1) 26.3 (±0.8) 12.4 (±4.5) 232 (±45)
folate nanovesicle 10.1 (±0.9) 8.9 (±0.1) 10.1 (±0.6) 8.2 (±4.5) 25.3 (±0.8) 12.9 (±4.6) 239 (±49)

Figure 2. (A−F) Confocal micrographs representing the uptake of folate NPs: (A) folate discs, (B) folate vesicles, (C) nonfolate discs, (D) nonfolate
vesicles, and (E, F) folate discs and folate vesicles after the addition of free folate into culture media. The scale bar is 20 μm. (G) FACS data of the
cellular uptake of folate and nonfolate NPs by the KB cells after 2 h of incubation at 37 °C. The result shows that the uptake level follows: folate discs >
folate vesicles > discs > vesicles. (H) FACS analysis of folate-mediated endocytosis. The uptake of folate NPs was reduced after the addition of free
folate. The dark blue line shows reduction in the case of folate discs compared to the pink line, and the light blue line indicates reduction in the case of
folate vesicles compared to the green line.
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chains) being sandwiched by two shells of hydrophilic
phosphatidylcholine headgroups, which have the highest
electron density in the system (greater than those of hydro-
carbon tails and water). Therefore, the electron density profile
across the bilayer (i.e., water−headgroup shell−hydrocarbon
core−headgroup shell−water) can be approximated as a “square
well”. Hence, the broad peaks in the SAXS results are
corresponding to the correlation length of headgroup-to-
headgroup distance.
To further interpret the SAXS data, we used a core−shell (i.e.,

hydrocarbon core−phosphate shell) discoidal model to describe
the bicellar nanodisc (Supporting Information) as reported in
our other recent research papers.22,23,40 The model is described
by the following independent parameters: shell thicknesses
(including radial and facial shell thicknesses, trim and ts,norm,
respectively), discoidal core thickness (tdisc), discoidal core
radius (Rdisc), electron densities of solvent (ρw), radial and facial
shells (ρrim and ρs,norm, respectively), and discoidal hydrocarbon
core (ρdisc). For nanovesicles, a core−three-shell spherical
model (Supporting Information) is applied for best fitting the
SAXS data. This model assumes a water core with a radius of
Rcore and electron density ρcore of ρw. The three shells represent
two headgroup layers (high electron density due to phosphate-
rich structure) sandwiching the hydrocarbon layer (low electron
density). We define shells 1, 2, and 3 to be the headgroup of the
inner leaflet, the hydrophobic layer regime, and the headgroup
of the outer leaflet, respectively. The thickness and electron
density of each shell are adjusted to best fit the SAXS data.
Most of the electron densities used in the two models can be

found in the literature reported elsewhere.2,40 Table 1 illustrates
the best-fitting parameters for both models used for the four
samples. The results indicate that the addition of folic acid has
no effect on structural change but leads to a slight variation in
dimensions.
The above-mentioned structures were confirmed by DLS and

TEM results as shown in Figure 1B, which showed unimodal
distributions of hydrodynamic radius (RH) for nanodiscs (10−
12 nm) and vesicles (27−30 nm). These dimensions were
consistent with those obtained through the SAXS best-fitting
result. The NPs containing folate ligand did exhibit a slightly
largerRH compared to those without folate. Both DLS and SAXS
data indicated the absence of nanoparticle aggregation in the
solution. The diameters of our vesicles (liposomes) are around
50 nm, which falls in the ideal size range for nanocarriers to
utilize the targeting tumor.12,41 Moreover, the ligand density is
optimized.41 Although enhanced EPR effect is also observed for
50−100 nm NPs, the cellular uptake is limited by the
consumption of cell membrane receptors that bind to the
targeting ligands of the NPs, reducing the total number of NPs
that can be internalized by the cells. Mathematical modeling has
also shown that optimal endocytosis should occur under the
condition of no shortage of ligand on the NP or cell surface
receptor.41 On the other hand, nanoparticles smaller than 20 nm
penetrate deep into the tumor extracellular matrix but may not
retain beyond 24 h. It has also been shown that even addition of
targeting moieties on the surface of the NPs does not affect
tumor accumulation or biodistribution, and they are eliminated
from the body through the renal system in a short period of
time.42

3.2. Effect of Shape and Folate Targeting on the
Cytotoxicity and Cellular Uptake. Figure S1 in the
Supporting Information summarizes the outcomes of MTT
assay where the cell proliferation counts were obtained after 24 h

of incubation with KB cells. The results were compared to the
control samples (untreated). No statistically significant
toxicityfor the KB cells up to 1.6 mg/mL (the lipid
concentration) was observed in all cases of NPs. The results
indicate that all of the components making up the NPs are
biocompatible.
Fluorescence confocal microscopy was conducted to

investigate the cellular uptake of different NPs. The optical
configuration was identical for all cases. Figure 2A−D shows the
confocal micrographs of KB cells after being incubated with
folate discs, discs, folate vesicles, and vesicles, respectively, for 2
h and rinsed twice in DPBS. The cellular uptake level of NPs
shows a clear dependence of targeting folate and particulate
morphology: folate discs > folate vesicles > pristine discs >
pristine vesicles.
FACS was also used to evaluate the cellular uptake of NPs by

KB cells. Figure 2G shows the FACS results of four different NPs
(nonfolate discs, folate discs, nonfolate vesicles, and folate
vesicles) under the same lipid concentration and Nile Red-to-
lipid molar ratio. Each experiment was repeated at least three
times. The outcome is consistent with the aforementioned
confocal microscopy results, indicating the same sequence in the
cellular uptake: folate discs > folate vesicles > discs > vesicles.
The FACS and confocal microscopy images indicate that the
uptake of folate discs is higher than that of folate vesicles by ca.
2−3-fold, consistent with our previous report on the
morphological dependence of the cellular uptake of lipid-
based self-assembled nonfolate NPs (i.e., nanodiscs and
nanovesicles).22 The addition of DSPE-PEG2000 folate on the
surface of the NPs further enhances the KB cellular uptake by
∼7-fold. It has been reported that the uptake of monoclonal
antibody-coated polystyrene nanoparticles in an experiment on
the breast cancer cell line was found the highest in the case of
rodlike NPs with length 367 nm and width 126 nm, followed by
nanodiscs with diameter 236 nm and thickness 88 nm, the
lowest for 200 nm spheres.43 Our FACS results seem to suggest a
similar trend even at a much smaller length scale (<50 nm),
further confirming the roles of nanoscaled morphology and
targeting molecules in the enhancement of cellular internal-
ization. It is also noteworthy that the targeting effect, in this case,
overwhelms the morphological effect since the folate vesicles
show higher efficacy in cellular uptake than nonfolate discs do.

3.3. Mechanism of Enhanced Endocytosis by Folate
Targeting. To confirm that the enhanced cellular uptake of
folate-conjugated NPs originates from the overexpressed folate
receptor-mediated endocytosis, we performed a similar FACS
experiment under the same aforementioned condition except for
free folate (at a concentration of 1.0 mM) being added in the cell
growth medium.44 Figure 2H shows the FACS results of the
cellular uptake of folate lipid NPs by the KB cells. Compared to
the outcome obtained from the medium in the absence of free
folate, the cellular uptake was significantly reduced by an order
of magnitude, supporting the proposed FR-regulated endocy-
tosis. The higher level of cellular uptake of folate nanodiscs than
that of folate vesicles remains valid even in the presence of free
folate consistent, with our previous report revealing that
nanodiscs effectively utilize two more endocytosis (namely,
micropinocytosis and microtubule-mediated endocytosis) than
the vesicles do, independent of the pathway through folate
receptor.22

The FACS outcomes of the samples in the presence of excess
free folic acid in the culture media are consistent with the
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micrographs of confocal fluorescence data (Figure 2E,F),
indicating reduction of the uptake of folate NPs.
3.4. Tumor Penetration and Accumulation of Folate

LipidNPs in Vivo. For the initial observation of the in vivo EPR
effect, we used Nile Red-labeled nanocarriers, which were
administered by iv injection, and the fluorescence emission of
the tumors was attributed to the accumulation of the
nanoparticles in the tumor.
The tumor-targeting efficiencies of the folate and nonfolate

NPs were assessed in vivo using KB tumor-bearing mice by the
Caliper IVIS system. Folate nanodiscs exhibited a higher tumor
uptake in comparison to folate vesicle at different time points.
The same outcome regarding shape was also observed for
nonfolate discs and nonfolate vesicles. The penetration rate and
accumulation volume of NPs were folate disc > folate vesicle >
nonfolate disc > nonfolate vesicle (Figure 3A, Tables 2 and 3).

The region of interest (ROI) tumor uptake analysis for different
NPs has shown that addition of folate-targeting molecules
increased the tumor uptake by factors of 26 and 43% on average
for nanodiscs and vesicles in the first hour after injection,

respectively. The nanodiscs, though having the same chemical
composition as nanovesicles, are more effective in tumor uptake
over a longer duration (25−46% increase). The major organs of
the mice after nanodisc-Nile Red or vesicle-Nile Red with or
without folate administration also showed the same results
(Figure 3B,C, Tables 4 and 5). Note that the molar composition
of the charged lipids, i.e., DSPE-PEG2000 and DPPG, remains
constant for the different NPs. Therefore, the surface charge
density should be identical and is not expected to give rise to the
difference. It is reported that the circulation lifetimes of neutral
and slightly negatively charged NPs are longer. Also, they
accumulate less in the liver, spleen, kidneys, and lungs.12,45 The
tested NPs are in a similar range of such charge density. As such
multilamellar or unilamellar vesicles have been used and proven
to be efficacious in clinical drug delivery,46 the nanodiscoidal
bicelles seem to be an even better platform for this purpose.
In addition, the vasculature structures are different around the

healthy tissues (tight) and cancerous tissues (with more
defects). Therefore, the accessibility of NPs to folate receptor
of healthy tissue is lower in comparison to the tumor.47

Compared to Taxol, the lipid-shell and polymer-core nano-
particles and targeted delivery of paclitaxel modification with
folate displayed better antitumor effect and lower toxicity in
vivo. It is speculated that the folate-modified targeted delivery of
paclitaxel nanoparticles resulted in more effective accumulation
in tumor cells through ligand−receptor interactions for effective
long-term therapeutic activity.48 The folate-targeted vinca
alkaloid conjugates-EC145 applied in KB tumor xenograft
animal model also showed the excellent antitumor effect and did
not observe toxicities in the organs.49 For the above reasons,
folate is one of the appropriate choices for targeting cancer.
Here, the same strategy is therefore applied tom-THPC discs or
m-THPC vesicles to examine the antitumor effect in KB tumor
xenograft animal model in the following session.

3.5. Photodynamic Active Nanoparticles in Vitro
Assessments. 3.5.1. PDT Efficacy of m-THPC-NPs in
Human Oral Cavity Carcinoma Cells (KB, Contamination
with HeLa Cells). MLSP simulation of m-THPC molecules

Figure 3. (A) In vivo fluorescence assessment of nanodiscs-Nile Red or
vesicles-Nile Red with or without folate in nude mice bearing KB
xenografts. The mice were intravenously administered with nanodiscs-
Nile Red or vesicles-Nile Redwith or without folate at 2% lipids, and the
fluorescence signals were monitored at different time points. (B, C)
Major organs of the mice after nanodiscs-Nile Red or vesicles-Nile Red
with or without folate administration. The mice were sacrificed after
intravenously administered with discs-Nile Red or vesicles-Nile Red
with or without folate at 2% lipids, and the fluorescence signals were
monitored at different time points. Section B is the result after 10 min
and C is after 30 min.

Table 2. Quantification of ROI in Tumor by Living Image Softwarea

region of interest (ROI)

Nanodisc: Nile Red 0 min 10 min 30 min 1 h 4 h

FA 5.30 × 1010 3.32 × 1011 3.13 × 1011 2.49 × 1011 9.97 × 1010

FA− 1.32 × 1010 6.42 × 1010 6.12 × 1010 5.00 × 1010 2.61 × 1010

Vesicle: Nile Red 0 min 10 min 30 min 1 h 4 h

FA 3.99 × 1010 2.20 × 1011 2.07 × 1011 1.50 × 1011 5.74 × 1010

FA− 2.56 × 1010 1.02 × 1011 9.15 × 1011 6.66 × 1010 3.99 × 1010

aFA and FA represent NPs in the presence and absence of folate, respectively.

Table 3. Fold Increasing of ROI in Tumora,b

fold increasing of ROI

Nanodisc: Nile Red 0 min 10 min 30 min 1 h 4 h

FA 1.00 6.27 5.89 4.70 1.88
FA− 1.00 4.88 4.66 3.80 1.99

Vesicle: Nile Red 0 min 10 min 30 min 1 h 4 h

FA 1.00 5.51 5.18 3.76 1.44
FA− 1.00 3.98 3.57 2.60 1.56

aThe region of interest in the tumor was quantified by Living Image
software. bFA and FA represent NPs in the presence and absence of
folate, respectively.
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indicates a planar structure as well as high lipophilicity (Figure
4A), suitable for encapsulation in the bilayer. For phototoxicity
measurement, the cells were irradiated with a laser (λ = 661 nm,
power density = 15 J/cm2) for 12 min and 30 s. Cell cytotoxicity
was measured as the percentage of the viable cells over the
untreated cell control. The results are shown in Figure 4B. The
phototoxicities of free m-THPC were significantly higher than
those of m-THPC NPs conjugated without or with FA at the
same m-THPC dose, suggesting that free m-THPC is more
effective in treating KB cells than m-THPC-NPs. With carriers,
the phototoxicities of nanodisc-m-THPC-FA-treated cells
showed that the cell viability significantly decreased over
different dosages, much lower than other m-THPC-NP-treated
cells. However, there was no difference between vesicle-m-
THPC-FA- and nanodisc-m-THPC-treated groups.
3.5.2. Folate Receptor-Specific Cellular Binding and

Uptake of m-THPC-Loaded NPs. To evaluate the role of folate
in the cellular uptake ofm-THPC-NPs, the cells were pretreated
with free folic acid (10−3 M) for 30 min to inhibit folate-assisted
uptake, followed by the addition of vesicle-m-THPC, vesicle-m-
THPC-FA, nanodisc-m-THPC, or nanodisc-m-THPC-FA and
incubated for another 1 h at 37 °C. Flow cytometry (Accuri C6
flow cytometer) was performed to detect the fluorescence of m-
THPC in trypsinized KB cells. The cellular uptake of m-THPC

decreased 79.9% in vesicle-m-THPC-FA groups due to the
pretreatment of 10−3 M folate acid, while no effect was shown in
vesicle-m-THPC groups (Figures 4G). For nanodiscs, the
cellular uptake ofm-THPC decreased by 56.9% in the nanodisc-
m-THPC-FA group in the sample of pretreated folate acid
compared to the nonpretreated one with no effect in the
nanodisc-m-THPC group (Figure 4H). The result also shows
that the uptake rate of nanodisc-m-THPC-FA is higher than that
of vesicle-m-THPC-FA after folate pretreatment (nanodisc-m-
THPC-FA: 41.8% and vesicle-m-THPC: 14%). The same trend
in cellular uptake is found for non-folate acid-conjugated m-
THPC NPs (vesicle-m-THPC: 0.2%, folate blocking-vesicle-m-
THPC: 0.4%; nanodisc-m-THPC: 12.3%, folate blocking-
nanodisc-m-THPC: 10.7%). This finding suggests that pretreat-
ment of folate can effectively inhibit the uptake of nanodisc-m-
THPC-FA and vesicle-m-THPC-FA, thus confirming the
overexpression of folate for KB cells. As a result, nanodisc-m-
THPC-FA and vesicle-m-THPC-FA were taken up by KB cells
through the mechanism. However, the values of m-THPC
uptake were no different in each group after 24 h incubation
(Figure 4I). The histograms of fluorescence on KB cells
incubated with either vesicle-m-THPC or nanodisc-m-THPC
NPs with or without FA immobilization also show higher
cellular uptake for discdoial NPs (Figure 4C−F). The fact that
the cellular uptake and fluorescence intensity of folate-
conjugated m-THPC NPs were higher than those of non-
folate-conjugated m-THPC NPs in both groups of vesicles and
nanodiscs suggests the enhanced efficacy of folate targeting.
Moreover, the nanodiscs uniformly showed higher cellular
uptake.

3.5.3. Intracellular Localization Study via Confocal Images
of m-THPC-NPs in KB Cell. The intracellular localization of m-
THPC-NPs was investigated with LysoTracker Green DND-26
(green). As shown in Figure 5, free m-THPC, nanodisc-m-
THPC, or vesicle-m-THPC without FA conjugation were
colocalized in lysosomes (free m-THPC: 89.76%; nanodisc-m-
THPC: 86.48%; vesicle-m-THPC: 76.4%). It also shows that a
strong fluorescence of folate-conjugated NPs was expressed in
the cytoplasm. This indicates that cells internalized the NPs
through endocytosis and distributed them in the cytoplasm after
NPs escaped from the endosome and/or the lysosome
(nanodisc-m-THPC-FA: 32.54%; vesicle-m-THPC-FA:
39.86%).

Table 4. Quantification of Region of Interest (ROI) in Organs by Living Image Softwarea

10 min heart liver spleen kidney tumor

negative 8.71 × 108 1.74 × 108 4.15 × 108 7.49 × 108 1.52 × 108

Nanodisc: Nile Red
FA 8.96 × 108 4.72 × 109 4.74 × 109 2.85 × 109 7.97 × 109

FA− 7.67 × 108 3.09 × 109 5.97 × 109 2.56 × 109 3.66 × 109

Vesicle: Nile Red
FA 1.13 × 109 7.34 × 109 6.36 × 108 3.80 × 109 2.79 × 109

FA− 4.44 × 108 3.74 × 109 5.41 × 109 2.12 × 109 2.73 × 109

30 min heart liver spleen kidney tumor

Nanodisc: Nile Red
FA 4.62 × 108

FA−

Vesicle: Nile Red
FA 6.66 × 108 2.35 × 109 6.53 × 108 1.76 × 109 7.57 × 109

FA− 3.93 × 108 1.60 × 109 3.74 × 108 2.21 × 109 2.97 × 107

aFA and FA represent NPs in the presence and absence of folate, respectively.

Table 5. Fold Increasing of ROI in the Tumora

10 min heart liver spleen kidney tumor

negative 1.00 1.00 1.00 1.00 1.00
Nanidisc: Nile Red
FA 10.29 2.72 1.14 3.80 5.26
FA− 8.81 1.78 1.44 3.42 2.41
Vesicle: Nile Red
FA 12.97 4.23 1.53 5.07 1.84
FA− 5.10 0.22 1.30 2.83 1.80
30 min heart liver spleen kidney tumor

Nanidisc: Nile Red
FA 5.31 4.69 1.10 4.11 5.73
FA− 4.73 2.73 1.05 2.99 3.00
Vesicle: Nile Red
FA 7.64 1.36 1.57 2.35 5.00
FA− 4.52 0.92 0.90 2.95 1.96

aFA and FA represent NPs in the presence and absence of folate,
respectively.
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Figure 4. (A) MLSP analysis ofm-THPCmolecule showing its highly lipophilic structure. Result is shown in side and top views. (B) Cytotoxicities of
human oral cavity carcinoma cells (KB) cells, when cells were incubated with free m-THPC, vesicle-m-THPC NPs, or nanodisc-m-THPC NPs
conjugated without or with FA and irradiated with a 10 J/cm2 light dose. (C−F) Flow cytometry histogram profile of KB cells: (C) vesicle-m-THPC
and vesicle-m-THPC-FA, (D) nanodisc-m-THPC and nanodisc-m-THPC-FA, (E) vesicle-m-THPC and nanodisc-m-THPC, and (F) vesicle-m-
THPC-FA and nanodisc-m-THPC-FA for 2 h at 37 °C. Cellular uptake incubated with vesicle-m-THPC NPs or nanodisc-m-THPC NPs conjugated
without or with folate (m-THPC concentration 0.1 μg/mL) for (G−H) 1 h (with or without pretreatment of folic acid at 37 °C) and for (I) 24 h at 37
°C without pretreatment of folic acid.
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Mansoori and co-workers demonstrated that folate-con-
jugated NPs attached to the folate receptors, followed by uptake
through a caveolae-mediated endocytotic pathway.50 Cuong et
al. showed that the folate-decorated star-shaped PEG−PCL

micelle in MCF-7 was endocytosed via caveolae/lipid raft-
mediated endocytosis and localized in the cytoplasm, not
lysosome.51 As shown in Figure 5, strong fluorescence spots of
folate NPs were almost observed in the cytoplasm, indicating the

Figure 5. Fluorescent images were utilized to assess the colocalization of vesicle-m-THPC or nanodisc-m-THPC NPs conjugated with or without FA
(red) with lysosomes using LysoTracker (green). The colocalization ratio of nanoparticles within LysoTracker was quantified byMetaMorph software.
The scale bar is 10 μm.

Figure 6. Antitumor effect of vesicle-m-THPC and nanodisc-m-THPC NPs in vivo. Experimental design of the photodynamic therapy is also shown.
Tumor of KB cells were implanted to the right flank of the nude mice. (A) KB cells tumor development curve. The size of the tumors was measured
every 72−96 h. (B) Relative weight curves of the animals. (C) Representative photos of tumors in each treatment group on day 21. Data are presented
as mean ± standard deviation (SD). (Bottom) Images of the mice after 4 days of one-time treatment. A clear skin burning mark on the left flank was
found in the case of freem-THPC, while the control mice (no treatment) and themice treated bym-THPC-containing NPs beforeNIR exposure show
no significant effect on the left frank. (c) Sizes of the tumors harvested from the mice after 21 days of treatment. (d) The volume of the tumors evolved
as a function of time for each group. (D) Skin photosensitivity at various time points after PDT treatment. Data are presented as mean ± SD. (*)
Significant difference compared to control (p < 0.001), (#) Significant difference compared with m-THPC; n = 3.
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escape of internalized folate NPs from the endosome and/or the
lysosome to the cytoplasm. Thus, folate discs can be
endocytosed mainly via folate receptor and caveolin-mediated
internalization pathways.
3.6. Photodynamic Therapy and Antitumor Effect of

m-THPC NPs: in Vivo Study. To further investigate vesicle-
and bicelle-based m-THPC-mediated PDT in vivo, we
performed folate receptor-targeted or nontargeted PDT treat-
ment via intravenous injection using the KB tumor model in
nude mice. As shown in Figure 6A, tumor volumes continuously
increased from day 0 to day 21 in the PBS control group. In the
PDT groups (free m-THPC, vesicle-m-THPC, vesicle-m-
THPC-FA, nanodisc-m-THPC, and nanodisc-m-THPC-FA),
tumor volumes were significantly reduced compared to those of
the control group (p < 0.001), indicating efficient m-THPC-
mediated photochemical toxicity against cancer. Moreover, both
vesicle-m-THPC-FA (TGI = 84.0%) and nanodisc-m-THPC-
FA groups (TGI = 90.2%) suppressed the tumor growth
compared to the m-THPC groups (p < 0.05), whereas no
significant differences were observed among m-THPC, vesicle-
m-THPC, and nanodisc-m-THPC groups, suggesting that FA

conjugation improves tumor accumulation and cellular internal-
ization of nanocarriers in the folate receptor-overexpressed KB
xenografted tumor, resulting in efficient PDT efficacy against
cancer. Compared to vesicle-m-THPC group (TGI = 80.1%),
smaller tumor volumes were observed in vesicle-m-THPC-FA
(TGI = 84.0%) and nanodisc-m-THPC (TGI = 85.8%) groups
on day 21; however, no significant differences in tumor volume
were found among these groups. It is noted that nanodisc-m-
THPC-FA with irradiation revealed significantly improved PDT
efficacy, more than 90.2% tumor growth inhibition compared to
that of the m-THPC-mediated PDT group (TGI = 81.6%. p <
0.05) and the vesicle-m-THPC group (TGI = 80.1%. p < 0.05).
No significant difference was observed between nanodisc-m-
THPC-FA and nanodisc-m-THPC groups. The differences in
body weight among the six groups were similar, and no obvious
weight loss was observed (Figure 6B). Figure 6C illustrates the
tumor photos of each group on day 21, and significantly smaller
tumor sizes were observed in PDT groups compared to the
control group. Skin photosensitivity of control and PDT-treated
groups is shown in Figure 6D,E. Mice receiving free m-THPC
revealed obvious photodamages on normal skin (left flank, day

Figure 7.H&E staining of KB xenografted tumors treated with vesicle- or nanodisc-based m-THPC-mediated PDT without or with FA conjugation:
(A) control, (B) free m-THPC, (C) vesicle-m-THPC, (D) vesicle-m-THPC-FA, (E) nanodisc-m-THPC, and (F) nanodisc-m-THPC-FA; n = 3. The
scale bar is 50 μm.

Figure 8. Immunohistochemical analysis of PCNA in KB xenograft tumors treated with vesicle- or nanodisc-based m-THPC-mediated PDT without
or with FA conjugation: (A) control, (B) m-THPC, (C) vesicle-m-THPC, (D) vesicle-m-THPC-FA, (E) nanodisc-m-THPC, and (F) nanodisc-m-
THPC-FA. (G) Cellular proliferation was analyzed by calculating the number of PCNA-positive cells with 400magnification. (*) Significant difference
compared with PBS control group (p < 0.001); (#) significant difference compared with m-THPC group (p < 0.001); (+) significant difference
compared with vesicle-m-THPC group (p < 0.05); (a) significant difference compared with vesicle-m-THPC-FA group (p < 0.05); n = 3. The scale bar
is 50 μm.
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4) after irradiation, although m-THPC is the second generation
of photosensitizers with less phototoxicity to the skin. Vesicle-
and nanodisc-based m-THPC delivery system without or with
FA conjugation significantly reduces skin photodamages of the
originalm-THPC formulation. These results clearly showed that
the utilization of the nanodisc-m-THPC-FA reduced the drug
accumulation in normal tissues, caused less skin photo-
sensitivity, and improved the photothermal therapy efficacy
through targeting delivery systems.
3.6.1. Effect of Free m-THPC and m-THPC NPs-Mediated

PDT on Cellular Proliferation.To assess the antitumor activities
with freem-THPC orm-THPCNPs-mediated PDT, the excised
tumor tissues were fixed and prepared for H&E staining and
PCNA staining. As shown in Figure 7, significant differences in
tissue morphology between control and PDT treatment groups
were observed in H&E-stained tumor sections. The control
section showed that tumor cells had a compact, dense tissue
structure and consisted of large polymorphic cells tightly packed
together. The treated groups showed that prominent necrosis is
clearly apparent in the free m-THPC (Figure 7B), vesicle-m-
THPC (Figure 7C)-, vesicle-m-THPC-FA (Figure 7D)-,
nanodisc-m-THPC (Figure 7E)-, and nanodisc-m-THPC-FA
(Figure 7F)-mediated PDT groups. To investigate the cell
proliferation status of the treated and control tumors, PCNA
that was synthesized in the late G1 and S phases in the cell cycle
acted as a proliferation staining agent. As shown in Figure 8, a
high percentage index of PCNA expression (85.93± 2.63%) was
observed in the control group (Figure 8A). In contrast, tumor
from PDT-treated mice exhibited significantly decreased cell
proliferation, as detected by PCNA expression (Figure 8B−F),
compared to the control group (*p < 0.001). Vesicle- or
nanodisc-based m-THPC delivery system without or with FA
conjugation presented a significantly lower rate of cell
proliferation compared to m-THPC-mediated PDT group
(45.95 ± 2.94%, #p < 0.001). FA-conjugated (25.59 ± 2.40%)
or nonconjugated nanodisc-based m-THPC (26.28 ± 4.81%)
showed a notably lower rate of cell proliferation after PDT
treatments compared to that of vesicle-m-THPC (31.52 ±
4.06%, +p < 0.05) or vesicle-m-THPC-FA (31.44 ± 4.45%, ap <
0.05) group, indicating efficient nanodisc-based PDT against
cancer.

4. DISCUSSION
The dense microenvironment of tumors can cause a poor tumor
permeability, followed by a weaker delivery of NPs to the site of
action. It was demonstrated that the nanoparticles more
effectively penetrated deeply into collagen-rich and/or poorly
permeable tumors when their size is smaller than 40 nm.52

Nanodiscs made of lipid and protein can be obtained with
controlled size and composition.23 Several studies have
summarized the advantages of nanodiscs in recent reviews.
For example, Numata et al. utilized the phospholipids and the
membrane scaffold protein (MSP) to composed nanodisc and
containing with palmitoyloleoylphosphatidylglycerol (POPG)
lipids per disc demonstrated that antagonist of respiratory
syncytial virus (RSV) infection and its inflammatory sequelae
both in vitro and in vivo, and showed similar effect in liposome
POPG. Although there is a similar antagonist effect of RSV
between nanodisc POPC and liposome POPG in this research,
the smaller nanodiscs likely provide significant advantages for
delivery to the lungs.53 However, MSP amplified and purified
from the prokaryotic system has some drawbacks, such as the
degradation ofMSP protein by host cell proteases and the codon

usage toxicity of the protein to the host.54 Ng et al. synthesized
the sub-40 nm diameter disclike morphology-activatable
porphyrin nanodiscs by using complexing apolipoproteins and
found that discs turned to vesicle with their size increasing to
100−200 nm in the presence of proteinase K. It is speculated
that proteinase K might cleave and dissociate from the
apolipoprotein resulting in disc fusion into vesicular structure.55

The bicellar nanodisc in this study is composed of DPPC,
DPPG, DPPG, DHPC, and DSPE-PEG2000 and can success-
fully encapsulate m-THPC. Previously, we have confirmed the
stability of self-assembled nanodiscs and liposomes in FBS and
HEPES buffer saline, with no structural variation.22,40 Nanodiscs
only turn into vesicles of similar size through incubation at 55 °C
or above for several hours, confirmed by TEM, DLS, and
SANS.40 These nanocarriers have long-term stability in aqueous
solutions and therefore are suitable as delivery carriers for drugs,
vaccines, and genes for a variety of diseases.
We demonstrated that there is a higher cellular uptake and

fluorescence intensity in nanodisc-m-THPC conjugated without
or with FA compared to vesicle-m-THPC of the corresponding
condition in folate receptor-overexpressed KB cells. The cell
viability after photodynamic therapy significantly decreases for
nanodiscs compared to vesicles, suggesting that the nanoparticle
size and shape affect the rate of penetration through collagen-
rich and/or poorly permeable extracellular matrix around the
tumors.52 The nonspherical geometries, e.g., rodlike NPs, have
been proved to have deeper penetration in mammary tumors
tissues compared to their spherical counterparts with similar
average hydrodynamic sizes.56 Agarwal et al. reported that
different sizes of hydrogel nanodiscs and nanorods were
fabricated by using jet-and-flash imprint lithography and
demonstrated that the nanodiscs were more efficiently
incorporated into HeLa cells, mouse bone marrow dendritic
cells, and HEK 293 cells compared to the nanorods.57 It has also
been reported that nanodiscs have high diffusion and
penetration properties in collagen-rich environment.55 Presum-
ably, the small dimension along the thickness of the nanodiscs
allows for enhanced tumor penetration compared to the
symmetric structure of vesicles. The extracellular matrix is
expected to have a size-dependent screening effect on the
interstitial space of the tumor.
Therapeutic agents containing ligands that bind to overex-

pressed receptors on the surface of diseased cells have shown
preferable uptake by receptor-regulated endocytosis. As folate
receptor overexpresses in the apical membrane surface of certain
cancer cells, such as ovary, colon, uterus, and kidney,58 it serves
as a promising target for cancer treatment.59 The inhibited
cellular uptake for the folate-conjugated Nile Red- and m-
THPC-entrapped NPs (Figures 2E−F and 4G−H) after
pretreatment of FA supports the aforementioned mechanism.
Under physiological conditions, NPs involved in the cells
mediated by several pathways, such as macropinocytosis,
clathrin-mediated endocytosis, and caveolae-mediated endocy-
tosis.60 Various factors affect the cellular uptake, including
shape, size, and surface charge of NPs.61,62 It has been reported
that theNPs with positive charge are absorbed into cell favorably
as they strongly attract the negative-charged phospholipid
components of the cell membrane.61 Dalal et al. synthesized
multivalency folate-functionalized nanoparticles and demon-
strated that multivalency nanoparticles affected the subcellular
trafficking. The high-multivalency NPs trapped in lysosomal and
restrict their subcellular targeting by clathrin-mediated
endocytosis. The lower-multivalency nanoparticles entered the
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perinuclear region and escaped from the lysosome via caveolae-
mediated endocytosis. The multivalency NPs range of 10−40
entered the cell via transition between clathrin- and caveolae-
mediated endocytosis.62 Our research demonstrates that after
folate attaches to the receptors located within caveolae, it is
internalized through the endocytotic pathway. As the endosome
is acidic, the folate can dissociate from the receptor and release
the drug.50 The fact that the nanodiscs or vesicles conjugated
with folate had lower colocalization percentage with lysosome in
KB cells shows a different pathway from the non-folate-
conjugated bicelles and vesicles or free m-THPC, which follow
caveolae-mediated uptake into the perinuclear region and
clathrin-regulated endocytosis to the lysosomes.
Folate receptors, however, are also expressed with several

health in vivo tissues, such as choroid plexus, lungs, or the
proximal tubules of kidney.63 It has been reported that the folate
receptors are localized on the apical membrane of polarized
epithelial cells, indicating that the folate receptor expressed
facing the lumen of the proximal tubules of the kidney. For
choroid plexus, the folate receptors are expressed toward the
cerebrospinal fluid. These healthy tissues may be subjected to
potential toxicities by folate-targeting therapy. However, the
folate−drug conjugates seemed not to show any adverse effect.64

In the healthy tissues, the FR is not accessible to the blood
stream since they are localized in the apical surface of the
polarized epithelium.65 Also, the different vasculature between
the healthy and cancerous tissues, which contains defects in the
size range of hundreds of nanometers in contrast to the pore size
of a few nanometers in the healthy tissue (i.e., EPR effect),
would enhance the success. Hence, it is expected the
nanocarriers with folate would show higher uptake by cancer
cells whose surface is overexpressed with the folate receptor.27,34

An example can be found in a study in EMT6 tumor animal
model treated with lipid-shell and polymer-core nanoparticles
and targeted delivery of paclitaxel modification with folate,
which displayed significant antitumor effect and lower toxicity
(low weight loss) compared to Taxol.66 The folate-targeted
vinca alkaloid conjugates-EC145 applied in KB tumor xenograft
animal model also showed excellent antitumor effect. For the
above reasons, folate is one of the appropriate choices for
nanotechnology-based cancer treatment.
It is noteworthy that all lipids (PEG2000-DSPE, DPPG

DPPC, and DHPC) that constitute the nanodiscs or vesicles are
FDA-approved. Currently, the liposome products, such as Doxil
(HSPC, Cholesterol, PEG2000-DSPE, clinical products),
Depocyt (DOPC, DPPG, cholesterol and triolein, clinical
products),67 ThermoDox (DPPC, myristoyl stearyl phosphati-
dylcholine, and DSPE-N-[amino(poly(ethylene glycol))-2000],
Phase III),68 are either in clinical trials or approved and used in
the clinic. These lipids are similar to the formulation in this
research.
Based on the in vivo experiment, the results indicate that the

nanodiscs are even more efficient than the optimized vesicles in
terms of NP size (∼50 nm) and surface ligand density.32,41

Interestingly, a recent study on modeling for in vitro and ex vivo
experiments demonstrated that discoidal geometries possessed
the most favorable margination dynamics in the body.69 It has
been recently shown that discoidal nanoparticles show particular
movement dynamics that favor the interaction with vessel wall
more than spherical particles.12 Likewise, NPs’ geometries affect
hemorheological dynamics, cellular uptake, and in vivo fate.
Therefore, the observed differences between biological
responses to our various samples can be explained by the

aforementioned reasons. However, to the best of our knowledge,
the discoidal shape has not been studied in a fair comparison
with another shape to be optimized for tumor targeting
purposes. Hence, the current study provides the correlation of
shape with cellular uptake under the identical chemical
composition, suggesting that disc is a promising shape for the
next-generation nanocarriers. The shift from conventional
paradigms of EPR, NP chemistry, and size to other parameters
such as shape can open a new pathway into more successful
cancer therapies.

5. CONCLUSIONS
Both in vitro and in vivo results indicate the impacts of
morphology, and ligand-targeting nanoparticles enhance the NP
accumulation in cancer cells. The toxicity of the folate and
nonfolate NPs are insignificant to KB cells. The in vitro study
further shows that the folate targeting is efficacious for
internalization of KB cells. Regarding morphological depend-
ence, we have demonstrated that even the optimal-size vesicles
show lower cellular uptake than the nanodiscs do. The
experimental outcomes of in vitro cellular uptake and in vivo
tumor accumulation suggest that folate disc > folate vesicle >
nonfolate disc > nonfolate vesicle. The size of both vesicles and
nanodiscs are in the range of sub-100 nm and, most importantly,
they are made from biocompatible molecules with identical
chemical compositions to minimize the bias in chemistry. The
nanodisc platform can be used for encapsulating hydrophobic
therapeutics. The in vivo outcome indicates that lipid nanodisc-
m-THPC-FA is an efficacious nanocarrier for potential PDT
cancer treatment. Last but not least, the most attractive feature
of this system is the robust formation of these uniform self-
assemblies, making scalable manufacturing feasible as well as its
adaptability for ligand/surface modification, providing great
potential for future theranostic applications.
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