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ABSTRACT: β-Lapachone (LPC) is a novel cytotoxic agent
that is bioactivated by NADP(H): quinone oxidoreductase 1
(NQO1), an enzyme elevated in a variety of tumors, such as
non-small cell lung cancer (NSCLC), pancreatic cancer, liver
cancer, and breast cancer. Despite its unique mechanism of
action, its clinical evaluation has been largely hindered by low
water solubility, short blood half-life, and narrow therapeutic
window. Although encapsulation into poly(ethylene glycol)-b-
poly(D,L-lactic acid) (PEG−PLA) micelles could modestly
improve its solubility and prolong its half-life, the extremely
fast intrinsic crystallization tendency of LPC prevents drug loading higher than ∼2 wt %. The physical stability of the LPC-loaded
micelles is also far from satisfactory for further development. In this study, we demonstrate that paclitaxel (PTX), a front-line
drug for many cancers, can provide two functions when coencapsulated together with LPC in the PEG−PLA micelles; first, as a
strong crystallization inhibitor for LPC, thus to significantly increase the LPC encapsulation efficiency in the micelle from 11.7 ±
2.4% to 100.7 ± 2.2%. The total drug loading efficiency of both PTX and LPC in the combination polymeric micelle reached
100.3 ± 3.0%, and the drug loading density reached 33.2 ± 1.0%. Second, the combination of LPC/PTX demonstrates strong
synergistic cytotoxicity effect against the NQO1 overexpressing cancer cells, including A549 NSCLC cells, and several pancreatic
cancer cells (combination index <1). In vitro drug release study showed that LPC was released faster than PTX either in
phosphate-buffered saline (PH = 7.4) or in 1 M sodium salicylate, which agrees with the desired dosing sequence of the two
drugs to exert synergistic pharmacologic effect at different cell checkpoints. The PEG−PLA micelles coloaded with LPC and
PTX offer a novel nanotherapeutic, with high drug loading, sufficient physical stability, and biological synergy to increase drug
delivery efficiency and optimize the therapeutic window for NOQ1-targeted therapy of cancer.
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1. INTRODUCTION

β-Lapachone (LPC, Figure 1A) is a novel, plant-derived
anticancer agent that was first isolated from the bark of
Lapacho tree (genus Tabebuia) in the rainforests of South
America.1 It has a long history as an herbal medicine and
demonstrates significant antimalarial, antitrypansomal, anti-
bacterial, antifungal, anti-inflammatory, and antineoplastic
effects.2,3 The major cytotoxicity mechanism of LPC against
cancer is through NADP(H) quinone oxidoreductase 1
(NQO1) activation.4 NQO1 is an enzyme that catalyzes two-
electron reduction of quinones to protect cells against quinone
toxicity.5,6 LPC can be bioactivated by NQO1 and produce
more than ∼120 mol equivalent of H2O2 that leads to direct
DNA damage, poly(ADP-ribose) polymerase-1 (PARP1)
hyperactivation, and ATP loss to induce cell death as
“programmed necrosis”.7−9 The anticancer effect of LPC is
independent of p53, caspase, cell cycle status,10,11 which

minimizes drug resistance. LPC kills various cancer cells such as
non-small cell lung cancer (NSCLC), pancreatic, breast, and
liver cancer cells that usually overexpress NQO1.8,12 For
instance, 70% NSCLC and 90% pancreatic cancer demonstrate
10−40-folds of NQO1 overexpression;9,13,14 therefore, it is
highly desirable to evaluate LPC as a potential targeted
anticancer agent for these cancers.
Despite its unique mechanism of action, LPC is a poorly

soluble compound with aqueous solubility of 0.038 mg/mL.15

Meanhwile, its blood t1/2 is only 24 min and therapeutic
window is narrow due to the methemoglobinemia side effect.16

Although complexation with hydroxylpropyl β-cyclodextrin
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(HPβ-CD) significantly improved the solubility of LPC,15

clinical trials were unsuccessful in various cancers,17−19 largely
due to hemolytic anemia, methemoglobinemia, and nonspecific
distribution.16 On the basis of the physicochemical properties
of LPC, including low water solubility, fast crystallization rate,
low LogP (2.5), and high projected human dose,18−20 there are
limited formulation options to administrate LPC. For instance,
LPC is not sufficiently soluble in commonly used pharmaceut-
ical vehicles acceptable for intravenous (IV) administration.
The drug does not bind to albumin either, therefore, nab-
paclitaxel/Abraxane-like technology is not applicable. Polymeric
micelles of diblock copolymers such as poly(ethylene glycol)-b-
poly(D,L-lactic acid) (PEG−PLA, Figure 1C) represent a
nanoscopic drug delivery system that are biocompatible and
biodegradable.21 Paclitaxel PEG−PLA micelles (Genexol-PM)
have been approved in South Korea and in phase III study in
the United States.22 Other types of polymeric micelles have also
been under clinical evaluations at different stages.23 The particle
size and hydrophilic external PEG layer of PEG−PLA micelles
(∼5−100 nm) could help them to escape the rapid uptake by
the monocular phagocyte system (MPS), and to increase their
tumor accumulation through enhanced permeability and
retention (EPR) effect.24,25 Drug loaded polymeric micelles
could also be advantageous in prolonging the pharmacokinetic
half-life and reducing the Cmax-induced side effects, which is
highly desirable for LPC with short t1/2 and related
methemoglobinemia side effect.16 Considering all of the
above, LPC encapsulated PEG−PLA micelles have been
developed and evaluated in vitro and in vivo, which showed
promising therapeutic strategy against NQO1-overexpressing
tumor cells and NSCLC xenografts in mice.16,26

Nevertheless, the extremely fast intrinsic crystallization
tendency of LPC hampers a PEG−PLA micelle formulation
for clinical evaluation and pharmaceutical manufacturing. As
reported earlier,26 the LPC encapsulation efficacy was 41.9 ±
5.6%, and the highest formulation concentration is much lower
than 1 mg/mL. Meanwhile, fast crystallization of LPC led to

quick precipitation from the PEG−PLA micelles within 1 h
(unpublished observation). To improve the encapsulation
efficiency of LPC within PEG−PLA micelles, and also to
broaden its therapeutic window, we envisioned a combination
micelles that coencapsulate both LPC and Paclitaxel (PTX)
(Figure 1B), a natural diterpene taxane compound that was
originally extracted from Taxus brevifolia27 and currently serves
as one of a first line chemotherapy agents against NSCLC, in
combination with carboplatin or cisplatin.28,29 PTX shows a
wide spectrum of anticancer activity through stabilization of
microtubules to induce G2/M arrest in tumor cells, which leads
to apoptosis,30 and was developed into a variety of clinical
formulations including Taxol (a Cremophor EL-based solvent
system), Abraxane (an albumin-bound nanoparticle), Xyotax (a
poly(L-glutamic acid)-based PTX conjugate),21 and Genexol-
PM, (a PEG−PLA micelle system22) due to its very low
aqueous solubility (∼0.7 μg/mL) and high hydrophobicity.21

The rationales behind LPC/PTX combination PEG−PLA
micelles are two-fold. First, potential physical interaction (H-
bonding and π−π interaction) might inhibit LPC crystallization
and increase drug loading efficiency due to the unique chemical
structures of both LPC and PTX. Second, LPC and PTX have a
synergistic effect against many cancer cells in vitro as well as in
vivo by the regiment of LPC followed by PTX, or LPC and
PTX simultaneously.31 For example, Antonella D’anneo et al.
have studied that the combination of LPC and PTX can
synergistically induce apoptosis in human retinoblastoma
cells.30 In this study, we hypothesize that LPC/PTX
combination micelles could offer increased drug loading
efficiency, formulation stability, and therapeutic synergy for
NQO1-targeted therapy of cancer.

2. MATERIALS AND METHODS
2.1. Materials. LPC was synthesized as previously

described.32 PTX was obtained from Ouhe Chemical Co.,
Ltd. (Beijing, China). Poly(D,L-lactic acid) (PLA5k) (MW =
5000 Da) and PEG5k-PLA5k block copolymer (MW = 10 000
Da) were purchased from Daigang Biotechnology Co., Ltd.
(Jinan, China). All organic solvents are of analytical grade.
A549 non-small cell lung cancer (NSCLC) cells, PANC-1, and
MIA PaCa-2 pancreatic cancer cells were grown in DMEM with
10% fetal bovine serum (FBS). Capan-1 and BXPC-3
pancreatic cancer cells were grown in IMDM with 20% FBS
and RPMI-1640 with 10% FBS, respectively. All the culture
medium was supplemented with 100 units/mL penicillin, and
100 mg/mL streptomycin. All cells were cultured at 37 °C in a
humidified incubator with a 5% CO2/95% air atmosphere
without mycoplasma infection.

2.2. Physical Interaction between LPC and PTX.
2.2.1. Differential Scanning Calorimetry (DSC) Study. Rapid
solvent evaporation was used to prepare LPC/PTX and LPC/
PLA mixtures of different compositions. Briefly, 0.1 g of LPC/
PTX or LPC/PLA mixtures of 90 wt %, 70 wt %, 50 wt % LPC
was dissolved in 2 mL of dichloromethane first, and then the
solvent was rapidly evaporated. The obtained solid mixtures
were further vacuum-dried at room temperature overnight. The
dried LPC/PTX or LPC/PLA samples (4−7 mg) were packed
into hermetic aluminum pans with pin holes on the lids and
were analyzed by DSC (DSC Q2000, TA Instruments, New
Castle, DE, USA). The samples were first heated above the
melting point of LPC and then equilibrated at 0 °C for 5 min to
allow LPC crystallization. PTX remained amorphous during
this time. The samples were then heated up again at a rate of 1

Figure 1. Chemical structures of (A) β-lapachone (LPC), (B)
paclitaxel (PTX), and (C) PEG−PLA copolymer.
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°C/min until they were completely melted. The melting end-
set of the melting events was recorded as Tend.

33

2.2.2. One-Dimensional 1H NMR and 13C NMR. NMR
samples were prepared by dissolving LPC, PTX, and their
mixtures at molar ratio of 3:1 (3L1P), 2:1 (2L1P), and 1:1
(1L1P) in deuterated chloroform (CDCl3). LPC concentration
in all solutions was 40 mg/mL. The samples were then analyzed
by a 400 MHz NMR spectrometer (1H NMR, Bruker Biospin
GmbH, Rheinstetten, Germany) or a 100 MHz NMR
spectrometer (13C NMR, Bruker Biospin GmbH, Rheinstetten,
Germany) at 25 °C.
2.2.3. Fourier Transform Infrared (FT-IR) Study. The FT-IR

samples were prepared by rapid solvent evaporation. The dried
samples were analyzed by a Fourier transform infrared
spectrometer (Bruker Optics, Vextex 70, Ettlingen, Germany)
to evaluate potential H-bonding interactions. FT-IR spectra
were scanned from 400−4000 cm−1 with a resolution of 4
cm−1.
2.3. Supersaturation Kinetics of LPC in Aqueous

Solution with and without the Presence of PTX. The
supersaturation kinetics of LPC with or without the coexistence
of PTX was compared. Briefly, pure LPC or the LPC/PTX
mixture at 3:1 molar ratio (3L1P) was dissolved in methanol to
make a solution at 5 mg/mL LPC concentration. The solutions
were then diluted 10 times with PBS (PH = 7.4) to generate
∼14-times the LPC supersaturation (solubility of LPC: 38 μg/
mL) and then placed on a shaker at 37 °C. After 2, 5, 10, 15,
20, and 25 min, samples were withdrawn and filtered through
0.45 μm membrane filters. The solution LPC concentration in
the supernatant was measured by high-performance liquid
chromatography (HPLC). All experiments were performed in
triplicate. The precipitated drugs were vacuum-dried and then
observed by scanning electron microscope (SEM, FEI Quanta
200 Czech).
2.4. Fabrication and Characterization of LPC-, PTX-,

and LPC/PTX-Loaded PEG−PLA Micelles. 2.4.1. Drug
Encapsulation Efficiency and Density. Polymer micelles
loaded with LPC, PTX, or a combination of LPC and PTX
were prepared by a film hydration method. Briefly, PEG−PLA
and appropriate amount of drug(s) were dissolved in
acetonitrile. The solvent was evaporated by a rotary evaporator
at 60 °C to form a thin film. Normal saline at 60 °C was then
added to hydrate the film under sonication for 5 min. The
resulted aqueous solution of drug-loaded polymer micelles was
filtered through 0.45 μm membrane filters to remove aggregates
of nonencapsulated drugs. The obtained micelle formulations
were summarized in Table 1.
The drug loading efficiency, drug loading density, and yield

of micelle formulations were determined and calculated
according to previously reported methods:26

= ×

Encapsulated drug loading efficiency
encapsulated drug in micelles

amount of drug used to prepare micelles
100

= ×

Encapsulated drugs loading density
encapsulated drug in micelles
weight of the dried micelles

100

where the amount of encapsulated-drug in the micelles was
calculated by the total amount of drug in the micelle solution,

minus the amount of free drug (drug solubility times solution
volume).

2.4.2. Confirmation of the Core−Shell Architecture of the
Micelles Using 1H NMR Spectroscopy. Freeze-dried micelle
samples (LM, PM, 3L1PM) were dissolved in CDCl3. The
3L1PM was also dissolved in D2O.

1H NMR spectroscopy
(Bruker 400 MHz) was used to confirm the encapsulation of
drugs within the PEG−PLA micelles through the comparison
of NMR spectra of the samples dissolved in CDCl3 and D2O.

2.4.3. Particle Size and Morphology of the Micelles. The
particle size of the freshly prepared micelles was analyzed at 25
°C by dynamic light scattering (DLS, Malvern Instruments Inc.,
U.K.) at scattering angle of 90°. The morphology of the
polymer micelles was studied by transmission electron
microscopy (FEI Tecnai Spirit Bio TWIN TEM D1297,
USA) with negative staining of phosphotungstic acid.

2.4.4. In Vitro Drug Release Kinetics from the Micelles.
Drug release study was carried out in two different aqueous
media with different sink conditions. Briefly, 0.5 mL of the drug
encapsulated micelle solution with 0.5 mL normal saline was
added into a dialysis tube (MWCO = 100 000 Da, Spectrum
Float-A-Lyzer), which was then dialyzed against 80 mL of PBS
or 80 mL of 1 M sodium salicylate34 at 37 °C with slow
agitation. At predetermined time points (0.5, 1, 3, 5, 7, and 24
h), 0.5 mL of release medium was removed and replaced with
an equal volume of fresh medium. Drug concentration in the
withdrawn medium was analyzed by HPLC.

2.4.5. In Vitro Cytotoxicity against NQO1 Overexpressing
NSCLC and Pancreatic Cancer Cell Lines. Relative survival of
A549 lung cancer cells after exposed to different micelle
formulations was studied using Cell Counting Kit-8 (CCK-8)
and DNA dye Hoescht 33258. Briefly, A549 cells were first
seeded into 96-well culture plates (5000 cells/well) and 96-well
opaque plates (3000 cells/well) with 0.1 mL of cell culture
medium for CCK-8 and DNA assays, respectively. After cell
culture of 24 h, the cell culture medium was removed and
replaced with micelle solution in 0.2 mL of cell culture medium.
The cells were further incubated for 4 h, and then the drug
containing medium was removed, and control growth medium
was added. Since A549 NSCLC cells overexpress NQO1,
dicoumarol (40 μM), a NQO1 competitive inhibitor, was used
to study the NQO1 specific cytotoxicity. The cell metabolic
activity was measured by CCK-8 immediately after 4 h
exposure to different micelles and washed with 0.2 mL of

Table 1. PEG−PLA Micelle Formulations Encapsulated with
PTX, LPC, or LPC/PTX Combinations

micelle
system

LPC/
PTX
molar
ratioa

theoretical LPC
weight

percentage
(wt %)a

theoretical total
drugs weight
percentage
(wt %) abbreviation

black
micelle

N/A N/A N/A BM

PTX micelle N/A N/A 10 PM
LPC micelle N/A 10 10 LM
3:1
LPC/PTX
micelle

3:1 9.1 18 3L1PM

2:1
LPC/PTX
micelle

2:1 8.3 25 2L1PM

1:1
LPC/PTX
micelle

1:1 7.7 31 1L1PM

aN/A, not applicable.
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PBS per well, and the results were obtained by a microplate
reader (Molcular Devices, SpectraMax Plus 384, US). Cells
were allowed to grow for an additional 7 days, and then their
DNA content was determined by fluorescence of DNA dye
Hoescht 33258 on PerkinElmer EnVision machine (Waltham,
MA), adapting a method by Labarca and Paigen.35 Data were
expressed as means ± STD relative growth and graphed as
treated/control (T/C) values from six wells per treatment.
Similarly, relative survival of four pancreatic cancer cells after

exposed to different drug solutions (DMSO) was studied using
CellTiter-Glo (CTG) assay kit (Promega). Briefly, pancreatic
cancer cells were seeded to 384-well white plate (600 cells/well,
3 wells/group) with 27 μL of cell culture medium. After 24 h,
the cell culture medium was removed and replaced with
different drug solutions mixed with cell culture medium. Cells
were further incubated for 48 h and then equilibrated at room
temperature for 30 min. Thirty microliters of the CellTiter-
GloReagent was added to each well in the 384-well plate. After
cell lysis, all the plates were allowed to incubate at room
temperature for 10 min to stabilize luminescent signal. Data of
relative survival were recorded luminescence with EnVision
2104 Multilabel Reader. All data were calculated IC50 by using
GraphPad Prism 5 software.
Combination index (CI) analyses were performed using

CompuSyn software (Version 1.0, CompuSyn Inc., U.S.) based
on a method reported by Chou and Talalay.36 CI and Fa-CI
(Fa is the fraction of affected cells) plots for PTX and LPC
were calculated according to the User’s Guide of CompuSyn
1.0. By this calculation, CI = 1 indicates additive effect in the
absence of synergism or antagonism, CI < 1 indicates
synergism, while CI > 1 indicates antagonism.

3. RESULTS AND DISCUSSION
3.1. Crystallization Propensity of LPC. As shown by the

chemical structure of LPC (Figure 1A), LPC molecules could
form intermolecular interaction through the π−π stacking
between their naphthoquinone rings, as well as through a
weaker C−H···O hydrogen-bonding,37 and crystallize very
rapidly.
Morphologically, LPC is a needle-like crystal at room

temperature with intense and characteristic yellow to orange
color (Figure 2A). After melted at 170 °C by a DSC, the
molten LPC rerecrystallized extremely fast upon cooling and
the recrystallization process completed within 1 min once the
temperature decreased below ∼120 °C and formed spherulitic
crystal structure (Figure 2B). The recrystallization behavior
during cooling can be used as an indicator as the crystallization
tendency of the drug. Drugs that completely crystallize at
cooling from melt are usually considered as fast crystallizers.38

Furthermore, the recrystallization of LPC occurred so fast that
a conventional DSC could not even respond fast enough to
record this exothermic heat exchange event (∼130−120 °C) as
a peak but as a narrow loop (Figure 2C). The extremely fast
crystallization tendency is the major reason causing physical
instability of the LPC in the PEG−PLA micelles.
3.2. Physical Interaction between LPC, PTX, and PLA.

Considering the chemical structure of PTX and LPC, we
hypothesize that PTX might be able to inhibit the molecular
mobility of LPC and thus the crystallization of LPC, due to the
possibility of H-bonding formation between the PTX −OH
groups and the LPC -CO groups, as well as the possible π−π
interaction between the benzyl rings of the two different
molecules. To confirm the existence of these intermolecular

interactions, the physical interaction between LPC and PTX
was investigated by thermal analysis, 1H NMR, and FT-IR.
The extent of melting point depression of a crystalline

substance in the presence of another amorphous material is an
indication of the strength of the intermolecular physical
interaction.39,40 With stronger attractive interaction between
two molecules, the mixing between them becomes more
favorable (i.e, more negative free energy of mixing); thus, the
dissolution of certain amount of crystalline drug (LPC in this
case) in another amorphous material (PTX or PLA in this case)
could occur at a lower temperature.38,41 Shown in Figure 3,
panel A, the extent of LPC melting depression, that is, the gap
between Tend of a LPC/PTX mixture and the Tonset of LPC,
increases with the increase of PTX percentage. More
quantitatively, the Flory−Huggins interaction parameter (χ)
between LPC and PTX could be calculated using a reported
method.38,41 The calculated χ value between LPC and PTX is
−0.01, a negative value that indicates attractive intermolecular
interaction. In comparison, we concluded that the hydrophobic
PLA core of the PEG−PLA micelles, which directly contact
with the encapsulated LPC molecules, does not interact
strongly with LPC. This was demonstrated by the less extent
of melting depression of LPC by PLA, compared with that by
PTX (Figure 3B), as well as a positive Flory−Huggins
interaction parameter between LPC and PLA at 0.11, an
indication of the absence of attractive interaction between the
two. In summary, the above thermal analysis demonstrated that
in the solid state, PTX strongly interacts with LPC and thus
could inhibit its crystallization. This effect could improve LPC
drug encapsulation within the PEG−PLA micelle, whereas the
PLA segments within the micelle core are not effective
crystallization inhibitors for LPC (as observed earlier26 and in
this work).

Figure 2. (A) LPC crystals under polarized light microscope. (B)
Molten LPC recrystallized within 1 min after cooling below the
recrystallization temperature (∼120 °C) at 10 °C/min cooling rate.
(C) The DSC curve of the melting and recrystallization of LPC.
Because of the extremely fast LPC crystallization rate, the
recrystallization event appears to be a narrow loop (heating and
cooling rate of DSC: 10 °C/min).
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For 1H and 13C NMR analysis, the LPC/PTX interaction
was investigated at the molecular level (Figure 4A and Table 2).
In Figure 4, panel A, with the addition of PTX into the LPC
solution, the LPC H14 chemical shift changed substantially to
the upfield, and the extent of shift was proportional to the
LPC/PTX molar ratio (i.e., 1L1P > 2L1P > 3L1P > LPC). Also,
the addition of PTX significantly shifted C16 to downfield (Δδ
= +0.19, listed in Table 2). On the other hand, the existence of
LPC significantly influenced the benzene ring, −NH, and −OH
groups of PTX. The PTX peaks of C1′, C10 AcO CO, N3′Ph
CO, C3′NPh-i, C3′NPh-p, C3′Ph-m C3′NPh-m, C3′Ph-p,
C2Ph-I, C4, C7, C13 shifted to upfield, and C12, C3′Ph-i, C2′,
C13 to downfield. This result indicates the formation of H-
bonding or π−π interaction between LPC and PTX, which
inhibits the crystallization of LPC.
FT-IR analysis (Figure 4B) showed peak 1369 cm−1 shifted

to 1371 and 1176 cm−1 shifted to 1173 cm−1 of LPC. The peak
centers 1369 and 1176 cm−1 are the group of C−O−C in LPC.
The FT-IR result indicated that the C−O−C group interacts
with some groups of PTX, which was proved by NMR study.
3.3. PTX Inhibits LPC Crystallization in Aqueous

Solution. We observed that PTX not only significantly
inhibited LPC crystallization in the dry state, but also in the
aqueous environment. As shown in Figure 5, panel A, an
oversaturated (∼14-times of solubility) amount of LPC was
introduced into PBS buffer either as a single drug or together
with PTX. The presence of PTX in PBS buffer solution can

significantly prolong the supersaturation of LPC, which
otherwise can only be maintained for a much shorter period.
The existence of PTX clearly hindered the crystallization of
LPC, as the precipitated LPC showed: without the presence of
PTX, LPC crystallized into large, needled sharp single crystals

Figure 3. DSC analysis of LPC melting depression in the presence of
amorphous PTX or PLA. (A) DSC traces of the melting of LPC
crystals in the presence of different weight percentage of amorphous
PTX (heating rate: 1 °C/min). (B) Melting of LPC in the presence of
PTX or PLA. The melting onset was used as the melting temperature
of the pure LPC crystal, and the melting end set was used as the
melting temperature of LPC in the presence of PTX or PLA (n = 2,
average value reported).

Figure 4. (A) 1H NMR spectra of LPC/PTX at different molar ratios,
that is, 3:1 (3L1P), 2:1 (2L1P), and 1:1 (1L1P), in CDCl3. The
chemical shift of 7.26 ppm from CDCl3 as reference signal. (B) FT-IR
spectra of LPC, PTX, and LPC/PTX solid mixtures (1:1 molar ratio,
1L1P) prepared by solvent evaporation. Arrows indicate shifts of the
wavenumbers.

Table 2. Change of 13C NMR Chemical Shifts (Δδ 13C) of
LPC and PTX in CDCl3 Solution Compared with the Pure
Drug Solution at the Same Concentrationa

Δδ 13C Δδ13C

carbon number LPC carbon number PTX

C16 0.19 C1′ −0.13
C10 AcO CO −0.14
N3′Ph CO −0.21
C12 0.15
C3′Ph-i 0.15
C3′NPh-i −0.33
C3′NPh-p −0.28
C3′Ph-m C3′NPh-m −0.28
C3′Ph-p −0.26
C2Ph-i −0.33
C4 −0.24
C2′ 0.12
C7 −0.29
C13 −0.37
C3′ 0.18

aThe chemical shift of 77.16 ppm from CDCl3 as reference signal.
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with >10 μm in width and tens of μm in length (Figure 5B),
while with the presence of PTX, no large size LPC single
crystals with perfect needle sharp morphology could be
observed (Figure 5C). The results clearly showed that the
crystallization of LPC was significantly disrupted by PTX.
It is worth noting that in the research area of amorphous

drug−polymer solid dispersion for oral bioavailability enhance-
ment of poorly water-soluble drugs, it is well-known that drug
supersaturation could be prolonged in aqueous solution by
various water-soluble polymers, such as hydroxypropyl

methylcellulose acetate succinate (HPMC-AS), polyvinylpyrro-
lidone vinyl acetate (PVP-VA), polyvinylpyrrolidone (PVP),
etc., which form H-bonding, dipole−dipole interaction, or other
intermolecular interactions with the drugs.42 However, these
polymers are not used in FDA approved intravenous injection
products at any substantial level. In the current study, PTX
serves a similar role as these polymers to physically inhibit LPC
crystallization and to improve drug encapsulation, yet PTX has
its second role as a pharmacologically active anticancer agent,

Figure 5. (A) Supersaturation profiles of LPC in the presence (0.5 mg/mL) and absence of PTX in PBS (PH = 7.4) at 37 °C. (B) SEM image of
pure LPC. (C) SEM image of the precipitated LPC in the presence of PTX (0.5 mg/mL) in PBS.

Figure 6. (A) Visual appearance of the micelle solutions. (B) TEM images of the micelles. (C) Particle size distribution of different micelles
measured by dynamic light scattering (DLS).
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which acts synergistically with LPC against NQO1 over-
expressing cancer cells, as discussed later.
3.4. Physical Characterization of Various Drug

Encapsulated PEG−PLA Micelles. We prepared various
PEG−PLA micelles loaded with PTX, LPC, and different ratios
of LPC/PTX to confirm the effect of PTX to improve the LPC
encapsulation efficiency.
The visual appearance, TEM morphology, and particle size

distribution of different drug encapsulated micelles are shown
in Figure 6A−C, respectively. The pure PTX micelle (PM,
Figure 6A) is colorless, while pure LPC micelle (LM, Figure
6A) with ∼0.085 mg/mL concentration is orange. The LPC
encapsulation within the PEG−PLA micelles improved
significantly with the increase of LPC/PTX ratio, as shown
clearly by the increased color intensity of the LPC/PTX
coencapsulated micelles. On the basis of the visual comparison,
a LPC/PTX molar ratio about 3:1 (3L1P) could substantially
increase LPC encapsulation efficiency and increase the
concentration of micelle solution (Figure 6A). Inspected by
TEM, all drug-loaded micelles appear to be spherical
nanoparticles with particle sizes range from 40−70 nm (Figure
6B). Their particle size distribution was analyzed by dynamic
light scattering and compared in Figure 6, panel C. The particle
size distribution of LPC/PTX coencapsulated micelles
appeared to less uniform in particle size compared with the
pure LPC and PTX micelles, although they remained
monodisperse and are within a small size range (mostly
under 50 nm). The size of these nanoparticles fell into the
reported optimal size range of nanomedicine43 for solid tumor
drug delivery, presumably by the EPR effect.44

To confirm the core−shell structure of the micelles with drug
encapsulated within the hydrophobic inner core, LPC
encapsulated and PTX encapsulated micelles were dissolved
in CDCl3, while LPC/PTX coencapsulated micelles were
dissolved in both CDCl3 and D2O, and their 1H NMR spectra
were collected and compared (Figure 7), similarly as a
previously reported methodology.26 The 1H NMR spectra of
the CDCl3 micelles solutions showed all the resonance peaks of
the encapsulated drugs and PEG−PLA polymer between 6.0
and 8.0 ppm, while the D2O micelle solution of the LPC/PTX
micelle with same concentration showed no drug or polymer

peaks within the same chemical shift region, indicating the
absence of free polymer or free drugs in the D2O solution. This
1H NMR analysis result, together with the TEM pictures,
jointly confirmed the core−shell structure of the drug
encapsulated micelles with drugs contained in the hydrophobic
inner core.
Table 3 listed the key formulation parameters of various

micelles. The pure LPC micelle (LM) only has a drug loading
density of 1.3% and drug loading efficiency of 11.7%, while the
1:1 LPC/PTX coencapsulated micelle (1L1PM) has a total
drug loading density of 33.2% and almost 100% drug loading
efficiency for both drugs. This represents a ∼26-fold increase in
the total drug loading density, or ∼13-times increase in the
LPC loading density in the micelles. We also observed that the
particle size distribution and the micelle drug concentration of
LPC/PTX coencapsulated micelles (2L1PM, 1L1PM) re-
mained constant within 48 h. Overall, 3L1PM, 2L1PM, and
1L1PM yielded more stable polymer micelles with higher LPC
content compared to LM. The much increased LPC loading, as
well as the synergistic effect with PTX (discussed later),
resolved the formulation difficulty in intravenous delivery of
this promising anticancer agent and made any future in vivo
evaluation and formulation development possible.

3.5. In Vitro Drug Release of the Polymeric Micelle
Systems. Coencapsulation of different drugs into the micelles
could alter the hydrophobicity of the inner core of the
nanoparticles and the self-assembly behavior of the micelles.
The existence of molecular interaction between the coloaded
drugs, as well as that between the drug and the polymer, could
also influence the release kinetics of both drugs from the
micelles and cause different pharmacokinetic behavior. The
release kinetics is critical for the combination micelles to
achieve synergistic anticancer effect in vivo because the optimal
synergy of any drug combination is dose ratio and dosing
sequence dependent.45 To understand the release kinetics of
LPC and PTX from different combination micelles, we
compared the drug release kinetics from PTX, LPC, and
combination (1L1PM and 3L1PM) micelles in PBS (PH = 7.4)
and 1 M sodium salicylate, a release medium that provides a
better sink condition for hydrotropic drugs.34

In PBS (Figure 8A), LPC released similarly from the
combination micelles as from the single agent micelles, with a
release t1/2 (i.e., time that 50% drug release) of ∼5 h. As a
hydrophobic drug (LogP ≈ 3.0), PTX did not show detectable
release from the PM and 1L1PM within 20 h in PBS. Two
factors could have contributed to the much faster LPC release
compared with PTX: first, the solubility of LPC is roughly two
orders of magnitude higher than that of PTX, which could
certainly increase it release rate; second, as a molecule that does
not interact with PLA strongly (Figure 2B), there is no
sufficient molecular interaction within the drug/PLA hydro-
phobic core to delay its release. In contrast, with the abundant
functional groups and more complex three-dimensional
configuration of PTX, there are more opportunities for PTX/
PLA molecular interaction. Together with a much lower
solubility, the slower PTX release is conceivable.
Interestingly, the PTX release rate was accelerated by the

coencapsulation of LPC: about ∼18% of PTX released from the
LPC/PTX combination micelles (3L1PM) after 18 h in PBS
(Figure 8A) and about 50% of PTX released from the LPC/
PTX combination micelles at 3:1 molar ratio (3L1PM) after 3 h
the 1 M sodium salicylate solution (Figure 8B, compared with
PTX from the pure PTX micelle). Without a definitive

Figure 7. 1H NMR spectra of the polymeric micelles. (a) PM in
CDCl3. (b) LM in CDCl3. (c) 3L1PM in CDCl3. (d) 3L1PM in D2O.
The absence of NMR peaks of either PTX or LPC in panel d indicates
that the majority of the drugs were encapsulated within the polymer
micelles.
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molecular mechanism, we hypothesize that the existence of
LPC might have replaced the stronger PTX−PLA interaction
with a weaker PTX−LPC interaction. Also, without a decrease
of PTX loading (10%) within the PLA core, coencapsulation of
another equal amount of LPC certainly will increase the free
energy of the hydrophobic core, thus to increase the PTX
release rate. The release t1/2 of PTX from either the
combination micelles (3L1PM) and single agent micelles
(PM) was ∼3 h, while 100% LPC released from combination or
single agent (LM) micelles within 1 h. In the more stable
micelle system (1L1PM), although both of the drugs released
slower than them in 3L1PM, LPC still released fast in both of
the two different release medium systems (Figure 8).
Apparently, regardless of the release conditions, PTX always
released slower than LPC from the coencapsulated micelles,
presumably due to its much lower solubility and stronger
molecular interaction with PLA. This could be pharmacolog-
ically beneficial due to the fact that LPC induces delays in the

G1/S phase, and PTX induces G2/M arrest of cancer cells. The
different enhanced effects on cycle checkpoints can recruit
more cancer cells into checkpoint-mediated apoptosis.31 The
LPC/PTX combination of two stage release profiles from single
nanoparticle could impose tumor killing by dynamic rewiring of
signaling pathways to enhance synergistic tumor cytotoxicity
effect.46

3.6. In Vitro Cytotoxicity of LPC/PTX Combination
against NQO1 Overexpressing NSCLC and Pancreatic
Cancer Cells. First, we studied the time-dependent and dose-
dependent cytotoxicity of LPC/PTX combination against A549
cells, a NQO1 overexpressing NSCLC cell line, using the CCK-
8 assay to rapidly measure the cell cytotoxicity of different
micelles. The cytotoxicity of PTX in PM and 3L1PM was not
observed in the assay because of two potential reasons: (1)
PTX released slowly from the micelles (Figure 8), and (2) the
cytotoxic action of PTX against A549 cells is relatively slow.
After a 4-h cell treatment, the LPC micelle (LM) or the LPC/
PTX combination micelle (3L1PM) both displayed similar
cytotoxicity against the A549 cells (Figure 9A). Figure 9, panel
A suggested that LPC released fast from 3L1PM micelles and
can quickly produce cytotoxicity against NQO1 overexpressing
cancer cells. The result was consistent with our in vitro release
study. To confirm the NQO1 specific cytotoxicity of LPC/PTX
micelle toward the A549 NSCLC cells, we used dicoumarol (40
μM), a NQO1 competitive inhibitor, to inhibit the enzyme
function of NQO1. Obviously, the cytotoxicity of LPC micelle
(LM) toward A549 cells was significantly decreased when DIC
was added (Figure 9). In contrast, since the cytotoxicity of PTX
toward A549 is not NQO1 specific, we observed little
difference in PTX cytotoxicity toward A549 cells with (PM
DIC) or without (PM) the presence of DIC.
To investigate the long-term survival of A549 cells after the 4

h exposure to different micelle formulations, the cells were
cultured for an additional 7 days with fresh cell culture medium.
After 7 days, the relative cell survival in the PM, 3L1PM, panels
appeared to be much lower than the LM panels (Figure 9B).
The IC50 values of LM, PM, and 3L1PM for A549 cells were
4.5, 0.32, and 0.16 μM, respectively, calculated by GraphPad
Prism5 based on the DNA assay data. Because PTX is a much
more cytotoxic agent (IC50 = 0.32 μM) for the A549 cells
compared with LPC (IC50 = 4.5 μM), the observed A549 cell
survive curve with the application of 3L1PM appears to be
relatively close to that of pure PTX micelles (PM). However,
the calculated IC50 value of the combination micelle (3L1PM)
was 0.16 μM, much lower than that of PM. Furthermore, the
calculated combination index (CI) value between LPC and
PTX in the A549 cytotoxic study was less than 1, indicating
cytotoxic synergistic effect between LPC and PTX in the A549
NSCLC cells (Figure 9C).

Table 3. Formulation Comparison between Different PEG−PLA Micelles (n = 3). Stability of the Polymer Micelles Was
Monitored by DLS

micelle
samples

theoretical total drugs
loading density (wt %)

micelle size
(nm) polydispersity

LPC loading
efficiency (%)

total drugs loading
efficiency (%)

total drugs loading
density (wt %)

stability (h)
at 25 °C

stability (h)
at 4 °C

PM 10 46.4 ± 1.7 0.13 ± 0.03 N/Aa 102.6 ± 1.0 10.2 ± 0.4 ∼6 ∼24
LM 10 40.8 ± 1.8 0.08 ± 0.01 11.7 ± 2.4 11.7 ± 2.4 1.3 ± 0.4 ∼12 ∼24
3L1PM 18 49.1 ± 0.6 0.09 ± 0.01 82.1 ± 9.9 95.6 ± 8.4 17.2 ± 0.4 ∼12 ∼24
2L1PM 25 58.9 ± 2.2 0.16 ± 0.02 100.1 ± 3.1 100.9 ± 4.2 26.7 ± 0.6 ∼12 ∼48
1L1PM 31 63.1 ± 2.4 0.15 ± 0.01 100.7 ± 2.2 100.3 ± 3.0 33.2 ± 1.0 ∼24 >48

aN/A, not applicable.

Figure 8. In vitro PTX and LPC release kinetics from the micelle
formulations. (A) Drug release kinetics in PBS at 37 °C with gentle
stirring. (B) Drug release kinetics in 1 M sodium salicylate at 37 °C
with gentle stirring.
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Pancreatic cancer currently is the fourth death causing cancer
in United States and is expected to be second in several years,
only after lung cancer,47 due to the many reasons including lack
of effective therapeutics.48,49 Since pancreatic cancer cells also
significantly overexpress NQO1,9 it is plausible to evaluate the
cytotoxicity of the LPC/PTX combination against pancreatic
cancer cells. Here, we investigated the cytotoxicity of LPC/
PTX combination against four different human pancreatic
cancer cells with high overexpression of NQO150 (i.e., PANC-
1, MIA PaCa-2, Capan-1, and BXPC-3).
Interestingly, we observed that PTX is not an ideal

monotherapy against these pancreatic cancer cells. In none of

these four cell lines could PTX achieve a complete cancer
elimination even after >10 μM of PTX was introduced into the
cell culture. Followed by a sharp initial cell death upon the
addition of PTX, ∼40%, 50−60%, and ∼80% cells remained
alive in the PANC-1 or MIA PaCa-2 cells, the Capan-1 cell, and
the PXPC-3 cells, respectively. As reported, PTX is often not
sensitive enough to kill pancreatic cancer cells because
AURKA/STK15/BTAK gene that is involved in the regulation
of centrosomes and segregation of chromosomes is often
amplified and overexpressed in pancreatic cancer. This could
have diminished the cytotoxicity of PTX that impairs the G2/M
transition.51 In contrast, although LPC is not as cytotoxic as
PTX toward these cells at low drug concentration (<3 μM),
with the increase of LPC concentration, the cytotoxic effect of
LPC continued until complete cell death was achieved in all of
these four pancreatic cancer cell lines. Furthermore, the
combination of LPC and PTX (1L1P) showed significantly
lower IC50 values than either single agents, when used against
PANC-1, MIA PaCa-2, and Capan-1 (Figure 10, Table 4). The
IC50 values of the LPC/PTX micelles were 0.02, 0.03, and 0.45
μM, respectively, compared with 0.81, 1.25, and 2.23 μM of
LPC as a single agent, and 0.19, 0.07, and 4.91 μM of PTX as a
single agent (Table 4). The CI analysis also indicated strong
LPC/PTX cytotoxic synergy as the CI values are all much less
than 1 in these three cell lines. For BXPC-3 cells, 1L1P showed
similar cytotoxicity as the pure LPC, and there was no
significantly measurable synergy with PTX. This is not
surprising since PTX by itself has very minimal effect against
BXPC-3 cells.

4. CONCLUSION

Through the molecular interactions between LPC and PTX, we
successfully coencapsulated LPC, an extremely fast crystallizing
anticancer agent, with PTX into the PEG−PLA micelles with
significantly (>10 times) improved drug encapsulation
efficiency and drug concentration in the micelle formulation.
This approach has the potential to overcome the drug delivery
challenge to intravenously deliver a poorly soluble, yet fast
crystallizing drug with a stable and practically viable
formulation. This design does not require toxic excipients,
organic solvents, or tailor-synthesized new polymeric exci-
pients,23,52,53 which would certainly generate hurdles along the
potential future clinical translation.
Encapsulation of more than one drugs within the polymeric

micelles was previously reported to show potentials in
overcoming drug resistance and improve anticancer effi-
cacy.54,55 In this work, the LPC/PTX combination micelles
demonstrated a unique and strong pharmacological synergy
against multiple NQO1-overexpressing NSCLC and pancreatic
cancer cells. It is also worth noting that PTX has already been
used against NSCLC and pancreatic cancers in clinic.56−58 The
combination with LPC, a NQO1-dependent anticancer agent,
could bring a novel pharmacological mechanism into the
current PTX therapy. With the successful development of
LPC/PTX combination micelles, we are now ready to evaluate
their safety and antitumor efficacy against NSCLC and
pancreatic cancers. The in vivo evaluation of the combination
micelles in several NSCLC and pancreatic tumor models is
currently ongoing in our lab, and the results will be reported in
the near future.

Figure 9. Cytotoxicity of different micelles (LM, PM, 3L1PM) against
A549 NSCLC cells at indicated doses. Dicoumarol (DIC, 40 μM) was
used as a competitive inhibitor in the studies. (A) Cell viability with
CCK-8 assay after 4 h of micelles exposure. (B) Cell viability based on
DNA content with Hoescht dye 33258 after the cells were exposed to
different micelles for 4 h, followed by growth for an additional 7 days.
(C) CI analysis of the combination micelles.
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