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ABSTRACT

Synchronized bio-distribution of combination therapies has several merits such as synergistic
effects and reduced side-effects. Co-delivery of a protein and small molecule drug using a single
nanocarrier is challenging because they possess totally different characteristics. Herein, we
report the development of sophisticated nanoparticles composed of lipids, calcium carbonate and
RGD peptide ligands for the co-delivery of a protein and small molecule drug combination via a
simple preparation method. A ‘one-step’ ethanol injection method was employed to prepare the
highly organized nanoparticles. The nanoparticles exhibited a spherical shape with ca. 130 nm
diameter, and clearly had an integrated lipid layer covering the periphery. As a ligand, an RGD-
modified lipid was post-inserted into the nanoparticles, which was important to overcome the
‘PEG dilemma’. The pH-sensitivity of the targeted nanoparticles contributed to the efficient
intracellular co-delivery of a protein and drug combination in Colon26 tumor cells, and
noticeably improved their accumulation in the tumor region of xenograft mice. Synchronized
bio-distribution of the protein and drug was achieved, which was the foundation for the
synergistic effects of the combination. The targeting capability of the nanoparticles along with
their pH-sensitive drug release and the synchronized bio-distribution of their cargos led to the
significant antitumor activity of the SOD and paclitaxel combination in mice. This study
provides novel information for the design and preparation of functionalized nanoparticles for the

delivery of a protein/drug combination in vivo.
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1. Introduction

Combination therapies have been widely used as clinical treatments for many complex
refractory diseases [1,2]. Combination therapies such as chemotherapeutic mixtures, nucleic
acid-based gene therapies and bio-macromolecule-assisted strategies have shown to improve the
therapeutic outcomes, ameliorate side effects and overcome multi-drug resistance in cancer
treatments [3-5]. Despite the potential of improved clinical treatments from combination
therapies, the lack of proper drug delivery systems may not guarantee spatially and temporally
synchronized bio-distribution in vivo.

Currently, an increasing number of therapeutic proteins (such as insulin, monoclonal
antibodies, and chimeric proteins) are used in clinical treatments [6]. However, only a few
protein/small molecule drug combinations acting on multiple targets have been developed as
potential therapies. Compared with small molecule drugs, proteins possess specific folded three-
dimensional structures that make it challenging to maintain their activity during in vivo delivery.
Nanocarriers can be used to protect proteins from degradation and denaturation, and prolong
their systemic circulation time [7]. In theory, therapeutic proteins can act both outside and inside
of cells. For the development of protein/drug combinations, co-delivery systems are generally
prepared using drug-encapsulated nanoparticles with proteins inserted on the periphery so they
can act on the cell surface. For example, a membrane-associated cytokine TRAIL (tumor
necrosis factor-related apoptosis-inducing ligand) was attached outside of doxorubicin-loaded
graphene nanoparticles [8]. Monoclonal antibodies are widely used in such combinations as both
therapeutic units and targeting moieties by conjugation to the nanoparticles [9,10]. However,
single carrier nanoparticles encapsulating a drug/protein combination where both components

function in the cytosol has been rarely reported to date, while there are several examples of



sequential treatments including apoptin proteins/dacarbazine [11], apoptin
proteins/paclitaxel/etoposide [12], and caspase-3/flavopiridol [13] combinations. Because of the
major differences in the characteristics between biomacromolecules and small molecules,
including their molecular weight, water solubility and stability in solvents, it is more challenging
to co-encapsulate protein/drug combinations in single nanoparticles than small molecule drug
combinations.

Superoxide dismutase (SOD) is an antioxidant enzyme that catalyzes the reaction from
superoxide anion (O2") to hydrogen peroxide (H20>) thereby regulating the levels of reactive
oxygen species (ROS) [14]. Tumor cells with hyper-metabolism might generate abundant ROS
from the mitochondria and endoplasmic reticulum [15]. Under certain circumstances, the
elevated ROS levels promote cell growth. ROS can also induce apoptosis via proapoptotic signal
molecules [16]. Alexis ef al. found that the excessive H>O> in tumor cells with a high level of
ROS, such as Colon26 and Hepa 1-6 liver tumor cells, would surpass the concentration range of
ROS normally associated with proliferation and result in the inhibition of cell growth [17]. They
evaluated the growth inhibition effects of several combinations of SOD mimics and
chemotherapeutic drugs. Among them, SOD mimics and paclitaxel (PTX) combinations showed
a remarkable inhibition effect on the proliferation of Colon26 tumor cells. Therefore, we
formulated nanoparticles with a SOD/PTX therapeutic combination to study the inhibition of
colon tumor growth.

Electrostatic and hydrophobic interactions have been verified to contribute to the
formation of protein/lipid nanocomplexes from a structure-function relationship study [18].
Generally, the encapsulation of hydrophobic drugs into such lipid systems is based on

hydrophobic interactions and hydrogen bonding among drugs, lipids and proteins. Therefore, we



hypothesized that a mixture of a cationic lipid and a neutral lipid at a certain ratio would
simultaneously interact with lipophilic drugs and proteins, and subsequently form the
nanoparticle backbone.

To promote the endosomal escape of encapsulated cargos, calcium carbonate (CaCO3) is
widely used in nanoparticles for the delivery of drugs and genes [19]. Due to its inherent pH
sensitivity, CaCOj3 can be destroyed in the acidic environment of the lysosome and promote drug
release. Polyelectrolytes were reported to act as the template for the formation of CaCO3 via
electrostatic interactions with Ca*" ions [20]. In a previous study, we formulated a lipid-based
ternary system for a doxorubicin/curcumin combination therapy with a ‘one-step’ preparation
method based on ethanol injection [21]. In the nanoparticles, CaCO3 was encapsulated with the
help of polyacrylic acid, a polyelectrolyte, which served as a backbone. Because proteins are a
type of polyelectrolyte, they possess abundant anionic moieties, and thus in this study, the
nanocarrier was further improved to allow encapsulation of protein/drug combinations and
CaCO:. If proteins are dissolved in the water phase, they are expected to form complexes, not
spherical core-shell type nanoparticles. Therefore, to encapsulate proteins in the nanoparticles, it
is necessary to add the proteins to the ethanol phase. However, as proteins generally aggregate in
ethanol, optimization of the system is required to stably disperse the proteins in the ethanol
phase.

To deliver nanoparticles to specific tissues and cells, ligand modification is a rational
strategy. Recently, we have reported high functionality and quality (HFQ) lipids for the
preparation of ligand-targeted PEGylated liposomes and demonstrated the advantage of using a
serine-glycine repeats (SG)s spacer for efficient peptide ligand presentation on the liposomal

surface [22]. This technique is simple and versatile because HFQ lipids are post-inserted into the



liposomes. GRGDS (RGD) peptides are known to be selective ligands toward the a3 integrin
that is overexpressed on tumor neovasculature and tumor cells including those derived from
melanoma, prostate, breast, and colon cancers [23,24]. We developed HFQ lipids containing the

GRGDS (RGD) peptide (RGD-(SG)s-lipid) and succeeded in the more efficient delivery of

RGD-(SG)s/PEGylated liposomes to a colon tumor in mice compared with conventional RGD —

PEG2000/PEGylated liposomes [25]. In this study, the RGD-(SG)s-lipid was inserted into the
lipid-based CaCOj3 nanoparticles to provide them with a targeting capability. Due to their ability
to target both endothelial and tumor cells, the RGD moieties on the nanoparticles were expected
to enhance the accumulation of nanoparticles in the tumor region of a broad spectrum of cancers
and promote their cellular uptake.

Taking the above mentioned studies into account, we achieved the preparation of
PEGylated lipid-based protein/drug/CaCOs3 nanoparticles (LPDC) via a ‘one-step’ method. The
RGD-(SG)s-lipid was post-inserted into the nanoparticles (RLPDC) after optimization of the
ratios of lipids, proteins and CaCOs to obtain nanoparticles with a sophisticated structure. We
expected the nanoparticles to efficiently co-deliver both the protein and drug to tumor cells
(Scheme 1). Targeted RLPDC nanoparticles were selectively distributed to the tumor region and
promoted the intracellular delivery of the protein and drug. It was noteworthy that the
nanoparticles achieved synchronized bio-distribution in mice, which contributed to the inhibition
of tumor growth in vivo. Based on our evaluations, the results from this study provide useful
information for the simple preparation of sophisticated lipid-based calcium carbonate

nanoparticles.



2. Methods
2.1 Materials and reagents.

Egg phosphatidylcholine (EPC) and SOD (Cu/Zn type, 40,000 U/mL) were purchased
from Wako Pure Chemical Industries (Osaka, Japan). N-(Carbonyl-methoxypolyethylene glycol
2000)-1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE-PEG2000) and 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) chloride was obtained from NOF corporation (Tokyo,
Japan). PTX was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan). Bovine

serum albumin (BSA) was purchased from Sigma-Aldrich (St. Louis, MO, USA). BSA-

fluorescein isothiocyanate (FITC) was prepared according to a previously published report [26].
The RGD-(SG)s-lipid was synthesized based on a solid phase peptide synthesis method [25]. The
other inorganic chemicals were obtained from Nacalai Tesque (Kyoto, Japan). All organic
solvents of analytical grade were purchased from Sigma-Aldrich (St. Louis, MO, USA). Water
was prepared using a Direct-Q UV system (Merck Millipore, Merck KGaA, Darmstadt,

Germany).

2.2 Cells and animals.

The colon26 murine colorectal carcinoma cell line was obtained from RIKEN (Tokyo,
Japan). The RPMI 1640 cell culture medium was purchased from Wako Pure Chemical
Industries (Osaka, Japan).

Male ddY mice (25-27 g) and BALB/c mice (16—19 g) supplied by Japan SLC Inc.
(Shizuoka, Japan) were fed a standard laboratory diet and water, and were housed at ambient

temperature and humidity in air-conditioned chambers before the experiments. All animal



experiments were conducted in full compliance with the Guideline for Animal Experimentation

at Nagasaki University.

2.3 Preparation and optimization of RGD-(SG)s-lipid-inserted lipid/protein/drug/CaCOs
nanoparticles.

The preparation of nanoparticles with both encapsulated protein and drug was achieved
by a ‘one-step’ ethanol injection method. Briefly, 100 uL of BSA or SOD water solution (10
mg/mL) was mixed with 400 pL of propylene glycol (PG), 30 uL of Na,COj3 water solution (0.2
M), 800 pL of EPC ethanol solution (20 mg/mL), 160 pL of DOTAP ethanol solution (10
mg/mL), and 40 pL of PTX ethanol solution (2.5 mg/mL) or 1,1’-dioctadecyl-3,3,3°,3’-
tetramethylindodicarbocyanine perchlorate (DiD) ethanol solution (2 mg/mL) in sequence as the
ethanol phase. The water phase was prepared by blending 1.4 mL 25% glucose solution, 1.28 mL
DSPE-PEG2000 water solution (5 mg/mL), and 60 pL CaCl, water solution (0.2 M) and adjusted
with water to a final ethanol phase/water phase ratio of 1:4 (v/v). Both the ethanol phase and
water phase were stirred for 15 min before mixing. The ethanol phase was added to the water
phase dropwise with stirring. After 1 h stirring at room temperature, the solution was subjected
to centrifugal ultrafiltration using an Amicon Ultra-15 tube (MWCO 100 kDa, 4,830 x g for 20
min, Merck Millipore Ltd., Ireland) three times. The alcohols were removed during this process.
The suspension was replenished with 5% glucose to adjust the final volume to 1 mL.

The RGD-modified nanoparticles were prepared via a post-insertion method. After
preparation of the above nanoparticles, the RGD-(SG)s-lipid (4 mg/mL in 5% glucose) was
added dropwise to the nanoparticle suspension in a 60°C water bath at a weight ratio of EPC to

RGD-(SG)s-lipid of 12.5:1. The mixture was further incubated for 1 h, and the RGD-modified



nanoparticles were condensed using a centrifugal ultrafiltration tube in a similar fashion as
described above.

To evaluate the characteristics of the nanoparticles, different protein/drug combinations
were encapsulated. For the study of cellular uptake and bio-distribution, lipid/BSA-
FITC/DiD/CaCOs (LBDC) and RGD-(SG)s-lipid/BSA-FITC/DiD/CaCO3; (RLBDC)
combinations were prepared. To investigate the drug release behavior, a RGD-(SG)s-lipid/BSA-
FITC/PTX/CaCOs; (RLBPC) combination was prepared. For the evaluation of antitumor
efficacy, lipid/SOD/PTX/CaCO; (LSPC) and RGD-(SG)s-lipid/SOD/PTX/CaCOs3; (RLSPC)

combinations were prepared.

2.4 Determination of calcium ion concentration in the nanoparticles

The lipid/BSA/CaCOs (LBC) nanoparticles and the Ca?* ions indicator Fura 2 (Dojindo,
Kumamoto, Japan) were used to determine the encapsulated Ca?* ions in the nanoparticles. The
LBC nanoparticles were centrifuged using an Amicon Ultra-15 tube (MWCO 100 kDa, 4,830 x g)
for 30 min to separate the free Ca?* ions from the nanoparticles. For the determination of total Ca?*
ion concentration in the nanoparticles, 10 uL of LBC nanoparticles with 20 puL of 0.1 M HCI
solution were mixed and vortexed for 30 s. The mixed solution was sonicated for 10 min to release
the Ca?* ions from the nanoparticles completely. Then, 0.1 M phosphate buffer (pH 7.4) of 9.92
mL and Fura 2 of 50 pL were added to the mixture in sequence (the final volume, 10 mL). This
solution was vortexed for 30 s and incubated for 15 min at room temperature to guarantee the
combination between Ca?* ions and Fura 2. For the determination of free Ca?* ion concentration,

200 pL filtrate was used. According to the protocol, the fluorescence of each sample was measured



at Ex/Em of 340/510 and 380/510, respectively. The concentration of Ca?* ions were calculated as

follows:

[Ca?t ] =P1x

@)

R—P2
P3—-R

where R is the ratio of fluorescent intensity (F(340)/F(380)) of the sample, P1 is the correction
factor including dissociation constant, minimum and maximum fluorescence, P2 and P3 are the
ratio of fluorescent intensities for minimum (calcium-free) and maximum conditions (excess
calcium), respectively. P1, P2 and P3 were determined by curve fitting using the values of

calcium chloride solutions (1 to 40 uM) as standard.

2.5 Diameter, C potential and morphology of the nanoparticles.

A Zetasizer Nano ZS instrument (Malvern, UK) was used to detect the diameter,
polydispersity index (PDI) and { potential of the prepared nanoparticles. All nanoparticles were
diluted 4 fold with 5% glucose before analysis. The pH sensitivity of the nanoparticles was
investigated by examining the particle size detection. The LBDC combination was diluted 4 fold
with 0.01 M pH 7.4 HEPES buffer or 0.01 M pH 5.5 MES buffer and incubated for 3 h before
detection.

The transmission electron microscopy (TEM) study of the nanoparticles was achieved
using a negative staining method. Samples were absorbed to formvar film-coated copper grids
and stained with a 2% phosphotungstic acid solution (pH 7.0) for 30 s. The grids were observed
using a transmission electron microscope (JEM-1400Plus; JEOL Ltd., Tokyo, Japan) at an
acceleration voltage of 100 kV. Digital images were taken with a CCD camera (EM-

14830RUBY?2; JEOL Ltd., Tokyo, Japan).
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2.6 SOD activity under the nanoparticle processing conditions.

The activity of SOD is highly dependent on its structural complexity, making it difficult
to formulate the enzyme into nanoparticles. Thus, it is necessary to independently evaluate the
effect of the solution components, solvents and processing conditions on the activity of SOD and
thus, a SOD stock solution of 400 U/mL in water was prepared. The SOD solution and the other
components were added to a 1.5 mL microtube and incubated under various conditions (Fig. S1).
After incubation for a defined time, the activity of SOD was detected using a SOD Assay Kit
(Dojindo, Kumamoto, Japan). The absorbance was measured at 450 nm using a microplate
photometer (Multiskan™ FC, Thermo Fisher Scientific). The activity of SOD alone in solution
at 4°C (NO.1 sample) was set as 100% and the activity of each sample was expressed as a

normalized value using sample NO.1 as a control.

2.7 Drug content and encapsulation efficiency.

The encapsulated PTX and SOD were separately evaluated using high performance liquid
chromatography (HPLC) with a UV detector (SPD-10A, Shimadzu, Kyoto, Japan) and a SOD
Assay Kit (Dojindo, Kumamoto, Japan). For the determination of PTX, 20 pL of the
nanoparticles were added to 980 L methanol and sonicated for 15 min and then the solution was
analyzed at A = 230 nm using a mobile phase of water to acetonitrile at 40:60 (v/v). The content
of SOD was determined from its enzymatic activity. Briefly, 20 pL of the nanoparticles were
added to 980 uL 0.01 M pH 5.5 MES buffer and incubated in a 37°C water bath for 10 min.
After a 10 fold dilution using the dilution buffer from the detection kit, the absorbance was

measured at 450 nm.
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The quantitation of BSA-FITC and DiD (Thermo Fisher Scientific) was achieved using a
fluorescence spectrometer (RF-6000, Shimadzu, Kyoto, Japan). Twenty microliters of the
nanoparticles were added to 980 puL methanol and sonicated for 15 min. For the detection of
BSA-FITC, the solution was diluted 10 fold using 0.1 M pH 9.0 sodium carbonate buffer. The
ethanol was used to dilute the DiD 10 fold before detection. The excitation (Ex)/emission (Em)
wavelengths for BSA-FITC and DiD were 494/524 nm and 644/670 nm, respectively. The

encapsulation efficiency (EE) was calculated in accordance with the following equation:

EE (wt.%) = % x 100 )

2.8 pH-sensitive drug release.

RLBPC was prepared for the release study. The drug release behavior of BSA-FITC and
PTX was monitored using a centrifugal ultrafiltration method and a membrane dialysis
technique, respectively. The physiological environment and endosomal/lysosomal
microenvironment were simulated using 0.01 M pH 7.4 HEPES buffer and 0.01 M pH 5.5 MES
buffer, respectively. An aliquot of 0.1% Tween 80 was added to both media for the solubilization
of PTX. For the detection of BSA-FITC, 200 pL of RLBPC was added directly to 9.8 mL media.
In a shaking water bath at 37°C, 1 mL of solution was added to an ultrafiltration tube (MWCO
100 kDa) at certain intervals and centrifuged at 4,830 x g for 5 min. The flow-through solution
was diluted 5 fold with 0.1 M pH 9.0 sodium carbonate buffer and its fluorescence was measured
using a fluorescence spectrometer. For the detection of PTX, 200 pL. of RLBPC was placed into
a dialysis bag (MWCO, 12 kDa) and exposed to 10 mL media. In a shaking water bath at 37°C,
100 pL of medium was withdrawn at appropriate time intervals, and the same amount of fresh

medium was replenished. The amount of PTX was determined using HPLC.
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2.9 In vitro intracellular disposition and cellular association.

Colon26 cells were cultured in RPMI 1640 including 10% fetal bovine serum (FBS), 100
U/mL penicillin and 100 pg/mL streptomycin at 37°C, 5% CO; and 90% relative humidity. The
cellular uptake was observed using confocal microscopy (LSM710, Carl Zeiss Microimaging
GmbH, Jena, Germany). Briefly, the cells were seeded in glass dishes at a density of 1x10°
cells/dish and pre-incubated for 24 h. Then, BSA-FITC + DiD, LBDC and RLBDC (final
concentration of 14 nM of BSA-FITC and 0.88 nM of DiD) in RPMI 1640 medium (with FBS)
were incubated with the cells at 37°C. After 3 h incubation, the cells were washed with
phosphate-buftfered saline (PBS). LysoTracker® Red (Thermo Fisher Scientific) in RPMI 1640
medium (100 nM) was added. After 10 min incubation, the cells were washed with PBS, fixed
with 4% paraformaldehyde in PBS for 15 min, and washed again. DAPI (Sigma-Aldrich) in
RPMI 1640 medium (5 pg/mL) was added and incubated for 10 min before washing with PBS.
Two drops of Slow Fade Diamond® (Thermo Fisher Scientific) were added and the samples
were subjected to confocal microscopy.

For the quantitation of the cellular association of DiD, a fluorescence-activated flow
cytometer (LSRfortessa X-20, Becton Dickinson, USA) was used to detect the fluorescence. To
study the mechanism of cellular association, RGD-modified liposomes (RLipo) were prepared in
accordance with a previous report [25]. The cells were seeded in a 24-well plate at a density of
1x10° cells/well and pre-incubated for 24 h. For the control group, RLBDC (final concentration
of 14 nM of BSA-FITC and 0.88 nM of DiD) in RPMI 1640 medium (with FBS) were incubated
with the cells for 3 h. The excess amount of Rlipo (20 times the molar ratio in terms of the RGD-

(SG)s-lipid inserted in the RLBDC) were pre-incubated with the cells for 30 min, and then co-
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incubated with RLBDC at the same concentration of the control group for another 3 h. The cells
were washed with PBS, trypsinized and collected, then detected after resuspension in 0.5 mL of

PBS.

2.10 In vitro cytotoxicity.

The cytotoxicities of the nanoparticles and blank carrier lipid/CaCOs3 (LC) and RGD-
(SG)s-lipid/CaCOs3 (RLC) toward Colon26 cells were evaluated by the WST-8 assay (cell
counting kit-8, Dojindo, Kumamoto, Japan). The cells were seeded in 96-well plates at a density
of 1 x 10* cells/well. After 12 h incubation, free SOD, PTX, SOD + PTX, LSPC and RLSPC at
various concentrations were added to the wells. After 48 h incubation, the cells were washed
with PBS. Then, 10 pL of WST-8 in 100 uL RMPI 1640 was added to each well and incubated
for another 1 h. The absorbance was measured at 450 nm using a microplate photometer. Blank

wells and untreated cells served as negative and positive controls, respectively.

2.11 Determination of nanoparticle stability in FBS solution.

The LBDC and RLBDC were added to a PBS solution containing 40% (v/v) FBS and
incubated in a 37°C water bath. At defined time intervals, the samples were collected and
subjected to centrifugal ultrafiltration (MWCO 100 kDa) at 4,830 x g for 10 min. The solution of
the inner tube was adjusted to 1 mL with 5% glucose. The fluorescence of BSA-FITC and DiD
were detected according to the method in Section 2.6 (Drug content and encapsulation

efficiency).

2.12 Establishment of the tumor xenograft model.
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Male BALB/c mice were used to establish the tumor xenograft model. Colon26 cells (1 %
10° cells) were subcutaneously injected into the dorsal side on the back of the mice. The tumor
volume was measured by length (L) and width (W) with a vernier caliper. The tumor volume (V)

was calculated using the following equation:

V=2xLxW? 3)
2

2.13 In vivo bio-distribution of the nanoparticles.

The study was carried out on both the normal ddY mice and colon tumor xenograft
BALB/c mice. For the normal mice, free BSA-FITC + DiD and LBDC nanoparticles were
intravenously injected via the tail vein of ddY mice at a BSA-FITC dose of 1.92 mg/kg. For the
tumor xenograft mice, when the tumor volume grew to 100 mm?, free BSA-FITC + DiD, LBDC
and RLBDC were intravenously injected via the tail vein at a BSA-FITC dose of 3.84 mg/kg. At
specified time points, the mice were anesthetized using a drug mix (butorphanol, medetomidine
and midazolam). Blood was taken from the inferior vena cava and then the heart, liver, spleen,
lung, kidney and tumor were harvested and weighed.

Tissue optical clearing solutions were used to measure the intensity of fluorescence. For
the detection of FITC-BSA, SeeDBp (80.2% w/v fructose with 0.5% a-thioglycerol in PBS, pH
8.5 adjusted with 1 M NaOH) [27] was employed. Briefly, organs were homogenized with PBS
at 3 uL/pg for the liver and 6 pL/ug for the other organs. Blood was centrifuged at 1,500 x g for
15 min to recover the plasma. For the detection of BSA-FITC, 100 pL. homogenate and 50 uLL
plasma were mixed with 10 pL 5% glucose and incubated at 37°C for 30 min. Then the sample
was mixed with the SeeDBp solution (up to 500 uL) and vortexed for 30 s. For the detection of

DiD, 100 uL. homogenate solution and 20 pL plasma were mixed with 10 pL 5% glucose and
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incubated at 37°C for 30 min. Then the sample was mixed with 8 M urea/methanol (3:2) (up to
500 pL) and vortexed for 30 s. The final solutions were detected using a fluorescence
spectrometer. For the detection of BSA-FITC and DiD, the Ex/Em wavelengths were 494/524
nm and 644/670 nm, respectively. Standard curves of BSA-FITC and DiD were separately

prepared using blank organ homogenates and plasma spiked with BSA-FITC and DiD.

2.14 In vivo inhibition of tumor growth.

Tumor-bearing mice with a tumor volume around 100 mm?® were divided into three
groups (vehicle, free PTX + SOD solution, and RLSPC nanoparticle groups, n = 6). Free PTX +
SOD solution and RLSPC (at an equivalent dose of 0.5 mg/kg PTX and 13,000 U/kg SOD) were
intravenously injected via the tail vein every other day for five times. Glucose solution (5%) was
injected using the same volume as the control. The tumor size and body weight of the mice in
each group were recorded and the mice were euthanized by CO; inhalation when the tumor
volume >3000 mm?>. The tumor volume and body weight curves were plotted for time points up
to 20 days post treatment. The survival rate curve was calculated using data from mice prior to
death or before the tumor volume reached >3000 mm?. Endpoint for the additionally performed
experiments (the effect of RGD-modification, Fig. S5) was set to 2000 mm? due to the

consideration of animal welfare.

2.15 Statistical analysis.
The results are represented as the mean =+ standard deviation (SD) in vitro and mean +
standard error (SE) in vivo of at least three independent experiments. Significant differences

were identified using the Student’s t-test and one-way ANOVA followed by Bonferroni’s post
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hoc test. For survival analysis in the tumor xenograft mice, the Kaplan-Meier method was
utilized. To analyze the differences among the survival curves, a log rank test was performed.
Subsequent pairwise multiple comparisons were performed by the Holm-Sidak method. A P-

value of less than 0.05 was statistically significant.

3. Results and Discussion
3.1 Preparation and characterization of nanoparticles

‘One-step’ preparation of the PEGylated nanoparticles encapsulating both a protein and a
drug is the most attractive advantage of our co-delivery system. LBDC was used for
visualization and quantitation and LSPC was used for cytotoxicity evaluation both in vitro and in
vivo. In accordance with the results from our previous study of nanocarriers for combination
therapies [21], an ethanol injection method was applied to formulate the nanoparticles (Fig. 1A).
However, it was challenging to optimize the multiple prescription components with different
charge properties and hydrophilicity/lipophilicity to achieve successful preparation of the
nanoparticles using a ‘one step’ formulation. The weight ratio of neutral lipid to positive lipid
and lipid to protein, the concentration of CaCOs3 and the order of addition were all taken into
consideration during the development of the nanoparticles. Based on the size, PDI, {-potential
and drug encapsulation, the prescription was optimized. The stability of the nanoparticle skeleton
was dependent on the EPC to protein weight ratio, which was set to 8:1. The EPC to DOTAP
weight ratio was adjusted by balancing the hydrophobic and electrostatic interactions among
lipids and proteins as they influence the formation of the nanoparticles. At an EPC/DOTAP
weight ratio of 10:1, both the characteristics and drug encapsulation properties of the

nanoparticles were optimal. Although a high concentration of CaCO3 was desirable, it affected
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the stability of the nanoparticles. The total and free Ca®* ion concentrations in the LBC
formulation were 5.04 + 0.57 mM and 0.48 + 0.05 mM, respectively. So, 90.5% of Ca?* ions
were encapsulated in the nanoparticles, indicating the formation of CaCOs. The theoretical total
concentration of Ca?* ions was 6 mM. Thus, 16% of the Ca?* ions were lost during the
preparation of the nanoparticles, especially during the removal of alcohols by centrifugal
ultrafiltration. The final nanoparticles were observed using TEM (Fig. 1B) and characterized
(Fig. 1C, D). A sophisticated spherical nanoparticle was observed with a diameter of
approximately 130 nm by TEM, a value that corresponded to the measurements from dynamic
light scattering (Fig. 1C). The 6.5 nm width of the outside layer on the periphery of nanoparticle
indicated a lipid bilayer (Fig. 1B). Insertion of the RGD-(SG)s-lipid targeting moiety generated
slightly condensed nanoparticles and charge reversal was observed after insertion for both
RLBDC/LBDC and RLSPC/LSPC (Fig. 1D), indicating the successful insertion of the RGD-
(SG)s-lipid with a net positive charge.

During the preparation, the protein was added to the ethanol phase. In general, proteins
precipitate in ethanol and lose their activity. Here, we found the utilization of PG at a weight
ratio of PG to protein of 400:1 played a key role as a co-solvent and helped the protein to
become stably solubilized in the ethanol phase. Although the solubility of CaCl; in ethanol
contributed to the successful formation of our previous LPCCD nanoparticles (lipid/polyacrylic
acid/CaCOs/curcumin/doxorubicin) [21], the precipitation of proteins was unfortunately
observed in the presence of CaCly. Interestingly, the addition of Na;COjs to the ethanol phase
improved the solubility of the proteins. Thus, the order of CaCl, and Na,CO3 addition was
successfully switched in this study (molar ratio of Ca?>": COs?" = 2:1) and thus, the order of

addition in the ethanol phase was concluded to impact the compatibility of the components. The
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interactions between the PG and proteins prior to mixing with EPC prevented the precipitation of
proteins, which was induced by the promoted intramolecular and intermolecular hydrophobic
interactions. The increased pH resulting from the addition of Na,COs3 enhanced the electrostatic
interactions between the DOTAP and the proteins. Additionally, the high concentration of EPC
added prior to DOTAP interacted with the proteins via hydrophobic interactions, limiting the
potential co-precipitation of DOTAP and the proteins induced by electrostatic interactions.
Furthermore, preservation of SOD enzymatic activity was tested to determine the feasibility of
this preparation method. It was demonstrated that SOD possessed normalized activity in a range
of 85 to 110% under various preparation conditions (Fig. S1). Therefore, the high temperature
(60°C) and pre-mixing in the ethanol phase during the preparation of the nanoparticles did not
affect the SOD enzymatic activity. The BSA-FITC/DiD and SOD/PTX combinations showed
different encapsulation efficiencies in the nanoparticles, while no obvious difference was
observed in the encapsulation after RGD-(SG)s-lipid insertion into the nanoparticles (Fig. S2).
The small molecules DiD and PTX have similar content and encapsulation efficiencies in the
nanoparticles, whereas twice the encapsulation efficiency for BSA (about 60%) was detected
with respect to that of SOD. Taking isoelectric points of BSA (pI = 6) and SOD (Cu/Zn Type, pl
=4.95) into consideration, the strengths of electrostatic interactions of BSA and SOD with
cationic components DOTAP and Ca** ions might be similar because both proteins should
possess anionic charge at neutral or alkaline pH during nanoparticle formation. So, the different
encapsulation efficiencies might be attributed to the differences in the hydrophobic interactions
and/or the molecular weights of BSA (66.5 kDa) and SOD (Cu/Zn Type, 16.3 kDa), which may

affect the interactions of proteins with lipids and CaCOs.
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3.2 Verification of pH sensitivity

The pH sensitivity of the nanoparticles was verified by the size variation and release
behavior of cargos (Fig. 2). LBDC showed an obvious size enlargement from physiological
conditions (pH 7.4) to an acidic environment (pH 5.5) with slight changes to the PDI and {
potential (Fig. 2A). We hypothesized that the nanoparticles were formed on the basis of
electrostatic and hydrophobic interactions. In the acidic environment, the disruption of CaCO3
might break the balance of electrostatic interactions among the protein/DOTAP/Ca**/COs*
mixture. Decreased electrostatic attractions and increased repulsions likely led to the partial
dissociation of the nanoparticles, while the remaining hydrophobic interactions preserved the
morphology of the nanoparticles to some extent. Therefore, this suggested the LBDC might
swell as the pH decreased, however, the integrity of the nanoparticles was maintained. The
release behavior of the cargos from the nanoparticles further confirmed their pH sensitivity (Fig.
2B, C). BSA-FITC showed a robust pH-sensitive release pattern with a sharp release during the
initial 1 h reaching 40% of the total amount at pH 5.5 and around 80% cumulative release at 24
h. The decreased release rate of the protein after 1 h in both media might be attributed to the
remaining hydrophobic interaction and/or electrostatic interaction between BSA-FITC and the
lipids. The PTX release in pH 5.5 medium was slightly higher than that in pH 7.4 medium. So,
PTX in the nanoparticles might interact with CaCOs in part. The release rate of PTX was slower
than that of BSA-FITC. Because PTX is a lipophilic drug, this was probably due to the different

degree of interaction with CaCOs.

3.3 Cellular uptake and intracellular disposition
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Cellular uptake and intracellular trafficking of both BSA-FITC and DiD was analyzed
using Colon26 murine colon carcinoma cells. BSA-FITC was observed in only RLBDC-treated
cells (Fig. 3A). Because of the high lipophilicity of DiD, the membrane association and cellular
uptake of DiD in the free BSA-FITC and DiD combination was more impressive than that of
RLBDC (Fig. 3A). The intracellular localization of BSA-FITC and DiD from RLBDC with
reference to a lysosome marker are shown in an enlarged figure (Fig. 3B). Entrapped BSA-FITC
and intact RLBDC nanoparticles in the lysosome and RLBDC nanoparticles that escaped from
the lysosome were partially observed and indicated by their fluorescence signals as specified in
Fig. 3. Importantly, the released BSA-FITC and DiD that escaped from the lysosome/endosome
and reached the cytosol were clearly observed. The quantitation of RLBDC using flow cytometry
confirmed the mechanism of cellular association (Fig. 3C). The mean fluorescence intensity of
DiD in RLBDC was 7 times that of the group that was co-incubated with the RGD-(SG)s-lipid-
inserted liposomes (RLipo), indicating that the high concentration of RLipo competitively
inhibited the cellular association of RLBDC. This confirmed that the increased cellular
association of RLBDC was mainly attributed to integrin receptor-mediated endocytosis followed

by release of the cargos into the cytosolic compartment.

3.4 Cytotoxicity of the free combination and nanoparticles

The successful intracellular delivery of the drug/protein combination was further
evaluated by determining the cytotoxicity of the SOD/PTX combination. Blank carrier LC and
RLC showed no inhibition effect on the colon tumor cells even at the highest concentration of
EPC (Fig. 4A). Free SOD showed low cytotoxicity toward tumor cells even at the highest

concentration, while free PTX possessed higher cytotoxicity toward the colon tumor cells and
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was concentration dependent (Fig. 4B). The combination of SOD and PTX further improved the
inhibition effects. After encapsulation into the nanoparticles, LSPC partly impeded the
cytotoxicity of the combination therapy. Although no significant difference between RLSPC and
the free SOD + PTX group was observed at the high concentration, RLSPC exhibited the highest
cytotoxicity among all preparations, especially at moderate concentrations of SOD (5 U/mL) and
PTX (0.2 pg/mL). It was hypothesized that the long incubation time used in the cytotoxicity
study (48 h) facilitated the interactions and cellular uptake of the free drugs. The improved
cytotoxicity of the free combination and RLSPC compared with the single drugs verified the
synergistic effect of the SOD/PTX combination. The inferior cellular uptake and cytotoxicity of
LBDC was attributed to the high percentage of PEGylated lipid (DSPE-PEG2000) used in the
formulation of the nanoparticles. This suggested that the hydration layer constructed by the PEG
moiety on the periphery of the nanoparticles might inhibit the interactions with the cells due to
steric hindrance [28]. A targeting ligand is necessary to overcome the ‘PEG dilemma’. In this
study, the inserted RGD-(SG)s-lipid on RLBDC promoted the cellular uptake of BSA-FITC, and
the presence of CaCOs successfully led to endosomal/lysosomal escape and release of the cargos
to the cytosol (Fig. 3), resulting in higher cytotoxicity. Thus, insertion of the RGD ligand is a
promising strategy to overcome the limitations of PEG and improve the cellular uptake of the
nanoparticles.

To check the usefulness of the combination of SOD and PTX, the RGD-(SG)s-
lipid/SOD/CaCOs3 (RLSC) and RGD-(SG)s-lipid/BSA/PTX/CaCOs3; (RLBPC) nanoparticles were
prepared and the cytotoxicity was evaluated. The RLSPC possessed superior cytotoxicity to

Colon26 cells than RLSC and RLBPC, especially at high concentrations (Fig. S3).
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Although the free combination exhibited similar inhibition effects at the high
concentrations in vitro, the use of RLSPC might be more advantageous to overcome the barriers
for in vivo delivery. Given that the formation of the nanoparticles was primarily based on the
electrostatic and hydrophobic interactions between the proteins and lipids, the high concentration
of serum in the circulation might affect the stability of the nanoparticles. Evaluation of the
protein and drug leakage from the nanoparticles in the presence of FBS in vitro would provide
the foundation for further study in vivo. Both LBDC and RLBDC showed less than 20% leakage

of BSA-FITC and DiD in the presence of 40% FBS after 12 h (Fig. S4).

3.5 In vivo bio-distribution in both normal and tumor xenograft mice

Subsequently, a bio-distribution study was performed in both normal and tumor xenograft
mice. Following intravenous administration of BSA-FITC + DiD solution and LBDC to normal
mice, the plasma concentration and tissue accumulation of both BSA-FITC and DiD were
determined (Fig. 5). The plasma concentration of BSA-FITC in the LBDC group was slightly
higher than that in the free combination at each time point, while the concentration of DiD in the
LBDC group was 20 times higher than that in the free combination group. As a consequence, the
LBDC significantly increased the circulation time of DiD in vivo (Fig. SA and B). For
combination therapy, the realization of synergistic effects relies on efficient co-delivery of the
encapsulated components to the lesioned tissues [29]. Therefore synchronized bio-distribution of
cargos is the ultimate goal of nanocarrier delivery. Because the bio-distribution behavior of
macromolecules and small molecules are totally different [30], nanocarriers are preferred as a
drug delivery method to realize the synchronized bio-distribution of proteins and drugs in vivo.

The tissue to plasma (T/P) ratio was used to evaluate the synchronism. In the LBDC group (Fig.
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5C-E), the T/P ratios for both BSA-FITC and DiD were less than unity until at least 6 h after
injection, indicating that LBDC has a good blood circulation property. The T/P ratios of BSA-
FITC and DiD in the LBDC group were small, whereas the T/P ratios of BSA-FITC and DiD in
the free combination group (Fig. SF-H) were totally different. There were slight differences in
the T/P ratios between BSA-FITC and DiD in the LBDC group, possibly indicating the
degradation of BSA-FITC and/or the release of DiD from the nanoparticles. At 24 h, the
differences between the accumulation of BSA-FITC and DiD in organs in the LBDC group
slightly increased, probably due to the released cargos from the nanoparticles. The sufficiently
long blood circulation of both BSA and DiD in the LBDC group indicated that the targeting
capability of RLBDC was promising.

The targeting capability of RLBDC conferred by the inserted RGD-(SG)s-lipid was
verified by the high accumulation of BSA-FITC and DiD in the tumor region of colon tumor
xenograft mice after intravenous administration (Fig. 6). The low level of BSA-FITC in the
organs might be attributed to the long circulation profile of albumin and the nanoparticles.
Tumor accumulation of BSA-FITC in RLBDC group was slightly higher than those in free
combination and LBDC groups. High plasma concentrations of DiD were detected in the
nanoparticle groups. For the RLBDC group, the accumulation of DiD in the tumor region was
significantly higher than that of the free combination. Tumor accumulation of BSA-FITC in
RLBDC was 3.9 times higher than that in LBDC, while the difference in DiD accumulation
between RLBDC and LBDC was 1.6 times. So, both enhanced permeability and retention effect
[31] and ligand modification should play important roles to deliver the nanoparticles to tumor,
especially for the protein delivery. For protein delivery, endosomal escape is important to

prevent degradation in lysosomes. So, not only RGD modification, but also CaCO3; may
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contribute to the higher concentration of BSA-FITC in RLBDC group. The significant difference
detected between RLBDC and LBDC further demonstrated the promising anticancer efficacy of

the RGD-modified nanoparticle delivery system.

3.6 Evaluation on the inhibition effects of nanoparticles in vivo

Based on the results of the in vivo bio-distribution studies, the antitumor activities of the
free SOD + PTX and RLSPC nanoparticles were evaluated in the colon tumor xenograft mice
(Fig. 7). No mice died during the study and all the mice were euthanized when the tumor volume
reached more than 3,000 mm?. The free SOD + PTX combination postponed the steep increase
in tumor volume as indicated by the delay in the inflection point and slightly prolonged the
survival time compared with the control group although no significant difference was detected.
Alexandre ef al. demonstrated that the addition of SOD further increased the H2O: level in PTX-
treated tumor cells and enhanced the cytotoxicity in vitro [32]. However, in this study,
consecutive treatments of free SOD + PTX exhibited only slight inhibition effects during the
initial stage of tumor growth (Fig. 7A). RLSPC obviously outperformed the free combination in
terms of its tumor growth inhibition. The tumor volume curve for the RLSPC treatment was
nearly flat, showed no remarkable inflection point, and had the smallest tumor volume on the
20™ day post treatment. RLSPC also showed the longest survival time analyzed by the Kaplan-
Meier method (Fig. 7C and D). There was no significant difference in body weight among the
groups, indicating the low toxicity of RLSPC (Fig. 7B).

To test the necessity of RGD modification, the tumor inhibition effects of LSPC and
RLSPC nanoparticles were evaluated (Fig. S5). While the RLSPC nanoparticles exhibited the

antitumor activity again, the LSPC nanoparticles did not suppressed the tumor growth. So, RGD
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modification of the nanoparticles were essential for the antitumor activity of the nanoparticles
developed in this study.

Overall, the synchronized bio-distribution of the SOD/PTX combination and the targeting
capability to the tumor region conferred by the RGD-modified nanoparticles led to the marked

antitumor effect with low toxicity.

4. Conclusion

We designed novel RGD-modified pH-sensitive nanoparticles using lipids and CaCO3 for
efficient intracellular co-delivery of a protein/drug combination to treat tumors. The
nanoparticles can be prepared by a ‘one-step’ ethanol injection method. The self-assembled lipid
bilayer conferred the desirable protection of the condensed core in serum, which mimicked in
vivo circulating blood. Major destabilization occurred in an acidic environment through the
decomposition of CaCOs, which promoted the intracellular protein/drug release. Integrin-
receptor targeting via an RGD peptide improved tumor accumulation and cellular uptake in
tumor bearing mice. In addition, the nanoparticles possessed sufficient co-delivery ability in vitro
and synchronized bio-distribution of protein and drug in vivo. The RGD-modified nanoparticles
containing the protein/drug combination achieved promising tumor growth inhibition effects in
vivo. Hence, the results from this study provide the foundation for the development of a
sophisticated, functionalized and versatile nanoplatform for further advancement of targeted

protein/drug co-delivery systems.

Abbreviations: BSA, bovine serum albumin; DDS, drug delivery system; DiD, 1,1’-dioctadecyl-

3,3,3°,3 -tetramethylindodicarbocyanine perchlorate; DOTAP, 1,2-dioleoyl-3-
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trimethylammonium-propane; EE, encapsulation efficiency; Em, emission; EPC, egg
phosphatidylcholine; Ex, excitation; FBS, fetal bovine serum; FITC fluorescein isothiocyanate;
LBDC, lipid/BSA-FITC/DiD/CaCOs; LBPC, lipid/BSA-FITC/PTX/CaCOs; LC, lipid/CaCOs;
LPCCD, lipid/polyacrylic acid/CaCO3/curcumin/doxorubicin; LPDC, lipid/protein/drug/CaCOs3;
LSPC, lipid/SOD/PTX/CaCOs3; PBS, phosphate-buffered saline; PDI, polydispersity index; PEG,
polyethylene glycol; PG, propylene glycol; PTX, paclitaxel; RGD, arginylglycylaspartic acid;
RLBDC, RGD-modified LBDC; RLBPC, RGD-modified lipid/BSA/PTX/CaCO3; RLC, RGD-
modified LC; RLPDC, RGD-modified LPDC; RLSC, RGD-modified lipid/SOD/CaCO3; RLSPC,
RGD-modified LSPC; ROS, reactive oxygen species; SG, serine-glycine; SOD, superoxide
dismutase; TEM, transmission electron microscopy; TRAIL, tumor necrosis factor-related

apoptosis-inducing ligand.
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Scheme 1. Schematic illustration of lipid-based CaCO3 nanoparticles for tumor targeting and

pH-sensitive drug release of protein/drug combination therapies.
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Fig. 1. Properties of the nanoparticles encapsulating a protein/drug combination. (A)
Hypothesized structure of RLSPC nanoparticles. (B) Representative TEM image of a RLSPC
nanoparticle (scale bar 100 nm). (C) Diameter (blue bars) and PDI (orange dots) of the
nanoparticles. (D) C-potential of the nanoparticles. Each bar represents the mean + SD of at least

three experiments.
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Fig. 2. pH-sensitivity of the nanoparticles. (A) Size variation of LBDC after a 3 h incubation

with media at different pH levels. Drug release of (B) PTX and (C) BSA-FITC from lipid/BSA-
FITC/PTX/CaCO3 (LBPC) nanoparticles in 0.01 M pH 7.4 HEPES buffer and 0.01 M pH 5.5

MES buffer. For the detection of PTX, 0.1% Tween 80 was added to the media. Each symbol

represents the mean = SD of at least three experiments. Significant differences from the pH 7.4

group are represented as * P <0.05, ** P <0.01, *** P <0.001.
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Fig. 3. Intracellular distribution and cellular association of the nanoparticles. (A) Confocal
microscopy images of the intracellular distribution of BSA-FITC + DiD, LBDC and RLBDC 3 h
after incubation with the Colon26 tumor cells. Scale bar: 10 um. (B) An enlarged and merged
image of RLBDC. DAPI (nuclei, cyan), BSA-FITC (green), LysoTracker®Red (red) and DiD
(blue). Arrows, V-shaped markers and arrowheads represent BSA-FITC entrapped in
endosomal/lysosomal compartments (the yellow spots, co-localization of green and red),
nanoparticles entrapped in endosomal/lysosomal compartments (white spots, co-localization of
green, blue and red), and nanoparticles that escaped from endosomal/lysosomal compartments
(cyan spots, co-localization of green and blue), respectively. Green and blue spots represent
released BSA-FITC and DiD in the cytosol, respectively. Scale bar: 10 um. (C) Flow cytometry
for the cellular association of RLBDC and RLipo + RLBDC in terms of DiD. Mean fluorescent
intensities (MFIs) are expressed as the mean + SD of three experiments. The MFI of blank cells
was subtracted from each value. Significant differences from the RLipo + RLBDC group are

represented as *** P < 0.001.
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Fig. 5. Synchronized bio-distribution of BSA-FITC and DiD from nanoparticle delivery in mice.
Plasma concentration of (A) BSA-FITC and (B) DiD from free combination solutions and LBDC
in mice. The T/P ratios for BSA-FITC and DiD from (C-E) LBDC and (F-H) free combinations
in the heart, liver, spleen, lung and kidney 1 (C, F), 6 (D, G) and 24 h (E, H) after i.v. injection.
Each bar represents the mean = SE of at least three experiments. Significant differences from the

LBDC group are represented as * P < 0.05, ** P <0.01, *** P <0.001.
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Fig. 6. Bio-distribution of the nanoparticles in colon tumor xenograft mice. Plasma concentration

of (A) BSA-FITC and (C) DiD and accumulation of (B) BSA-FITC and (E) DiD in the heart,

liver, spleen, lung, kidney and tumor at 6 h after i.v. injection of the free combination, LBDC

and RLBDC nanoparticles. Each bar represents the mean + SE of at least three experiments.

Significant differences from the free combination are represented as * P < 0.05, ** P < (.01, ***

P <0.001. Significant differences from the LBDC group are represented as # P < 0.05. N.D., not

detected.
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Fig. 7. In vivo antitumor activity of the nanoparticles in colon tumor xenograft mice. (A) Tumor
volume, (B) body weight, (C) survival rate, and (D) mean survival time of mice after consecutive
injection of 5% glucose, free SOD + PTX and RLSPC nanoparticles. Each symbol represents the
mean =+ SE of at least six experiments. Significant differences from the 5% glucose group are
represented as * P < (.05, *** P <0.001. Significant differences from the free combination

group are represented as # P <0.05, ### P <0.001.
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