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Purpose: Therapeutic efficacy of pancreatic adenocarcinomas (PACs) with combined ther-
apy of carfilzomib (CFZ) and paclitaxel (PTX) co-loaded in human serum albumin (HSA)
nanoparticles (NPs) was examined.

Methods: CFZ and PTX were encapsulated individually or combined into HSA NPs by
a simple reverse self-assembly method developed to achieve an optimal combination ratio for
synergistic therapy. CFZ or/and PTX loaded HSA nanoparticles were physically character-
ized and the evaluation of combination index, drug release, pharmacokinetic, anti-tumor, and
biodistribution studies were conducted.

Results: All resultant drug-loaded HSA NPs were spherical with a particle size of <150 nm
and a zeta potential of —21.1~—23.0 mV. Drug loading rates and entrapment efficiencies were
9.1%~10.1% and 90.7%~97.1%, respectively. CFZ and PTX demonstrated synergistic effects
in an MIA PaCa-2 cytotoxicity at a 1:2 ratio (Clso were 0.01~0.25). In vitro dissolution
revealed that the CFZ/PTX ratio released from the co-loaded HSA NPs (CFZ/PTX/HSA
NPs) was about 1.77~2.08, which conformed to the designated loaded ratio. In vivo evalua-
tion showed that the combined therapy of CFZ and PTX at a 1:2 ratio co-loaded in HSA NPs
(CFZ/PTX/HSA NPs) demonstrated optimal synergistic improvement of the growth inhibi-
tion of MIA PaCa-2 cells with less systematic toxicity, even though the pharmacokinetic
profiles observed did not show obvious beneficial and their biodistributions in tumors were
found to be smaller.

Conclusion: The one-pot reverse assembly method developed was environmentally friendly
and capable of co-loading an optimal combination ratio of two chemodrugs into HSA NPs
for synergistic therapy.

Keywords: human serum albumin, nanoparticles, carfilzomib, paclitaxel, co-loading,

synergism

Introduction

Pancreatic adenocarcinomas (PACs) are relatively rare compared to other cancers and
represent only 3.2% of all new cancer cases in the US. Nevertheless, the average 5-year
survival rate for all stages of PAC is only 10.0% because PACs cannot be detected and
treated early. In general, the percent of cases and 5-year relative survival according to
various stages of PAC (localized, regional, distant, and unknown) at diagnosis were
reported to be 11% and 39.4%, 30% and 13.3%, 52% and 2.9%, and 7% and 6.1%,
respectively, showing that the earlier PAC is caught, the better chance a person has of
surviving 5 years after being diagnosed.' Gemcitabine (GEM) is the only approved
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first-line monotherapy for treating PACs. Unfortunately, it
still delivers unsatisfactory therapeutic outcomes in prolong-
ing progression-free survival (PFS) and overall survival (OS)
of patients with locally advanced and metastatic PAC.?

Combined therapy has become a major means to combat
cancer thanks to its primary advantages of increased efficacy
without, or with minimal, addictive toxicities at equal or
reduced administered doses. Multiple combination therapies
composed of GEM and different cytotoxic and biologic
agents have undergone clinical evaluations to examine the
therapeutic efficacies for patients at various stages of PAC
since 2002 as reported by Lei et al.> Among them, only the
combination regimen of GEM with either -erlotinib
(Tarceva™) or paclitaxel albumin-bound nanoparticles
(NPs) (Abraxane™) demonstrated significant improvements
in most clinical outcome parameters compared to GEM
alone, leading to the approval of both combination therapies
by the US Food and Drug Administration (FDA) as a first-
line combination therapy for patients with locally advanced
and metastatic PAC in 2015% and 2013, respectively. Despite
combination therapies having demonstrated improved out-
comes in patient survival and quality of life, the overall
improvement is still marginal, especially for patients diag-
nosed with late stages of the disease. There is still an urgent
need to generate effective strategies, new single agents, or
new combinations, to significantly improve clinical out-
comes for treating PACs.

Several studies support the proteasome being an effective
therapeutic target against PAC from the perspectives of high
heterogeneity and chemoresistance. By unraveling transcrip-
tomic predictive signature data by Fraunhoffer et al’
a subgroup of PACs sensitive to FDA-approved carfilzomib
(CFZ) was identified, and it was ultimately suggested to
repurpose CFZ for treating PACs.” Furthermore, proteasome
inhibitors (PIs), such as carfilzomib, can induce apoptosis in
PACs by inducing endoplasmic reticular (ER) stress, which
facilitates synergistic effects when combined with radiation
therapy or chemodrugs like camptothecin and paclitaxel.® It
was further disclosed that a combination of MG-132 (a PI)
and camptothecin at a ratio of 5:1 (2.5 umol/l MG-132: 0.5
umol/l camptothecin) provided promising results with
enhanced cytotoxicity compared to the single compounds
in MIA PaCa-2 cells, while that for the combination of
MG-132 and paclitaxel at the same 5:1 ratio but with lower
concentrations of 0.08 pmol/l MG-132 and 0.016 pumol/l
paclitaxel could moderately increase the cytotoxicity to
62% from 46% for paclitaxel alone at the same concentration
of 0.016 pmol/l as that in combination.” This potentially

suggests that a combination of PIs, such as CFZ with pacli-
taxel for treating PACs might be worth pursuing.

The poor biostability and short half-life of CFZ are con-
sidered major issues causing CFZ to perform with low effi-
cacy in patients with solid cancers because it is difficult for
CFZ to arrive at the proteasome in solid tumors.'*'! Polymer
micelles (PMs) composed of biodegradable block copoly-
mers poly(ethylene glycol) (PEG) and poly(caprolactone)
(PCL) were reported to improve the metabolic stability of
CFZ in vitro. However, despite the in vitro metabolic protec-
tion of CFZ, CFZ-loaded PMs or PEG-PCL-deoxycholic
acid (CFZ-PMs) did not display superior in vivo anticancer
efficacy in mice bearing human lung cancer xenografts
(H460) to that of the clinically used cyclodextrin-based
CFZ (CFZ-CD) formulation.'* A novel albumin-coated
nanocrystal formulation of CFZ (CFZ-alb NC) displayed
improved metabolic stability and enhanced cellular interac-
tions, uptake, and cytotoxic effects in breast cancer cells
in vitro. Consistently, CFZ-alb NCs showed greater antic-
ancer efficacy in a murine 4TI orthotopic breast cancer
model than the currently used cyclodextrin-based formula-
tion. It was highly suggested that human serum albumin
(HSA)-bound NPs could be used as a viable nanocarrier to
encapsulate CFZ for cancer therapy.'® As described above, it
(PTX)
(Abraxane™), not Taxol® (a traditional dosage form with

was paclitaxel albumin-bound nanoparticles
PTX being dissolved in the mixture of Cremophor EL and
ethanol), which was approved for combination with GEM by
the FDA as a first-line combination therapy for patients with
locally advanced and metastatic PACs. Therefore, HSA-
bound NPs could be used as a viable nanocarrier to co-
encapsulate PTX and CFZ for combination therapy of PAC.

HSA has garnered considerable interest as a nanocarrier,
due to its low toxicity, biocompatibility, and the ability to
reduce interactions with phagocytes in the reticuloendothe-
lial system (RES).'"*'® Moreover, albumin can interact with
cancer cells based on its increased use as an energy source in
rapidly proliferating cancer cells.'” It was reported that
nanoalbumin-bound (nab)-drugs can aid drug permeation
across tumor vessels.'®'? It was also suggested that albumin
facilitates the movement of nab-drugs across endothelial cell
membranes by binding to the gp60 receptor and sequentially
interacting with other albumin-binding proteins such as
secreted protein acidic and rich in cysteine (SPARC), which
is abundantly expressed in and near cancer cells.’>** As
exemplified, GEM (Gemcitabine)-loaded HSA and PTX-
loaded HSA for practical PAC treatment have been reported
by Han et al and Yu et al, respectively.”*** Therefore, it was
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thought that NPs fabricated with HSA might potentially be
an optimal choice for co-delivery of chemotherapeutic drugs
with a high drug loading capacity, biodegradability, and good
biocompatibility.

Abraxane™ is the first FDA-approved chemotherapeutic
formulation based on Nab™ nanotechnology, which relies
heavily on the use of organic solvents, namely, chloroform.?
The toxicity introduced by residual chloroform poses
a potential risk to patient health. In response to the issue of
chronic toxicity, a reversible self-assembling method, which
eliminates the dependence on toxic organic solvents during
manufacturing, was developed in a preliminary study and
demonstrated to be capable of successfully preparing HSA-
bound PTX and CFZ nanosuspensions. Furthermore, both
NPs formed using this method still retained their suitability
for intravenous (IV) administration.”> Therefore, in this
study, the preparation of CFZ-loaded, PTX-loaded, and
CFZ/PTX co-loaded HSA NPs was developed and opti-
mized. To confirm these advantages, the properties of the
three drug-loaded HSA NPs, including the encapsulating
efficiency (EE), drug-loading (DL), mean size, polydisper-
sity index (PDI), drug release, and cell growth inhibition
against MIA CaPa-2 cells (human pancreatic cancer cell
line) were characterized in vitro. Furthermore, the in vivo
pharmacokinetic study of the three drug-loaded HSA NPs
(CFZ/HSA NPs, PTX/HSA NPs, and CFZ/PTX/HSA NPs)
were evaluated in Sprague-Dawley rats and compared to two
solvent-based (Sb) drugs of CFZ and PTX (Sb-CFZ and Sb-
PTX). The anti-tumor efficacy and systemic toxicity were
further evaluated in MIA CaPa-2 tumor-bearing C.B-17
SCID mice.

Materials and Methods
Preparation of Drug Solutions and
Drug-Loaded Human Serum Albumin

Nanoparticles

Sb-CFZ (solvent-based CFZ) was prepared by dissolving
60 mg of CFZ (Chunghwa Chemical Synthesis & Biotech,
New Taipei City, Taiwan), 3000 mg sulfobutylether beta-
cyclodextrin (SBE-B-CD), and 57.7 mg citric acid in 29 mL
deionized water through sodium hydroxide (NaOH) pH
adjustment (pH=3.5). The solution was lyophilized and stored
at 4°C until reconstitution for use.*® Sb-PTX (solvent-based
PTX) was prepared by solubilizing 6 mg PTX (ScinoPharm,
Tainan, Taiwan) in 527 mg of purified Cremophor® EL (poly-
oxyethylated castor oil; BASF, Ludwigshafen, Germany) in
497 mg (v/v) of dehydrated alcohol.

Drug-loaded HSA NPs were prepared with defatted
human serum albumin (HSA) by a self-assembling method
developed in our lab. Defatted HSA was produced by
adsorption of fatty acids in HSA onto charcoal as pre-
viously described.?” Briefly, a marketed 20% HSA solu-
tion (Taiwan Blood Services Foundation, Taipei, Taiwan)
was diluted with deionized water, and then the pH was
adjusted to 2.7 with 1 N HCI. After adding 5 g of activated
charcoal, the resulting HSA solution was stirred at
300 rpm and 4°C for 2 h. The mixed solution was cen-
trifuged at 8000 rpm and 4°C for 10 min, and the super-
natant was filtered through a 0.45-um nylon membrane
(ChromTech, Bad Camberg, Germany) to remove the char-
coal. Finally, the pH of the filtrate was adjusted to 7.0 with
1 N NaOH and lyophilized. The so-obtained lyophilized
HSA powder was stored at 4°C.%*

The preparation of drug-loaded HSA NPs was divided
into three steps. First, the pH of the HSA solution was
adjusted to 2.7 with 1.0 N HCI to expose the hydrophobic
domains.?’*® Second, the targeted hydrophobic drug in etha-
nol was added followed by stirring for 5 min to enhance
interactions between the drug and HSA. Finally, the pH value
was re-adjusted to neutral with 0.1 N NaOH to induce self-
assembling and encapsulate the hydrophobic drug. Then,
used high-pressure homogenization with an N2-3D
Nanolyzer (Gogene, Hsinchu, Taiwan) to form stabilized
drug-loaded HSA NPs. An Amicon® Ultra-15 centrifugal
filter (with a molecular weight (MW) cutoff of 10 kDa) was
used to remove the ethanol, salt, and free drug, and then the
drug-loaded HSA NPs were concentrated. The drug-loaded
HSA NP concentrate was passed through 0.20-pum regener-
ated cellulose filtration (Phenomenex, Torrance, CA, USA)
to obtain translucent dispersion with typical diameter around
150 nm. Finally, lyophilized the solution for 48 hours without
cryoprotectant.

The formulation and optimal homogenizer parameters
utilized in step 3 for preparing CFZ-loaded HSA NPs
(CFZ/HSA NP), PTX-loaded HSA NPs (PTX/HSA NP),
and CFZ/PTX-loaded HSA NPs (CFZ/PTX/HSA NP) are
described below. To prepare CFZ/HSA NPs, 200 mg CFZ
was dissolved in 20 mL absolute alcohol, and the disper-
sion was added to 200 mL 0.9% defatted HSA solution.
The ratio of drug to HSA was 1:9, and a 10K psi homo-
genizer parameter was applied for 10 cycles. To prepare
PTX/HSA NPs, 300 mg PTX was dissolved in 12 mL
absolute alcohol, and the dispersion was added to
120 mL 2.25% defatted HSA solution. The ratio of drug
to HSA was also 1:9, and the 20K psi homogenizer
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parameter was applied for 20 cycles. To prepare CFZ/
PTX/HSA NPs, 60 mg CFZ and 120 mg PTX were dis-
solved in 18 mL absolute alcohol, and the dispersion was
added to 180 mL 1% defatted HSA solution. The ratio of
both drugs to HSA was 1:10, and the 10K psi homogenizer
parameter was applied for 10 cycles.

Physicochemical Characterization of

Human Serum Albumin Nanoparticles

The mean particle size, size distribution, zeta potential, and
polydispersity index (PDI) of drug-loaded HSA NPs were
measured with a Zetasizer nano ZS (Malvemn,
Worcestershire, UK) by scattering angle of 90° at 25°C. The
drug-loaded HSA NPs were diluted with double-distilled
water before the measurement, and all measurements were
performed at least in triplicate. The shape and size were also
observed by transmission electron microscopy (TEM), using
Hitachi H-7000 (Hitachi, Tokyo, Japan). The purified NPs
were diluted with water to allow clearer pictures to be taken.
Samples were prepared by placing a drop on carbon-coated
copper grids and sponging off the excess with filter paper.
Then, the samples were stained with uranyl acetate (2% aqu-
eous solution) for 3 minutes and dried at room temperature.”®

Drug Loading and Entrapment Efficiency
To assess the entrapment efficiency of CFZ or PTX in drug-
loaded HSA NPs, 10 mg lyophilized NPs was dissolved in
1 mL deionized water; then 9 mL acetonitrile was added and
vortexed it for 1 minute. The solution was centrifuged at
14,000 rpm for 10 minutes. After appropriate dilution, CFZ
or PTX in the supernatant was directly quantified by Waters
alliance HPLC (Waters, Milford MA, USA) equipped with
an Inert Sustain® C18 column (150 x 4.6 mm, particle size 5
um, GL Sciences, Tokyo, Japan). The mobile phase was
composed of acetonitrile and 0.05% formic acid aqueous
solution (50:50, v/v, at a flow rate of 1 mL/min). The total
analytical time for a single injection was 12 min. The injec-
tion volume was 10 pL, and chose 210-nm wavelength for
detection. The column oven was kept at 35°C, and the
sample cooler was maintained at 10°C. The drug loading
(DL) and entrapment efficiency (EE) of nanoparticles were
calculated by the following equations:

EE% = Wy /Wi x 100 and

DL% = Wyn/ (Wp+ Wy) x 100;

Wy is the weight of the drugs in the NPs, W is the
weight of the initial feeding drug, and Wp is the weight of
the initial feeding HSA.

In vitro Cytotoxicity Study and
Synergistic Analysis

Cell viabilities of the CFZg. (CFZ dissolved in DMSO),
Sb-CFZ, CFZ/HSA NPs, PTXge. (PTX dissolved in
DMSO), Sb-PTX, PTX/HSA NPs, and CFZ/PTX/HSA
NPs were evaluated by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay for MIA
PaCa-2 cell line obtained from ATCC. Cells were seeded
at a density of 3 x 10° cells/well in 96-well plates and
incubated for 24 h at 37°C with 5% CO,. Then, tumor
cells were treated with different concentrations (0.01,
0.1, 1, 5, 10, 50, 100, and 1000 ng/mL) of CFZge., Sb-
CFZ, PTXce, Sb-PTX, or drug-loaded HSA NPs. After
incubation for 72 hours, 200 pLL MTT (0.5 mg/mL) was
added to each well for 2 hours. After removing the
medium, 50 uL. DMSO was added to each well and
gently shaken to dissolve any purple formazan crystal.
The absorbance was measured at 550 nm (Bio-Tek). The
survival rate was calculated using the following formula:
percentage (%) cell survival = [(mean absorbency in test
wells)/(mean absorbency in control wells)] x 100. Values
of the combination index (CI) were calculated by the
Chou-Talalay method:**~°

P

C
Clsy = — 4+ —
07 Cs | Pso

C and P denote ICs, values of CFZ and PTX in combina-
tion therapy that inhibits 50% of the cell. Cso and Ps,
denote doses of CFZ and PTX that inhibit 50% cells
alone. Values of CI =1, CI < 1, and CI > 1, respectively,
indicate additivity, synergy and antagonism.

In vitro Release Analysis of Carfilzomib

and Paclitaxel

Drugs released from the formulations were investigated in
PBS (containing 0.5% Tween 80) by the dialysis method.
The CFZ- or PTX-loaded HSA NPs were diluted to 0.1 or
0.2 mg/mL in 1-mL solution and then placed in a dialysis
bag (OrDial D80-MWCO 6000-8000, cat. no. 60082530,
Orange Scientific, Braine-I’Alleud, Belgium) against
40 mL release medium, with 100 rpm shaking speed at
37°C. Sampled 1 mL at 1, 2, 3, 4, 6, 8, 12, 24, and 48
hours, and performed the analysis using the HPLC method

above.’!
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Maximum Tolerance Dose Study

Male BALB/c mice (BioLasco Taiwan, Yilan, Taiwan) at 7
weeks of age were randomized into 4 groups and each
group contained 4 mice. For single-dose study, we used
tail vein injection at 0 days. For multi-dose study, we
repeated half dose of single-dose study at 0 and 1 day. If
there was no obvious toxic reaction, the dosage was ele-
vated correspondingly. The weight changes and physiolo-
gical signs were observed and recorded for 5 consecutive
days in the first week. During the second week, the related
assessment would be performed every 2 days. The whole
study continued for 15 days. It would be specified as the
maximum tolerance dose if there is any event for neuro-
toxicity, weight loss >20% or death.

Pharmacokinetic Studies of Drug-Loaded
Human Serum Albumin Nanoparticles

with Intravenous Administration in Rats

Male Sprague-Dawley rats (BioLasco Taiwan, Yilan,
Taiwan) at 8~10 weeks of age were used to study pharmaco-
kinetic profiles after administration of Sb-CFZ, Sb-PTX,
CFZ/HSA NPs, PTX/HSA NPs, Sb-CFZ+Sb-PTX, CFZ/
HSA NPs+PTX/HSA NPs, and CFZ/PTX/HSA NPs. Rats
were given a single tail vein injection of 5 mg/kg CFZ and
10 mg/kg PTX for each formulation (three or four rats per
group). Blood samples were collected from the jugular vein
in heparinized tubes at 0.017, 0.033, 0.083, 0.25, 0.5, 1, 2, 4,
6, 8, 12, 24, and 48 h after administration. All blood samples
were immediately centrifuged at 4500 rpm for 10 minutes to
obtain plasma, and then stored at —80°C until analyzed by
UPLC interfaced with MS (Triple Quadrupole Mass
Spectrometry, TQ-XS, Waters). CFZ and PTX were
extracted from the plasma as follows: 100 uL plasma was
extracted with tert-butyl methyl ether (400 uL) containing an
internal standard (500 ng/mL chlorpropamide (Sigma-
Aldrich, St. Louis, MO, USA) and 500 ng/mL docetaxel
(ScinoPharm Taiwan, Tainan, Taiwan)) by vortex-mixing
for 1 min. After centrifugation at 14,000 rpm for 10
min, 300 pL organic phase was transferred to a new tube
and dried at 40°C. Samples were reconstituted in 100 pL
mobile phase and transferred to a new vial for the UPLC-MS
The measurement by UPLC-MS/MS.
Chromatographic separation was performed with a -

/MS analysis.

Purospher®™ Star RP-18 end-capped column (2.1 x 50 mm,
particle size 2 um, Merck) and gradient elution (at a flow rate
of 0.3 mL/min). The mobile phase comprised 0.1% formic
acid in water (A) and 0.1% formic acid in acetonitrile (B).

The total analytical time for a single injection was 5 minutes,
and the injection volume was 2 pL. The column oven was
kept at 40°C, and the sample cooler was kept at 10°C.
Detection of ions was performed in the positive ionization
mode with the following transitions in multiple reaction
monitoring mode (MRM): 720.33 — 100.03 for CFZ,
277.06 — 174.87 for chlopropamide (the internal standard
for CFZ),” 854.29 — 104.99 for PTX, and 830.40 — 549.24
for docetaxel (the internal standard for PTX). The capillary
voltage was 3.0 kV, cone voltage was 30 V, desolvation tem-
perature was 350°C, desolvation gas flow was 650 L/h, and
collision gas flow was 25 L/h.

In vivo pharmacokinetic parameters including the area
under the plasma concentration—time curve (AUC), the
apparent volume of distribution (V), plasma clearance
(CL), and elimination half-life (T;,) of each formulation
were calculated and expressed by the mean and standard
deviation (SD). The AUCq.1n, AUCqon, AUCgo4n, and
AUCq.infinity Were estimated by linear trapezoidal method.
Plasma clearance (CL) was calculated from the
dose/AUC.infinity- The initial half-life (T2 niga1) and term-
inal half-life (T1/2 termina1) Values were calculated as In(2)/k,
where k represents either the initial distribution rate constant
or the terminal elimination rate constant obtained from the
slope of a semilogarithmic plot of the concentration—time
profile. The volume distribution (V) was estimated using
a noncompartmental method provided by WinNonlin soft-
ware (vers. 6.3.0.395, Pharsight”™, Princeton, NJ, USA). The
maximum plasma concentration (C,,.x) was recorded as
observed for the first sampling time point, and Cy was the
concentration at t = 0 (extrapolated).

The Anti-Tumor Efficacies of
Drug-Loaded Human Serum Albumin
Nanoparticles in MIA PaCa-2

Tumor-Bearing Mice

C.B-17 female SCID mice, at 6~7 weeks of age (BioLasco
Taiwan), were used as the tumor xenograft models. The
models were established by subcutaneously inoculating
MIA PaCa-2 (2x10 cells/mouse, 100-pL injection) into
the right dorsal flank of each mouse. MIA PaCa-2 tumor-
bearing mice with 150 mm® tumor volumes were ran-
domly divided into eight treatment groups (n = 5). One
group of mice received an intravenous injection of saline
as a control. The other groups received an injection of Sb-
CFZ, Sb-PTX, CFZ/HSA NPs, PTX/HSA NPs, Sb-CFZ
+Sb-PTX, CFZ/HSA NPs+PTX/HSA NPs, or CFZ/PTX/
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HSA NPs (equivalent to 5 mg/kg CFZ and 10 mg/kg PTX
for each mouse). Administration was performed on days 0,
1, 7, 8, 14, and 15. Body weights (BWs) and tumor sizes
were measured three times every week using digital cali-
pers, and tumor volumes (mm®) were calculated. After
being sacrificed by CO, on day 46, tumors were harvested
and weighed. The tumor growth inhibition (TGI) (%) was
calculated as follows:*?

initial tumor volume )

( final tumor
1—

TGI(%) = volume of the treated group
o final tumor _initial tumor volume
volume of thevehicle group

x 100

Biodistribution Studies of Drug-Loaded

Human Serum Albumin Nanoparticles in

MIA PaCa-2 Tumor-Bearing Mice

Female C.B-17 SCID mice, at 6~7 weeks of age
(BioLasco Taiwan), were used as the tumor xenograft
models. The models were established by subcutaneously
inoculating MIA PaCa-2 cells (2x10 cells/mouse, 100-pL
injection) in the right dorsal flank of each mouse. On day
14 after tumor cell inoculation when tumor volumes had
reached about 150 mm?> , each mouse was given Sb-CFZ,
Sb-PTX, CFZ/HSA NPs, PTX/HSA NPs, Sb-CFZ+Sb-
PTX, CFZ/HSA NPs+PTX/HSA NPs, or CFZ/PTX/HSA
NPs (equivalent to 5 mg/kg CFZ and 10 mg/kg PTX in
each mouse) by an intravenous injection. After 2 and 8 h,
mice were sacrificed by anesthesia and perfused with
a PBS solution to remove the blood. The heart, lungs,
liver, spleen, kidneys, and tumors were excised, weighed,
and stored at —80°C. Tissues were homogenized by an
ultrasonicator probe (VCX 750; Sonics & Materials,
Newtown, CT, USA) with 5 W and three pulses for 10
s. After that, 400 uL of a PBS/0.1% heparin solution was
added. Tissue homogenates (200 uL) were obtained, and
drug concentrations were analyzed by UPLC/MS/MS.

Statistical Analysis

Data are presented as the mean = SD of three different
replicates. For in vivo studies, a one-way analysis of
variance (ANOVA) with Tukey’s multiple comparisons
was used to test for significant differences in the long-
itudinal tumor volume growth over the entire experimental
period among the eight treatment groups and to determine
whether there was a significant interaction effect between

CFZ and PTX. Significant differences between groups
were indicated by *p<0.05 and **p<0.005.

Results and Discussion
Physicochemical Characteristics of
Drug-Loaded Human Serum Albumin

Nanoparticles

As depicted in Figure 1, the mean particle sizes of CFZ/
HSA NPs, PTX/HSA NPs, and CFZ/PTX/HSA NPs were
114.5+£0.6, 117.4+0.4, and 105.3+0.6 nm; PDI values were
0.144+0.007, 0.166+0.007, and 0.167+0.008; zeta poten-
tials were —23.00+0.70, —21.1+0.58, and —21.3+0.70 mV;
entrapment efficiencies (EEs, %) were 95.6+£2.1%, 97.1
+3.5%, and 92.7£2.6%/90.7+3.1%; and drug loadings
(DLs) were 9.4+0.1%, 10.1+£0.2%, and 9.1+0.4%, respec-
tively. In addition, all zeta potentials measured were
between —21.1 and —23.00 mV and indicated that the
drug was encapsulated with HSA, which possessed
a negative charge at a neutral pH because its PI was
equivalent to 4.7.>* Figure 1 demonstrates that the three
different HSA NPs were spherical, and the mean particle
sizes were <200 nm under 80,000x TEM observation.
Another noteworthy result was that the entrapment effi-
ciencies for CFZ and PTX were, respectively, observed to
be 92.7+£2.6% and 90.7+£3.1% in CFZ/PTX/HSA NPs. The
calculated ratio for PTX and CFZ was 1.96; in other
words, the method was suitable for preparing HSA NPs
by achieving designed ratio nearly 2. Also, the high
entrapment efficiency and drug loading (9.1%) indicated
that HSA could act as novel and excellent nanocarriers for
co-loading two drugs. In addition to the good compatibil-
ity with the two hydrophobic drugs, the preparation is
simple and efficient with no cryoprotectant required.

Cell Cytotoxicity

The MIA PaCa-2 cell line was used as a model in the cyto-
toxicity study. Table 1 shows the values of the 50% inhibitory
concentration (ICs) for different combinations of free drug in
DMSO (CFZg. and PTXj.), two solvent-based drugs (Sb-
CFZ and Sb-PTX), and two drug-loaded HSA NPs (CFZ/HSA
NPs and PTX/HSA NPs). Respective ICsq values for CFZ .,
Sb-CFZ, CFZ/HSA NPs, PTXje., Sb-PTX, and PTX/HSA
NPs were 8.9, 8.12, 7.89, 0.44, 0.47, and 0.86 ng/mL. The
results indicated that the two model drugs maintained similar
cytotoxicities in the different formulations. Compared to CFZ,
PTX demonstrated a higher cytotoxicity toward the MIA
PaCa-2 cell line. Table 1 also reveals the synergism of CFZ
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Figure | TEM image and particle size analysis of drug/lhuman serum albumin (HSA) nanoparticles (NPs).

and PTX atratios of 1:2, 1:1, and 2:1. ICs, values for free CFZ
and PTX ratios of 1:2, 1:1, and 2:1 were 0.25, 1.39, and 1.00
ng/mL, respectively. According to the equation of the Chou-
Talalay method, synergisms existed with free CFZ and PTX
ratios of 1:2 and 2:1, and Cls, values were 0.38 and 0.83. For
the Sb-CFZ and Sb-PTX combination ratios of 1:2, 1:1, and
2:1, 1Csy values were 0.03, 0.37, and 0.51 ng/mL, and Clsg
values were 0.05, 0.42, and 0.40, respectively. These results
also revealed the synergism of Sb-CFZ and Sb-PTX. As for
CFZ and PTX HSA NP ratios of 1:2, 1:1, and 2:1, ICs, values
were 0.01, 0.07, and 0.66 ng/mL, and Cls, values were 0.01,
0.04, and 0.31, respectively. Figure 2 illustrates that the origi-
nal product and HSA combinations exhibited synergism in all
ratios examined. Since the combination ratio of 1:2 (CFZ:
PTX) demonstrated the more-obvious synergic effect with
IC5¢ value of 0.1 ng/mL and Cls, value of 0.08, the co-

Table | 50% Inhibitory Concentration (ICsp) Values of Different
Combinations of Carfilzomib and Paclitaxel

Weight Ratio 1Cso (ng/mL)
Combination

I: 0 I: 2 I: 1 2: 1 0: 1
CFZgee: PTXfrce 8.90 0.25 1.39 1.00 0.44
Sb-CFZ: Sb-PTX 8.12 0.03 037 | 0.51 0.47
CFZ/HSA: PTX/HSA 7.89 0.0l 0.07 | 0.66 0.86

Abbreviations: Sb, solvent-based; CFZ, carfilzomib; PTX, paclitaxel; HSA, human
serum albumin.

encapsulated ratio of 1:2 for CFZ and PTX in HSA (CFZ/
PTX/HSA NPs) was chosen as the target formulation for the
following assessment studies including the drug release study.

In vitro Release of Carfilzomib and

Paclitaxel

Release percentages of CFZ and PTX from various for-
mulations were assessed, and results are shown in
Figure 3A and B, respectively. As shown in Figure 3A,
the release of CFZ from Sb-CFZ, CFZ/HSA NPs, CFZ/
HSA NPs+PTX/HSA NPs, and CFZ/PTX/HSA NPs were
observed to have reached a plateau at 12~24 h with similar
profiles, and release percentages at 12 h were determined
to be 68.6%+7.1%, 79.4%+4.9%, 71.2%+7.9%, and 71.7%
+3.8%, respectively. Furthermore, over 90% of CFZ had
been released from CFZ/HSA NPs and CFZ/HSA NPs
+PTX/HSA NPs at 24 h. We observed that the more-
rapid release of CFZ from Sb-CFZ might be attributed to
the use of the hydrophilic SBE-B-CD solubilizer to
increase the solubility of CFZ in water. Similarly, the
more-complete release of CFZ from the two HSA formu-
lations was probably due to both being encapsulated in
HSA NPs, which are expected to have greater surface
areas for release. However, the release of CFZ from Sb-
CFZ+Sb-PTX was measured at only 31.5%+7.2% at 12
and 56.3%+8.8% at 48 h, which were slower than that of
CFZ released from Sb-CFZ at 12 h. This indicates that the
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Figure 2 Characterization of the synergistic activity of combined carfilzomib (CFZ)
and paclitaxel (PTX) treatment at different weight ratios.

addition of Sb-PTX to Sb-CFZ might have retarded the
release of CFZ from Sb-CFZ resulting in a smaller release
percentage. We suspect that by mixing Sb-CFZ with Sb-
PTX, CFZ was encapsulated within the hydrophobic inter-
ior of Cremophor micelles, which was wused as
a solubilizing agent in the Sb-PTX formulation, causing
retardation of permeation across the membrane of the
dialysis bag to release CFZ.*

As for the release of PTX revealed by Figure 3B, release
percentages of PTX from PTX/HSA NPs, CFZ/HSA NPs
+PTX/HSA NPs, and CFZ/PTX/HSA NPs were observed to
have reached a plateau at 12 h with similar profiles, and
release percentages at the plateau were, respectively, deter-
mined to be 73.2%+15.3%, 82.2%+0.6%, and 65.6%+8.8%.
However, the release percentages of PTX from Sb-PTX and
Sb-CFZ+Sb-PTX followed a gradually increasing trend, but
these forms were only able to release 27.3%+6.8% and
18.3%+6.9%, respectively, at 48 h. Since both Sb-PTX and
Sb-CFZ+Sb-PTX contained Cremophor as the solubilizing
agent for PTX, it was expected as described above that the
release of PTX trapped in Cremophor micelles would be
retarded resulting in a slower release rate being observed.
Therefore, CFZ and PTX were released more completely
from the drug-loaded HSA NPs since both were encapsulated
in HSA NPs, which were expected to have greater surface
areas for release. Similarly, the greater extents of release
percentages of PTX from the three HSA formulations were

probably due to all of them being absorbed onto HSA in HSA

NPs, which were expected to present as amorphous form to
have higher solubility for increasing the extent of release.

In addition, it is worth mentioning that CFZ/PTX ratios
released from co-encapsulated HSA NPs (CFZ/PTX/HSA
NPs) were about 1.77~2.08 after 8 h of dissolution, which
were consistent with the ratio of CFZ/PTX loaded in HSA
NPs. However, the ratios of release amounts between CFZ
and PTX from Sb-CFZ+Sb-PTX and CFZ/HSA NPs
+PTX/HSA NPs were around 1.06~1.18 and 1.63~2.92,
respectively, which did not reach the designed optimal
ratio of 1:2 for synergism. It was concluded that release
from the CFZ/PTX/HSA NP formulation conformed to the
design combination ratio of 1:2 for CFZ and PTX to
establish a potential synergistic effect.

Maximum Tolerance Dose Study

Maximum tolerance dose for drug-loaded HSA NP and two
free drugs as sb-CFZ and sb-PTX was then evaluated in
BALB/c mice. Major dose limiting toxicities of CFZ or
PTX were determined by neurotoxicity, weight loss >20%
or death. According to the result (Table 2), the established
maximum tolerance doses for a single dose were: Sb-CFZ
5 mg/kg, CFZ/HSA 17.5 mg/kg, Sb-PTX 20 mg/kg, PTX/
HSA 300 mg/kg, Sb-CFZ+Sb-PTX 3.75/7.5 mg/kg, CFZ/
HSA+PTX/HSA 10/20 mg/kg and CFZ/PTX/HSA 10/
20 mg/kg. For multi-dose were as follows: Sb-CFZ 2.5 mg/
kg, CFZ/HSA 5 mg/kg, Sb-PTX 12.5 mg/kg, PTX/HSA
150 mg/kg, Sb-CFZ+Sb-PTX <2.5/5 mg/kg, CFZ/HSA
+PTX/HSA 5/10 mg/kg and CFZ/PTX/HSA 5/10 mg/kg. It
is demonstrated that the maximum tolerance dose for drug-
loaded HSA NP is normally higher than that for solvent-
based form of free drug. Compared with solution base form,
the combination or co-load HSA NP has at least 2 times
higher maximum tolerance dose. Dr. Ernsting reveals that the
maximum tolerance dose of single-dose for Abraxane per-
formed in BALB/c is 170 mg/kg. However, in this research,
PTX/HSA shows the quite remarkable tolerability from max-
imum tolerance dose study (300 mg/kg).>® Moreover, Dr. He
also found that HSA encapsulation could lower the systemic
nervous toxicity from VM-26.> Taking the advantages with
loading multi-drug in HSA NPs, the goal of achieving higher
efficacy with lower toxicity was accomplished with such
a multi-drug HSA NPs technique platform.

Pharmacokinetic Studies

Drug concentrations in plasma after a single tail vein
injection of two solvent-based drugs (Sb-CFZ and Sb-
PTX) and three drug-loaded HSA NPs (CFZ/HSA NPs,
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Figure 3 Drug release profiles of carfilzomib (CFZ, A) and paclitaxel (PTX, B). *<0.05 and **p<0.005.

PTX/HSA NPs, and CFZ/PTX/HSA NPs) with respective
dosing amounts of CFZ and PTX equivalent to 5 and
10 mg/kg are demonstrated in Figure 4A for CFZ and
Figure 4B for PTX. Calculated pharmacokinetic para-
meters are listed in Table 3 for CFZ and Table 4 for
PTX. As shown in Table 3, there were no significant
differences among AUC_ 11, AUCq.o4n, and AUCo.infinicy
obtained for all the various formulations after a single IV
bolus administration of CFZ equivalent to 5 mg/kg. This
indicates that CFZ was rapidly distributed to tissues and
was quickly cleared from the systemic circulation after [V

administration, resulting in the most reliable measure of

the drug’s bioavailability AUC in a period of 0 to 1
h (AUC,_y,) representing nearly the entire extent of the
dosing amount of CFZ entering the systemic circulation. It
was reported that the in vivo potency of CFZ is deter-
mined by the total dose administered (AUC), not C,ax,
since CFZ can be rapidly distributed to tissues after IV
administration as demonstrated by the potent proteasome
inhibition in a variety of tissues.”® Because of this, phar-
macokinetic parameters of T jnitiar (min) and AUCq_qy,
(hr*ug/mL) which are potentially related to the in vivo
potency of CFZ were selected for comparison. Results in
Table 3 demonstrate that T, nitiar (min) and AUCq.ip
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Table 2 Maximum Tolerance Dose Study for Various Combination Ratios of Carfilzomib and Paclitaxel on BALB/c Mice (n = 4)

Formulations

Single-Dose Study (Days 0)

Multi-Dose Study (Days 0, 1)

Sb-CFZ (mg/kg)
CFZ/HSA (mglkg)

Sb-PTX (mglkg)

PTX/HSA (mglkg)
Sb-CFZ+Sb-PTX (1:2, mg/kg)
CFZ/HSA+PTX/HSA (1:2, mg/kg)
CFZ/PTX/HSA (1:2, mg/kg)

5
17.5
20
300
3.75:7.5
10:20
10:20

2.5
5
12.5
150
<2.5:5
5:10
5:10

Abbreviations: Sb, solvent-based; CFZ, carfilzomib; PTX, paclitaxel; HSA, human serum albumin.

(h-pg/mL) for CFZ after administration of Sb-CFZ were
shorter and lower, respectively, than those for administra-
tion of CFZ/HSA NPs (12.72+2.14 vs 15.19£1.38 min and
0.222+0.034 vs 3.337+4.306 h-pg/mL), while neither of
them was much different from administration of Sb-CFZ

+Sb-PTX (12.72+2.14 vs 11.0248.98 min and 0.222
+0.034 vs 0.241+0.056 h-pg/mL). On the other hand,
T1/2,imitia (min) and AUCq., (h-pg/mL) for CFZ after
administration of CFZ/HSA NPs were longer and much
higher, respectively, than those with administration of
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Figure 4 Plasma concentration—time curves of carfilzomib (CFZ, A) and paclitaxel (PTX, B) after intravenous administration at respective doses of 5 and 10 mg/kg to rats.
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Table 3 Pharmacokinetic Parameters of Carfilzomib Obtained from a Single Intravenous Bolus Administration of Various

Formulations (Equivalent to 5 mg/kg Carfilzomib)

Parameter Sb-CFZ CFZ/HSA Sb-CFZ+ Sb-PTX CFZ/HSA+ PTX/HSA CFZ/PTX/HSA
Co (ug/mL) 10.90+3.37 127.86+97.81 11.73+6.43 4.79%1.69 6.35%3.24
Cinax (Hg/mL) 3.87+0.63 9.93£2.69 42 +1.33 0.97%0.11 4.30%1.25

T 172, initial (Min) 12.72+2.14 15.19+1.38 11.02+8.98 9.14£2.93 10.00+4.08
Ti72, terminal (h) 1.74+0.34 2.14£0.35 0.53+0.74 0.69+0.42 1.79+0.80
AUC_j, (hpg/mL) 0.222+0.034 3.337£4.306 0.241+0.056 0.055+0.009 0.537+0.451
AUCq 241, (h pg/mlL) 0.243+0.030 3.352+4.304 0.248+0.067 0.082+0.018 0.687+0.662
AUCq.infinicy (h pg/mL) 0.243+0.030 3.353+4.304 0.249+0.067 0.082+0.018 0.689+0.66
CL (L/h/kg) 20.78+2.72 4.64+4.32 21.13%£5.70 63.29+14.40 12.16+7.83

V (Lkg) 51.53+4.33 12.91+10.63 12.74+16.21 64.98+45.38 37.34£29.31

Abbreviations: Sb, solvent-based; CFZ, carfilzomib; PTX, paclitaxel; HSA, human serum albumin; Co, initial plasma concentration; C,,.x, maximum plasma concentration;
T /2,initiab initial half-life; T/ cerminai, terminal half-life; AUC, areas under plasma concentration—time curve values for the period of from t=0 to t=I h, t=0 to 24 h, and t=0 to

infinity; CL, plasma clearance; V, volume distribution.

Table 4 Pharmacokinetic Parameters of Paclitaxel Obtained from a Single Intravenous Bolus Administration of Various Formulations

(Equivalent to |0 mg/kg Paclitaxel)

Parameter Sb-PTX PTX/HSA Sb-CFZ + Sb-PTX | CFZ/HSA + PTX/HSA | CFZ/PTX/HSA
Co (ug/ml) 49.47+15.40 23.12+10.94 64.14%15.19 12.57+1.78 13.14£7.70
Cnax (ug/mL) 30.57+8.23 8.9242.10 29.13+3.62 5.64+0.55 8.21%3.05
T2l (Min) 22.66+1.48 25.77+1.79 23.65+1.05 26.32%5.19 21.90+0.22

T /2.cerminat (h) 7.31+1.84 12.89+0.65 9.08+1.92 13.37+1.41 6.54+0.60
AUC,, (h pg/mL) 4.624+1.140 .640+0.335 5.074+1.306 1.121£0.288 1.190£0.323
AUC, 24 (h ng/ml) 6.171+2.018 2.511+0.497 7.004+2.082 1.958+0.824 1.713£0.520
AUCo.infiniey (h ug/mL) 6.216+1.993 2.579+0.522 7.065+2.135 2.056+0.809 .788+0.563
CL (Uh/kg) 1.71+£0.48 3.98+0.77 .52+0.54 5.32%1.56 6.08+2.31

V (Likg) 18.83+9.46 73.54+10.72 19.0622.93 104.75+37.10 58.20%25.90

Note: All parameters are defined in the footnotes to Table 3.

CFZ/HSA NPs+PTX/HSA NPs (15.19+1.38 vs 9.14+2.93
min and 3.337+4.306 vs 0.055+0.009 h-pg/mL), while
they were longer and much higher, respectively, than
those with administration of CFZ/PTX/HSA NPs (15.19
+1.38 vs 10.00+4.08 min and 3.337+4.306 vs 0.537+0.451
h-pg/mL).

As previous research reported, almost no CFZ was
detected in plasma 30 min after administration with an
initial half-life (T} iniia)) of <20 min.*® By utilizing the
same solvent system composed of SBE-B-CD to solubilize
CFZ (Sb-CFZ), a similar T initiar Was observed in this
study, thereby confirming the suitability of the pharmaco-
kinetic study conducted in this research. As such, a slower
terminal elimination rate (T2 initia) Observed for adminis-
tration of CFZ/HSA NPs compared to that for administra-
tion of Sb-CFZ indicates that encapsulation of CFZ with
HSA somewhat protected CFZ from elimination in plasma
leading to a longer T2 initiat- With a longer T3 initial, it Was
expected to have a higher AUC,_;;, as Table 3 demonstrates.

Compared to Sb-CFZ, the combined administration of
the two solvent-based formulations (Sb-CFZ+Sb-PTX)
resulted in a similar AUC_y,, for CFZ but with a slightly
lower Tz initiar for the CFZ distribution into tissue com-
partments. This might indicate that drug—drug interactions
exist between CFZ and PTX that are dissolved in solvent
as free solubilized forms leading to an influence on the
elimination rate of CFZ but not on the AUC. On the other
hand, combined administration of the two HSA NP for-
mulations (CFZ/HSA NP+PTX/HSA NPs) could have
resulted in significant influences on both T/ iniia and
AUC_jy, for CFZ compared to those for CFZ/HSA NPs.
Fortunately, although administration of CFZ/PTX co-
loaded HSA NPs (CFZ/PTX/HSA NPs) led to a lower
AUC_jy, than that for CFZ/HSA NPs, a higher AUC_;,
than those for Sb-CFZ and Sb-CFZ+Sb-PTX was
observed. This also implies that co-encapsulation of CFZ
and PTX in HSA with the simultaneous protection of CFZ
and PTX by HSA might minimize drug—drug interactions
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that existed in the plasma compartment between CFZ and
PTX when presented in free forms.

Since a greater difference existed between AUCq.,,
and AUC(.,4, for all the various formulations of PTX
administered as shown in Table 4, pharmacokinetic para-
meters of Ty terminai (h) and AUC( 4, (h-pg/mL) were
selected for comparison. Results in Table 4 indicate that
T1/2.terminat (h) and AUCq4n (h-pg/mL) for PTX after
administration of Sb-PTX were shorter and much higher,
respectively, than those for administration of PTX/HSA
NPs (7.31+1.84 vs 12.89£0.65 min and 6.171+2.018 vs
2.5114£0.497 h-ug/mL), while they both insignificantly
differed from those for administration of Sb-CFZ+Sb-
PTX (7.31£1.84 vs 9.08+1.92 min and 6.171£2.018 vs
7.004+02.082 h-pg/mL). On the other hand, Ty terminal
(h) and AUC_p4p (h-pg/mL) for PTX after administration
of PTX/HSA NPs greatly differed from those for admin-
istration of CFZ/HSA NP+PTX/HSA NPs (12.89+0.65 vs
13.3741.41 min and 2.511£0.497 vs 1.958+0.824 h-pg/
mL), while they were longer and slightly higher, respec-
tively, than those for administration of CFZ/PTX/HSA
NPs (12.89+£0.56 vs 6.54+0.60 min and 2.5114+0.497 vs
1.7134£0.520 h-pg/mL).

It was reported that the administration of ABI-007 (Nab-
paclitaxel or Abraxane) to Sprague-Dawley rats was asso-
ciated with significantly higher CL and V of PTX compared
to Taxol (Sb-PTX) resulting in a shorter T2 terminal () With
areduction in the AUCq»45,.>> This was attributed to the fact
that the initial dilution volume and the central V were higher
for PTX formulated as ABI-007 than for PTX formulated as
Taxol resulting from Cremophor (as the solubilizing agent
used in solvent-based formulations) preventing the distribu-
tion of PTX to the circulation and into tissues. What we
observed in the comparative pharmacokinetic analysis per-
formed in this study conformed to data in the literature,
which showed that T; termina; and AUC o4y, for PTX after
administration of Sb-PTX and Sb-CFZ+Sb-PTX were both
shorter and much higher, respectively, than those for admin-
istration of the albumin-bound counterpart of PTX/HSA
NPs and CFZ/HSA NPs+PTX/HSA NPs, while T} /3 terminal
and AUC_,4y, for PTX after administration of Sb-PTX and
PTX/HSA NPs both insignificantly differed from those with
combination administration of either solvent-based or albu-
min-bound counterparts of Sb-CFZ+Sb-PTX and CFZ/
HSA NPs+PTX/HSA NPs. Nevertheless, the administra-
tion of the co-loaded HSA NP formulation of CFZ/PTX/
HSA NPs seemed to result in an even shorter T/ terminal
(6.54+0.60 vs 12.894+0.65, 13.37+1.41 min) but not

increasing AUCy_p4p, (1.713+0.520 vs 2.511+0.497, 1.958
+0.824 h-pg/mL) for PTX compared to that for administra-
tion of PTX/HSA NPs and CFZ/HSA NP+PTX/HSA NPs.
The underlying reason for this discrepancy is currently
unclear.

The Anti-Tumor Efficacy

The anti-tumor efficacies of drug-loaded HSA NPs were
evaluated on MIA Paca-2 cell-xenograft mice. At 14 days
after inoculation when tumor volumes had reached
150 mm3, mice were intravenously administered saline,
Sb-CFZ, CFZ/HSA NPs, Sb-PTX, PTX/HSA NPs, Sb-
CFZ/Sb-PTX (1:2), CFZ/HSA NPs+PTX/HSA NPs (1:2),
or CFZ/PTX/HSA NPs. The administration of each for-
mulation was performed on days 0, 1, 7, 8, 14, and 15.
Tumor volumes and BWs were assessed three times
a week. Tumor growth profiles after administration of the
various formulations plotted against time are shown in
Figure 5SA. TGI (%) compared to the control saline groups
was calculated on day 21 after drug administration and
on day 46 at termination of the study, and the results are
illustrated in Figure 5B. All formulations expressed
a greater suppression of tumor growth on both days 21
and 46 than that of saline (2301 mm?®). Values of TGI (%)
on days 21 and 46 for the Sb-CFZ group showed no
improvement compared to the CFZ/HSA NP group,
whereas those for the Sb-PTX group showed greater sup-
pression than those for the PTX/HSA NP group on both
days 21 and 46. Further, values of TGI (%) on days 21 and
46 for the two combined groups (Sb-CFZ+Sb-PTX and
CFZ/HSA NPs+PTX/HSA NPs) all showed increases in
TGI (%) compared those of each respective individual
group (Sb-CFZ+Sb-PTX vs Sb-CFZ and Sb-PTX and
CFZ/HSA NP+PTX/HSA NPs vs CFZ/HSA NPs and
PTX/HSA NPs). The results confirmed that a synergic
effect on the treatment of MIA PaCa-2 tumors was
observed for the combination of CFZ and PTX at a 1:2
ratio regardless of whether Sb-CFZ+Sb-PTZ or CFZ/HSA
NP+PTX/HSA NPs were examined. Although only
a slight increase in TGI (%) was observed on day 21 but
not on day 46 for CFZ/PTX/HSA NPs compared to those
for Sb-CFZ+Sb-PTX and CFZ/HSA NPs+PTX/HSA NPs
(CFZ/PTX/HSA NPs: 110.20%+8.39% Sb-CFZ+Sb-PTX:
89.80%+21.19%, CFZ/HSA NP+PTX/HSA NPs: 78.38%
+16.09%), over 100% of TGI means that tumors had
obviously shrunk after treatment with CFZ/PTX/HSA
NPs. This seems to indicate that the combination of CFZ
and PTX at a 1:2 ratio encapsulated in HSA NPs
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Figure 5 (A) MIA PaCa-2 tumor growth curve. (B) Tumor inhibition rates. (C) Tumor weights. (D) Body weight changes in tumor-bearing mice. §Dosing time points.

#p<0.05 and **p<0.005.

synergistically improves tumor growth inhibition of MIA
PaCa-2 cells.

Figure 5C further shows the weights (g) of tumors
excised after tumor-bearing mice were sacrificed on day
46. It clearly shows that, compared to saline (2.33+£0.52 g),
there was a significant anti-tumor efficacy with any com-
bined formulations of CFZ and PTX at a 1:2 ratio of Sb-CFZ
+Sb-PTX (0.69+0.12 g), CFZ/HSA NP+PTX/HSA NPs
(0.91+0.33 g), and CFZ/PTX/HSA NPs (0.75+0.11 g, all
p<0.05), but there were no statistically significant differ-
ences in tumor weights among the three combined formula-
tions. This further verifies that synergistic improvement in

tumor inhibition is achievable with a combination of CFZ
and PTX at a 1:2 ratio loaded into solvent-based or HSA
NPs. Figure 5D also reveals that the decreases in BWs of
mice after administration of various formulations were all
smaller than 20% for the 46-day observation period.
However, a greater decrease in BW of mice was observed
at several time points with the administration of Sb-CFZ
+Sb-PTX. This implies that the greater decrease in BW of
mice might be attributed to a higher toxicity of solvents used
in the solvent-based formulations compared to HSA used in
the HSA NP formulations. It could be concluded that the
combination therapy of CFZ and PTX at a 1:2 ratio co-
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loaded in HSA NPs (CFZ/PTX/HSA NP) demonstrated
optimal synergistic improvement in the growth inhibition
of MIA PaCa-2 cells with less systematic toxicity.

Biodistribution Studies

To examine the biodistribution of CFZ and PTX in tumors
and major organs, C.B-17 SCID mice bearing MIA CaPa-
2 tumors were injected with a single IV dose of various
formulations including three solvent-based drugs (Sb-CFZ,
Sb-PTX, and Sb-CFZ+Sb-PTX), and four drug-loaded
HSA NPs (CFZ/HSA NPs, PTX/HSA NPs, CFZ/HSA
NPs+PTX/HSA NPs, and CFZ/PTX/HSA NPs) with
respective dosing amounts of CFZ and PTX equivalent
to 5 and 10 mg/kg. Tumor tissues and major organs were
harvested at 2 or 8 h post-injection, processed to make
tissue homogenates, and subsequently analyzed with
respect to CFZ and PTX levels by LC-MS/MS, and results
are demonstrated in Figure 6. For the biodistribution of

CFZ in tumor tissues as shown by Figure 6A (2 h) and 6B
(8 h), both Sb-CFZ and CFZ/HSA NP groups presented
insignificant difference in CFZ levels, but both displayed
significantly higher levels of CFZ than those for the Sb-
CFZ+Sb-PTX group at 2 h post-dosing with an accompa-
nying decline in the CFZ level at 8 h post-dosing for those
formulations examined. An undetectable CFZ level was
seen in tumors for both the CFZ/HSA NP+PTX/HSA NP
and CFZ/PTX/HSA NP groups at 2 h post-dosing and for
those of the Sb-CFZ+Sb-PTX, CFZ/HSA NP+PTX/HSA
NP, and CFZ/PTX/HSA NP groups at 8 h post-dosing.
However, the CFZ level in tumors did not seem to be
correlated with the tumor growth inhibition rate (TGI %)
as revealed by Figure SB. Similar patterns of CFZ biodis-
tributions in these major organs examined for all formula-
tions as distributed to tumors were observed with
predominant distribution to the spleen at 2 h post-dosing
with an accompanying decline in the CFZ level at 8 h

180 180
_ A mm Sb-CFZ B mm Sb-CFZ
D 160 mm CFZ/HSA 160 mm CFZ/HSA
2 w0 BN Sb-CFZ+Sb-PTX | 440 = Sb-CFZ+Sb-PTX
= Bm CFZ/HSA+PTX/HSA W CFZ/HSA+PTX/HSA
£ 120 mm CFZ/PTX/HSA 120 E== CFZIPTX/HSA
= 100 k% 100 s
© o ! £
‘E 80 1 80 T
Q ) -
g ® S e e :
O 40 * q_ﬂ 40 r[j_'_lﬁ r'#ﬁ F* rl#l_l rhr
E 20 r".Fl_‘ ¥ 20 - ' i

Heart Liver Spleen Lung Kidney Tumor Heart Liver Spleen Lung Kidney Tumor
180 180
—_ C mm Sb-PTX 1D [oce] g‘?xl:;l:)s(A
o 160 FE— mE PTX/HSA 160 = w—
=, = Sb-CFZ+Sb-PTX i =N Sh-CFZ+Sb-PTX
= e mm CFZHSA+PTXHSA| 1407 mm CFZ/HSA+PTX/HSA
2 120 , == CFZPTX/HSA — == CFZ/PTX/HSA
ke ) Ti ' .
s 100 100 =
= -
80 % 80 =
g il ; o
g 60 e | eo-
o . . i .
: 0 . [ 2 ¢ _i 40= e .
b2 ' R 20 ? fj
- o o -_-L i

Heart

Liver Spleen Lung Kidney Tumor

Heart Liver Spleen Lung Kidney Tumor

Figure 6 Tissue distributions of carfilzomib (CFZ) and paclitaxel (PTX) at 2 (A and C) and 8 h (B and D), respectively, after intravenous administration of solvent-based
(Sb)-CFZ, Sb-PTX, CFZ/human serum albumin (HSA) nanoparticles (NPs), PTX/HSA NPs, Sb-CFZ+Sb-PTX (1:2), CFZ/HSA NPs+PTX/HSA NPs (1:2), or CFZ/PTX/HSA

NPs (equivalent to 5 mg/kg CFZ and 10 mg/kg PTX in each mouse). *p<0.05.
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post-dosing for the formulations examined. Similarly, the
least or undetectable CFZ levels were shown in those
major organs examined for both the CFZ/HSA NP+PTX/
HSA NP and CFZ/PTX/HSA NP groups at 2 and 8 h post-
dosing. Since quite lower levels of CFZ (<80 ng/g) were
observed in those major organs, systemic toxicity caused
by the presence of CFZ might not be highly anticipated.
For the biodistribution of PTX in tumors as shown by
Figure 6C (2 h) and D (8 h), the Sb-PTX group presented
a statistically significantly higher level of PTX than those
for the PTX/HSA NP and CFZ/PTX/HSA NP groups at 2
h post-dosing (40.00+5.91 vs 19.74+4.51 and 5.72+2.85
ug/g), while those for PTX/HSA NPs and CFZ/HSA NP
+PTX/HSA NPs were similar, but both were statistically
higher than that for CFZ/PTX/HSA NPs (19.74+4.51 =
21.60+9.54 vs 5.7242.85 pg/g). However, a slight increase
was shown in the PTX level biodistributed in tumors for
the Sb-PTX group at 8 h post-dosing compared to that at 2
h post-dosing, whereas those for the remaining formula-
tions at 8 h post-dosing (PTX/HSA NPs, Sb-CFZ+Sb-
PTX, CFZ/HSA NPs+PTX/HSA NPs, and CFZ/PTX/
HSA NPs) were still statistically significantly lower than
that for the Sb-PTX group but showed insignificant differ-
ences among them (50.52+8.60 vs 20.62+15.08, 15.06
+6.84, 15.75+£3.88, and 12.98+3.93 pg/g). Similar to CFZ
as described above, the PTX level distributed to tumors
did not seem to be correlated with the tumor growth
inhibition rate (TGI %) as revealed by Figure 5B.
Similar patterns of PTX biodistributions in the major
organs examined for all formulations as those distributed
to tumors were observed with predominant distribution to
the liver, spleen, and kidneys at 2 h post-dosing with
accompanying significant declines in PTX levels at 8
h post-dosing for those formulations examined. Since
quite higher levels of PTX were detected in the liver
(134.7£21.9 pg/g at 2 h and 28.92+12.62 pg/g at 8 h)
after administration of Sb-PTX compared to those for the
other formulations examined, the higher grade of systemic
toxicity caused by administration of Sb-PTX in the pre-
sence of this amount of PTX in the liver might be highly
expected. It is worth noting that although both 2 and 8
h accumulations of PTX in tumors with the administration
of Sb-PTX were 2~3 times more than those for the two
combined groups (Sb-CFZ+Sb-PTX and CFZ/HSA NPs
+PTX/HSA NPs), TGI (%) values on days 21 and 46 for
the two combined groups (Sb-CFZ+Sb-PTX and CFZ/
HSA NPs+PTX/HSA NPs) as revealed above all showed
increases in TGI (%) compared to that for the Sb-PTX

group. This seems to further confirm that the synergistic
improvement in tumor growth inhibition is achievable
with a combination of CFZ and PTX at a 1:2 ratio loaded
into solvent-based or HSA NPs with minimal systemic
toxicity.

Conclusions

It was concluded that the effective combination therapy of
pancreatic cancer was enabled with treatment of CFZ and
PTX co-loaded HSA NPs, which was prepared by a simple
one-pot reverse self-assembly method developed in this
study. The one-pot reverse self-assembly method was
novel and able to optimally prepare HSA NPs loaded
with hydrophobic drugs by adjusting the drug/HSA ratio
and homogenization process parameters. Without using
any hazardous or toxic solvent during preparation of drug-
loaded HSA NPs, the one-pot reverse self-assembly
method could claim to be environmentally friendly with
the ability to co-encapsulate two chemodrugs in HSA NPs
with the optimal ratio for synergistic therapy to inhibit
tumor growth and minimize systemic toxicity compared
to monotherapy. With the related data in this study, it
might be able to construct a platform for combination
therapy in the future.
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