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Abstract

Current chemotherapy regimens against pancreatic cancer are met with little success as poor tumor
vascularization significantly limits the delivery of oncological drugs. High-dose targeted drug
delivery, through which a drug delivery vehicle releases a large payload upon tumor localization, is
thus a promising alternative strategy against this lethal disease. Herein, we synthesize anti-CEA half-
antibody conjugated lipid-polymer hybrid nanoparticles and characterize their ligand conjugation
yields, physicochemical properties, and targeting ability against pancreatic cancer cells. Under the
same drug loading, the half-antibody targeted nanoparticles show enhanced cancer killing effect
compared to the corresponding non-targeted nanoparticles.
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Introduction

Pancreatic cancer is the 41 leading cause of cancer-related death in the United States.! Because
of its elusive symptoms, pancreatic cancer patients are often diagnosed at an advanced stage,

at which time the tumors are often unresectable and best addressed with chemotherapy.

However, most chemotherapeutic regimens show little to no response against pancreatic
cancer. Even the current first-line drug, gemcitabine, shows only modest improvement in
patient survival.2 A recent study by Olive et al. suggests that low efficacy of chemotherapy

against pancreatic cancer is due to the poor vascularization and inadequate drug perfusion at

the tumoral sites.2 Such a clinical challenge calls for new and more effective drug delivery
strategies that can enhance the drug availability at the tumor sites.

To address this fundamental issue in pancreatic cancer treatment, here we propose a targeted

drug delivery platform consisting of a lipid-polymer hybrid nanoparticle (NP) to carry
therapeutic payloads and a selectively reduced anti-CEA half-antibody (hAb) to target
pancreatic cancer cells. It is hypothesized that the targeted NPs can preferentially bind to
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pancreatic cancer cells rather than normal cells. Given the high drug loading capacity of each
lipid-polymer hybrid NP, the cancer cells are expected to be destroyed even though only few
NPs are taken up by one cell.

The lipid-polymer hybrid NPs consist of a biodegradable and biocompartible hydrophobic
polymeric core made of poly o.-lactic-co-glycolic acid (PLGA), a monolayer of phospholipids,
and an outer corona layer made of polyethylene glycol (PEG). Despite their complex structure,
these hybrid NPs are synthesized in a simple, single-step fashion, which allows future scale-
up production and cost-effective real-life applications.* Several features make these NPs a
promising drug delivery platform, including biocompatibility, biodegradability, sustained
drug-release profiles, functionalizable surface, excellent stability in blood, and most
importantly, high drug loading yield.> These properties provide a basis for a stable, high-
payload targeted drug delivery vehicle that can potentially maximize the chemotherapeutic
efficacy against target cancer cells.

For the targeting ligand, we selected anti-CEA monoclonal antibody (mADb) as a basis because
CEA is overexpressed in 90% of pancreatic tumors.® In a study of using fluorophore-
conjugated anti-CEA mAb for pancreatic cancer visualization, Kaushal et al. demonstrated that
the mADb could effectively and safely deliver fluorescent dyes to subcutaneous, orthotopic, and
metastatic human pancreatic cancer xenografts in nude mice.” Several reports have also
conjugated anti-CEA mAb with NPs for various applications.8-10 In the case of NP drug
delivery, however, whole antibodies have several limitations. For instance, the large
hydrodynamic size of antibodies significantly increases nonspecific uptake by the
reticuloendothelial system (RES) and reduces the NP circulation half-life.1! In addition, the
nonspecific nature of antibody conjugation with NPs, typically involving random carboxyl-
amine reaction, could result in hindered binding sites of the antibody and particle dimerization.
Smaller antibody variants, such as single-chain variable fragments (svFc).12 diabodies, and
minibodies!3 14 have emerged in research settings to address these issues. Here we selectively
reduced the disulfide bonds between the heavy chains of the anti-CEA mAb using low molar
excess of reducing agent to produce anti-CEA half-antibodies (hAb). The resulting hAb possess
intact binding sites and reactive thiol groups on their constant region. These hAb retain their
targeting ability but are smaller in size and can be conjugated in a site-specific manner. Several
reports have employed the hAb strategy to deliver imaging agents such as quantum dots and
iron oxide.1® 16 To the best of our knowledge, this is the first report that optimizes such a
strategy for high-dose targeted drug delivery.

In this study, we successfully synthesized and characterized anti-CEA hAb conjugated lipid-
polymer hybrid NPs. We demonstrated the integrity and stability of the complex structure of
the targeted NPs after being internalized by the target cells as well as their targeting specificity
toward CEA-presenting pancreatic cancer cells in vitro. In addition, using paclitaxel as a model
chemotherapy drug, we showed superior cytotoxicity of the targeted NPs against pancreatic
cancer cells in comparison with their non-targeted counterparts.

Experimental Section

Conjugation of fluorophore to anti-CEA antibody and PLGA polymer

Monoclonal antibody specific for CEA was acquired from Biodesign International (Saco ME).
The antibody was labeled with Alexa Fluor 488 (Molecular Probes, Eugene, OR) fluorophores
following a protocol provided by the manufacturer. Briefly, the monoclonal antibody was

reconstituted at 2 mg/mL in 0.1M sodium bicarbonate. 500 uL of the antibody solution were
added to the reactive dye and allowed to incubate for 1 hr at room temperature. The antibody-
dye conjugates were separated from unconjugated free dyes via a purification column. Alexa
Fluor 647 (Molecular Probes, Eugene, OR) was conjugated to carboxy-terminated PLGA
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polymer through activation by 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and
N-hydroxysuccinimide (NHS). Briefly, 40 mg of 0.16 dL/g PLGA (Durect Corp, Cuppertino,
CA) dissolved in 1.6 mL of dimethylformamide (DMF) were mixed with 40 mg of EDC and
20 mg of NHS (Pierce, Rockford, IL) for 15 min. The 534 uL of 0.5 mg/mL Alexa Fluor 647
solutions were added to the mixture and incubated overnight. The unconjugated dyes were
removed by cold methanol wash. The fluorophore-conjugated PLGA was then vacuumed dried
and re-dissolved in acetonitrile.

Synthesis and characterization of anti-CEA hAb targeted lipid-polymer hybrid NPs

Lipid-polymer hybrid NPs were prepared via self-assembly of PLGA (Lactel, Pelham, AL),
lecithin (soybean, refined, molecular weight: ~330 Da; Alfa Aesar, Ward Hill, MA), carboxyl-
terminated DSPE-PEG (1,2-distearoyl-sn-glycero-3-phosphoethanolamine- N-carboxy
(polyethylene glycol)2000) and maleimide-terminated DSPE-PEG (Avanti Polar Lipids,
Alabaster, AL) through a single-step nanoprecipitation method following a previously
published protocol.# Briefly, 0.12 mg of lecithin and 0.26 mg of DSPE-PEG (the molar ratio
between DSPE-PEG-COOH and DSPE-PEG-maleimide is determined by the amount of anti-
CEA hAD to be conjugated to the NP surface) were dissolved in 2 mL 4 wt% ethanol ageous
solution. In parallel, 1 mg of PLGA polymer was dissolved in 1 mL acetonitrile. The resulting
PLGA solution was then added into the lipid solution dropwise under gentle stirring. The mixed
solution was vortexed vigorously for 3 minutes followed by gentle stirring for 2 hours at room
temperature. The remaining organic solvent and free molecules were removed by washing the
NP solution three times using an Amicon Ultra-4 centrifugal filter (Millipore, Billerica, MA)
with a molecular weight cut-off of 10 kDa. The NPs with maleimide moieties were then
incubated with selectively reduced anti-CEA hAb for 4 hrs. Finally, the unconjugated
antibodies were removed by centrifugation using 300 kDa Pall Nanosep® centrifugal device
(Sigma-Aldrich, St. Louis, MO).

The cleaved antibodies were separated on a SDS-PAGE 3-8% Tri-Acetate 10-well mini gel in
tri-acetate running buffer using NovexSureLockXcell Electrophoresis System (Invitrogen).
The samples were run at 150V for 1 hr and the resulting polyacrylamide gel was stained in
SimplyBlue™ (Invitrogen) overnight for visualization. To quantify the ligand conjugation,
Alexa Fluor 488 fluorescence in the hAb-NP solution was measured and matched to a
standardization curve. The resulting hAb content was converted to mole. The number of NPs
per 1mg of PLGA was approximated under the assumptions of spherical structure and uniform
polymer density. Mass of each NP was estimated based on a particle diameter of 83 nm and a
PLGA density of 1.2 g/mL. Assuming no loss in PLGA, the number of NPs was derived by
dividing 1mg by the mass of a single NP.

NP size (diameter, nm) and surface charge (zeta potential, mV) were measured by dynamic
light scattering (DLS) using Nano-ZS, Model ZEN3600 (Malvern, UK). NPs (~500 pg) were
dispersed in water (~1 mL) and measurements were performed in triplicates at room
temperature. The morphology and particle size were further characterized using scanning
electron microscopy (SEM). Samples for SEM were prepared by dropping 5 uL of NPs
solutions onto a polished silicon wafer. After drying the droplet at room temperature overnight,
the sample was coated with chromium and then imaged by SEM.

Cellular targeting and internalization studies

The human pancreatic cell lines BxPC-3 and XPA-3 were maintained in RPMI (Gibco-BRL,
Grand Island, NY) supplemented with 10% fetal calf albumin (FCS; Hyclone, Logan, UT),

penicillin/streptomycin (Gibco-BRL), L-glutamine (Gibco-BRL), MEM nonessential amino
acids (Gibco-BRL), sodium bicarbonate (Cellgro, Herndon, VA), and sodium pyruvate (Gibco-
BRL). Both cell lines were cultured at 37°C with 5% CO, and were plated in chamber slides
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(Cab-Tek I, eight wells; Nunc, Rochester, NY) with the aforementioned media. On the day
of the experiment, cells were washed with pre-warmed PBS and incubated with pre-warmed
RPMI media for 30 min before adding 100 pg of hAb-NPs or non-targeted NPs with the same
amount of Alexa Fluor 647 dyes. The NPs were incubated with cells for 30 min at 37°C, washed
with PBS 3 times, fixed with tissue fixative (Millipore, Bellerica, MA) for 30 min at room
temperature, stained with 4’,6-diamidino-2-phenylindole (DAPI, nucleus staining), mounted
in ProLong® Gold antifade reagent (Invitrogen), and imaged using deconvolution scanning
fluorescence microscopy (DeltaVision System, Applied Precision, Issaquah, WA). Digital
images of blue, green, and red fluorescence were acquired using a 40x and a 100x oil immersion
objective and DAPI, FITC, and CY?5 filters, respectively. Images were overlaid and
deconvoluted using softWoRx software.

In vitro cytotoxicity study

To prepare drug-encapsulated NPs, 0.1 mg of paclitaxel (Sigma-Aldrich, St Louis, MO) was
dissolved into the 1 mg of PLGA acetonitrile solution before the nanoprecipitation process. To
quantify the loading yield of paclitaxel, the paclitaxel-loaded NPs were dissolved in a 70%
acetonitrile aqueous solution and left on a vortex at room temperature for two days. Paclitaxel
was quantified by high performance liquid chromatography (HPLC). The column used was
UBONDAPAK 4.6x150 mm. The paclitaxel absorbance was measured by a UV/Vis detector
at 230 nm in an acetonitrile/water gradient mobile phase (1 mL/min). The mobile phase
acetonitrile/water ratio started at 50/50 at 0 min and increased to 100% acetonitrile over 10
min. Acetonitrile was then held for 4 min before returning to a 50/50 ratio in 14-25 min. Each
set of data was measured with a calibration curve. For the cytotoxicity study, BxPC-3 cells
were grown in 96-well plates at concentrations leading to 60% confluence in 24 h (40000 cell/
cm?). NPs with different paclitaxel loading were incubated with the cells in RPMI for 1 hr.
Then the cells were washed and supplemented with fresh media. Following 72 hrs of culture,
cell viability was assessed with the ATPLite 1-step luminescence ATP detection assay
(PerkinElmer, Waltham, MA) following a protocol provided by the manufacturer.

Results and Discussions

Figure 1 illustrates the synthesis scheme of anti-CEA hAb conjugated lipid-polymer hybrid
NPs. Briefly, the maleimide-terminated hybrid NPs were self-assembled from their building
blocks via a nanoprecipitation method following a previously described protocol.# Tris (2-
carboxyethyl) phosphine (TCEP) with a molar excess of 3x over the molar concentration of
the anti-CEA mAb was used to selectively reduce the mAb into anti-CEA hADb.
Subsequentially, the hAb were conjugated with the hybrid NPs through maleimide-thiol
coupling. The resulting hAb-NPs were then filtered to remove excess antibodies (both
uncleaved mAb and excess hAb) before further characterization and application.

Synthesis of anti-CEA hAb

Since the extent of antibody reduction governs the conjugation efficiency as well as the
targeting ability, the selective reduction process was optimized using sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE). To confirm the production of hAb and to
optimize the selective reduction process, anti-CEA mAb were mixed with different molar
excess of TCEP for 4 hrs and then separated and visualized. Figure 2A showed the SDS-PAGE
results of reduced anti-CEA mAb under various molar excess of TCEP. Using the reference
molecular weight ladder, the whole mAb (~130kDa) and three distinct cleavage products -
hAb (~67kDa), heavy-chain fragments (~46kDa), and light-chain fragments (~21kDa) - were
clearly identified. The presence of four distinct bands suggests that the disulfide bonds between
the two heavy-chains were preferentially cleaved resulting in the formation of hAb. If all
disulfide bonds in the mAb had been cleaved equally, two additional bands would have been

Mol Pharm. Author manuscript; available in PMC 2011 June 7.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hu et al.

Page 5

observed, corresponding to double-heavy-chain fragments (~92kDa) and single-light-chain-

double-heavy-chain fragments (~113kDa). Figure 2A also revealed the extent of mAb cleavage
under different TCEP concentrations. It was observed that under 30x molar excess of TCEP

the mAb were completely cleaved to heavy-chain and light-chain fragments. These fragments
showed no binding affinity toward CEA-presenting pancreatic cancer cells (data not shown).
We found that 3x molar excess of TCEP would maximize the yield of hAb and minimize the
production of non-targeting fragments that compete with hAb for maleimide conjugation sites
on the hybrid NP surface.

Synthesis and Characterization of hAb-NP conjugates

The resulting hAb was conjugated to the hybrid NPs through maleimide-thiol coupling and the
reaction was confirmed and quantified using fluorescence measurements (Figure 2B). Before
TCEP reduction, anti-CEA mAb were covalently labeled with Alex-488 fluorophores. In the
study, 50 pg of reduced anti-CEA mAb (3x molar excess of TCEP) were incubated with 1 mg
of maleimide-terminated hybrid NPs (molar ratio: mAb/NP ~ 150/1) for 4 hrs before the
solution was filtered through a membrane with a molecular weight cutoff of 300 kDa.
Fluorescence readings of the NP solution and the corresponding filtrate indicate that
approximately 9.7 ug (or 19.4%) of selectively reduced anti-CEA mAb were conjugated to 1
mg of NPs, which translates to a 32:1 ligand-to-particle molar ratio (see experimental section
for this estimation). To confirm that the retained fluorescence was due to maleimide-thiol
conjugation rather than non-specific absorption of uncleaved anti-CEA mAb, noting that intact
mADb do not react with the maleimide-terminated NPs, the NP solution was then mixed with
50 ug of untreated anti-CEA mAb. It was found that less than 1% (0.47 pg) of the mAb was
retained in the NP solution. This control experiment suggests that the filter membrane used in
this study was sufficient enough to remove all free mAb or their fragments from the NP solution
and negligible amount of mAb non-specifically absorbs onto the NP surface.

The NP diameter and surface zeta potential in water were compared before and after the hAb
conjugation using dynamic light scattering (DLS). The results showed a slight increase in
particle size (83 nm to 95 nm) and a less negative zeta potential (-61 mV to -55 mV) following
the hAb conjugation (Figure 3A). The size increase corresponds to the coating of the hAb
around the NP surface. The increase in zeta potential, on the other hand, is likely due to the
shielding of the negatively charged NP surface by the nearly neutral anti-CEA hAb moieties.
Scanning electron microscopy (SEM) images (Figure 3B) of the hAb-conjugated hybrid NPs
revealed their spherical structures with an averaged diameter of sub-100 nm, which was
consistent with the DLS results.

Targeting ability of hAb-NPs

After having synthesized the hAb-NPs and characterized their physicochemical properties, we
next examined their targeting ability, particularly against CEA-presenting pancreatic cancer
cells. We began by confirming the concurrent delivery of the lipid shell and the PLGA core of
the targeted NPs using a dual-fluorophore system. One concern of using the lipid-polymer
hybrid NPs stems from the integrity of their core-shell structure, especially when the shell is
conjugated with targeting moieties. That is, the hAb conjugated lipid shell may detach from
the PLGA core during the delivery process, therefore the hAb cannot target the drug loaded
PLGA core to the sites of action. To test this possibility, the anti-CEA hAb and the PLGA core
were labeled with Alexa-488 (green) and Alexa-647 (red), respectively. Targeted NPs
simultaneously containing these two dyes were incubated with CEA-presenting human
pancreatic adenocarcinoma cells (BxPC-3) and subsequently imaged using deconvolution
scanning fluorescence microscopy. The matching overlay of the green and red fluorescence
(Figures 4A-C) from the same NPs at corresponding excitation wavelengths suggests that
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neither the lipid shell nor the targeting hAb ligands was striped from the polymeric core
following cell binding and particle internalization.

The targeting specificity of the hAb-NPs was evaluated by incubating BxPC-3 and a non-CEA-
presenting human pancreatic cancer cell line (XPA-3) with hAb-NPs and non-targeted hybrid
NPs without hAb conjugation. As shown in Figure 4D-G, the hAb-NPs effectively bound to
the CEA positive BxPC-3 cells (Figure 4D) but remained stealthy to the CEA negative XPA-3
cells (Figures 4E). In contrast, the non-targeted hybrid NPs showed negligible cellular uptake
by either BXPC-3 cells (Figures 4F) or XPA-3 cells (Figures 4G). This selective targeting could
only be attributed to the complementary binding to the carcinoembryonic antigens by the anti-
CEA hAb. Such a mechanism could enhance the cancer cell killing effect through receptor-
mediated endocytosis which facilitates particle internalizationl’: 18, After a single hAb-NP
was taken up by a target cell, it may release enough drug payloads to show therapeutic activity.

Cytotoxicity of paclitaxel-loaded hAb-NPs

To examine the in vitro cellular cytotoxicity of the anti-CEA hAb targeted NPs against
pancreatic cancer cells, we chose paclitaxel as a model hydrophobic chemotherapy drug.
Paclitaxel is a widely used anticancer drug and has shown great therapeutic efficacy against
pancreatic cancer.1® An additional reason of choosing paclitaxel is that the drug can be readily
loaded into the hydrophobic PLGA core of the hybrid NPs with high and controllable loading
yields. In the study, hAb-NPs with various paclitaxel loading yields were incubated with
BxPC-3 cells. The resulting cellular cytotoxicity was measured by an ATP cellular viability
assay and was normalized to that of BXPC-3 cells treated by PBS buffer. Non-targeted hybrid
NPs with the corresponding paclitaxel loading yields were used in parallel as a control. The
actual paclitaxel loading of different NP formulations were quantified using high performance
liquid chromatography (HPLC) following a published protocol.2 The results showed that
paclitaxel loading yield can be precisely tuned by varying the initial drug input during NP
preparation process (Figure 5 inset). Here up to ~38 pg of paclitaxel were encapsulated into 1
mg of the hybrid NP for the cytotoxicity study. This 3.8 wt% drug loading yield can be
converted to roughly 10,000 paclitaxel drug molecules per NP, calculating from the diameter
of the NP (83 nm), PLGA density (1.2 g/mL) and the molecular weight of paclitaxel (854 Da).
Speculatively, a few drug-loaded NPs taken up by one cancer cell may be able to provide a
sufficiently high dose of paclitaxel that can kill the cancer cell. It is worth noticing that the
loading yield of paclitaxel can be further improved by tuning the formulation parameters of
the hybrid NPs but this is beyond the focus of this study.

After the paclitaxel-loaded hybrid NPs (both targeted and non-targeted) were prepared, the
BXxPC3 cells were incubated with the NPs loaded with different doses of paclitaxel for 1 hr.
Then the excess NPs were washed in PBS buffer and the cells were cultured in fresh media for
up to 72 hrs before they were subject to ATP assay. The luminescence signals of all samples
were normalized to that of the cells in the absence of NPs to calculate the relative cellular
viability of each circumstance. The results showed that the hAb targeted NPs had enhanced
cytotoxicitiy at all levels of paclitaxel dosage, especially at 359 nM (Figure 5), where the
targeted NPs and non-targeted NPs resulted in 25.7+7.2% and 58.7+9.9% relative cellular
viability, respectively. ANOVA test showed that the difference in relative viability of the
targeted and non-targeted NPs was significant at both 359 nM and 984 nM (p<0.01) of
paclitaxel loading. An IC50 of 251 nM and 526 nM were obtained for the hAb-NPs and non-
targeted NPs, respectively, which translated to a more than 2-fold increase in therapeutic
efficacy due to the anti-CEA hADb targeting. It needs to be noted that without drug loading,
neither the targeted NPs nor the non-targeted NPs showed any cytotoxicity against the cells
(data not shown). The biocompatibility of these NPs is consistent with previous findings on
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lipid-polymer hybrid NPs®. Therefore, the hAb-conjugated NPs can be safely used as a drug
delivery vehicle for in vivo applications.

Conclusions

In summary, we have successfully synthesized a targeted NP drug delivery platform specific
to pancreatic cancer cells using FDA-approved biomaterials and selectively reduced anti-CEA
half-antibodies. Ligand-to-particle molar ratio, particle size, surface charge, and drug loading
yield have been characterized and could be controlled for specific therapeutic applications. In
addition, we have demonstrated the targeting specificity of the synthesized targeted NPs as
well as their enhanced cellular cytotoxicity against target cells compared to their non-targeted
counterparts. This platform has great therapeutic potentials as it can effectively deliver a variety
of chemotherapeutic drugs to pancreatic tumors in a targeted manner. Additional in vivo studies
are required to examine the pharmacokinetics, biodistribution and therapeutic efficacy of the
hAb targeted NPs before further applications can be considered.
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Figure 1.

Schematic diagram of the synthesis of anti-CEA half-antibody (hAb) conjugated lipid-polymer
hybrid NPs.
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(A) Gel electrophoresis results of anti-CEA antibody reduction at TCEP (reducing agent)

concentration of 0x, 3%, 10x and 30x over the concentration of the antibody, respectively. The
rightmost lane represents a standard molecular weight ladder. (B) Quantifying the conjugation
yield of 1 mg of maleimide-terminated hybrid NPs with 50 ug of anti-CEA antibody reduced

by 3x TCEP versus 50 ug of untreated anti-CEA antibody.
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Figure 3.

(A) Size and surface zeta potential of the hybrid NPs before and after hAb conjugation

Page 11

determined by dynamic light scattering. (B) SEM image of hAb targeted lipid-polymer hybrid

NPs.
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Figure 4.

Scanning fluorescence microscopy images demonstrated the co-delivery of (A) the lipid shell
to which the hAb conjugated (visualized with green Alexa Fluor 488 dyes) and (B) the PLGA
polymeric core (visualized with red Alexa Fluor 647 dyes) to CEA-positive BxPC-3 cells
(nucleus stained in blue with DAPI). (C) The overlay of the green and red fluorescence
confirmed the integrity of the lipid-polymer hybrid NP structure after being internalized by the
target cells. Targeting specificity was confirmed by incubating (D) CEA-positive BxPC-3 cells
with anti-CEA hAb targeted NPs, (E) CEA-negative XPA-3 cells with anti-CEA hAb targeted
NPs, (F) CEA-positive BxPC-3 cells with non-targeted NPs, and (G) CEA-negative XPA-3
cells with non-targeted NPs.
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Figure 5.

Relative viability of BXPC-3 cells incubated paclitaxel-loaded hAb targeted NPs (solid line)
and non-targeted NPs (dashed line) with various paclitaxel loading yields using ATP assay.
The results were normalized to controls without NP treatment. ANOVA test: *p<0.01 (n=8).
Inset: paclitaxel loading vs. paclitaxel applied during NP preparation per 1mg of NPs.
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