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Abstract

Targeted drug delivery using nanocarriers is achieved by functionalizing the carrier surface with a
tissue-recognition ligand. Current surface modification methods require tedious and inefficient
synthesis and purification steps, and are not easily amenable to incorporating multiple functionalities
on a single surface. In this report, we describe a versatile, single-step surface functionalizing
technique for polymeric nanoparticles. The technique utilizes the fact that when a diblock copolymer
like polylactide-polyethylene glycol (PLA-PEG) is introduced in the oil/water emulsion used in
polymeric nanoparticle formulation, the PLA block partitions into the polymer containing organic
phase and PEG block partitions into the aqueous phase. Removal of the organic solvent results in
the formation of nanoparticles with PEG on the surface. When a PLA-PEG-ligand conjugate is used
instead of PLA-PEG copolymer, this technique permits a ‘one-pot’ fabrication of ligand-
functionalized nanoparticles. In the current study, the IAASF approach facilitated the simultaneous
incorporation of biotin and folic acid, known tumor-targeting ligands, on drug-loaded nanoparticles
in a single step. Incorporation of the ligands on nanoparticles was confirmed by using NMR, surface
plasmon resonance, transmission electron microscopy and tumor cell uptake studies. Simultaneous
functionalization with both ligands significantly enhanced nanoparticle accumulation in tumors in
vivo, and resulted in greatly improved efficacy of paclitaxel-loaded nanoparticles in a mouse
xenograft tumor model. This new surface functionalization approach will enable the development of
targeting strategies based on the use of multiple ligands on a single surface to target a tissue of interest.
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1. Introduction

An important goal in drug therapy is to enhance the availability of drug at its site of action
while minimizing its exposure to non-target sites. Polymeric nanoparticles have emerged as a
versatile carrier system for targeted delivery of small molecular weight drugs as well as
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macromolecular therapeutic agents to the tissue of interest [1-3]. Use of polymeric materials
in nanoparticle fabrication permits the slow release of the drug molecule for sustained
therapeutic effect. Surface functionalization of nanoparticles with hydrophilic polymers such
as polyethylene glycol (PEG) increases the residence time of nanoparticles in the systemic
circulation while inclusion of tissue-recognition ligands enables targeted delivery [4-7].

Current methods of incorporating ligands on the surface of nanoparticles usually involve
chemical conjugation of the ligand to pre-synthesized nanoparticles [8-10]. Chemical
conjugation to preformed particles is not useful if the material used for nanoparticle fabrication
lacks reactive functional groups or if the reaction conditions are detrimental to the payload.
Further, chemical conjugation involves addition of pre-formed nanoparticles to a liquid
reaction medium, which may result in the loss of payload from nanoparticles. Chemical
coupling of ligand to nanoparticles can be expensive and time consuming because the chemistry
needs to be optimized for each polymer-ligand combination and may need to be modified based
on the properties of the encapsulated drug. Importantly, introduction of multiple ligands on the
surface requires tedious and inefficient sequential synthesis and purification steps.

In this report, we describe a facile, single-step surface functionalization technique driven by
interfacial activity of block copolymers. When an amphiphilic diblock copolymer is introduced
into an oil/water biphasic system, the hydrophobic block tends to partition into the oil phase
while the hydrophilic block remains in the aqueous phase (Figure 1A). In the proposed
approach, polymer to be used in nanoparticle fabrication and drug of interest are first dissolved
in an organic solvent like chloroform; this polymer-drug solution is emulsified in an aqueous
solution containing a surfactant such as polyvinyl alcohol. The desired ligands are conjugated
to the hydrophilic end of an amphiphilic diblock copolymer like polylactide-polyethylene
glycol (PLA-PEG). The copolymer-ligand conjugate is added to the polymer/drug emulsion,
where the ligand-conjugated copolymer spontaneously localizes and orients at the interface.
Finally, the organic solvent is removed by evaporation, which results in an aqueous dispersion
of polymeric nanoparticles with PEG and ligand(s) on the surface of nanoparticles (Figure 1B).
Micelles formed due to the self-assembly of the copolymer are removed by extensive dilution
and washing of the system. We call this method Interfacial Activity Assisted Surface
Functionalization (IAASF). This technique enables the incorporation of multiple functional
groups, including hydrophilic polymers and targeting ligands, on drug-loaded nanoparticles in
asingle step. In the current study, using folic acid and biotin as model ligands, we demonstrate
the utility of IAASF technique in fabricating polymeric nanoparticles for targeted drug
delivery.

2. Materials and Methods

2.1 Materials

The polymer poly(o,.-lactide-co-glycolide) (lactide-to-glycolide ratio of 50:50 and average
molecular weight of ~38 kDa; PLGA) was purchased from Absorbable Polymers (Pelham,
AL). Folic acid, biotin, polyvinyl alcohol (PVA,; average Mw 30,000-70,000 Da), 6-coumarin,
paclitaxel, Triton-X 100, dimethyl sulfoxide (DMSO), triethylamine,
dicyclohexylcarbodimide, N-hydroxy-succinimide, stannous-2-ethyl-hexonate,
dicyclohexylurea, Tween-80, phosphotungstic acid, and monoclonal anti-folic acid antibody
were obtained from Sigma (St. Louis, MO). a-amine-w-hydroxy PEG was obtained from
Laysan Bio, Inc (Arab, AL). MCF-7 and 4T1 cells were obtained from American Type Culture
Collection (Manassas, VA) while NCI/ADR-RES was obtained from National Cancer Institute
(Bethesda, M). 300-mesh copper grid covered with Formvar/carbon was obtained from Ted
Pella Inc (Redding, CA). Dichloromethane, diethyl ether, methylene choride, chloroform,
methanol and toluene were obtained from Fisher Scientific (Pittsburgh, PA). Goat anti-mouse
IgG-coated gold particles (25nm) and streptavidin-coated gold particles (10 nm) were obtained
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from Electron Microscopy Sciences (Hatfield, PA). RPMI-1640, penicillin/streptomycin, fetal
bovine serum and Trypsin-EDTA solution were obtained from Invitrogen Corporation
(Carlsbad, CA). Tris-EDTA buffer was received from Promega (Madison, W1).

2.2.1 Preparation of PLA-PEG-folic acid and PLA-PEG-biotin polymer
conjugates—PLA-PEG-folic acid and PLA-PEG-biotin were synthesized using previously
reported synthetic schemes with some modifications [11].

Synthesis of NHS-folic Acid and NHS-biotin: Folic acid (1.0 g) was added to a mixture of
anhydrous dimethyl sulfoxide (DMSO, 40 ml) and triethylamine (TEA, 0.5 ml), and was stirred
under anhydrous conditions in dark overnight. The above solution was then mixed with
dicyclohexylcarbodimide (DCC, 0.5 g) and N-hydroxysuccinimide (NHS, 0.28 g), and stirred
in dark for further 18 hrs. The side product dicyclohexylurea (DCU) precipitate was removed
by filtration. DMSO and TEA were evaporated under vacuum. NHS-biotin was prepared
similarly.

Preparation of biotin-PEG-OH and folic acid-PEG-OH: a-amine-w»-hydroxy PEG (0.2 g;
average molecular weight of 3,400 Da) was dissolved in acetonitrile (0.4 ml). Methylene
chloride (0.2 ml) and TEA (16 pl) were added to the above solution and stirred for 1 min. NHS-
biotin or NHS-folic acid (0.05 g) was introduced to the above reaction mixture and stirred
overnight under nitrogen. The reaction was stopped by the slow addition of diethyl ether (10-15
ml) to precipitate the polymer and to separate the unreacted PEG. Precipitated polymer was
filtered and washed with diethyl ether. The polymer was then dissolved in hot 2-propanol
(20-25 ml, 70° C), which resulted in an opaque, cloudy solution. This polymer was
reprecipitated by cooling and the unconjugated folic acid and biotin molecules were removed
by dialysis (Spectra/por® dialysis membrane, MWCO 1000). The dialyzed product was
Iyophilized and then analyzed for biotin and folic acid conjugation by 1H NMR spectroscopy.

Preparation of PL A-PEG-Biotin and PL A-PEG-Folic acid: Graft polymerization of lactide
onto folic acid-PEG-OH or biotin-PEG-OH was done by solvent polymerization technique.
Glasswares were silanized by rinsing with a 5% methyl tri-chlorosilane solution in toluene,
followed by rinsing with acetone, and then left overnight to dry at 130° C. Folic acid-PEG-OH
or biotin-PEG-OH (90 mg) and L-lactide (460 mg) were added into a round bottom flask and
diluted with 30 ml of toluene. The flask was placed in a desiccator and heated to 60° C until
the contents dissolved. To remove traces of moisture present in the conjugate, about 70% of
the added toluene was removed by distillation in a reaction vessel equipped with a Dean-Stark
trap. Then, stannous 2 ethyl-hexanoate in toluene (25 mg in 0.2 ml) was added to the above
reaction mixture and refluxed at 110° C for 4 hrs under nitrogen. Residual solvent was removed
under vacuum using a rotary evaporator. The remaining viscous material was heated to 140°
C for 1 hr under nitrogen. The reaction mixture was cooled and dissolved in 10-15 ml
dichloromethane. This polymer solution was then added slowly to a stirred solution of chilled
diethyl ether. The final polymer conjugate was isolated by vacuum filtration and then
lyophilized. The final conjugation step was verified by 1H NMR spectroscopy. The molecular
weight and molecular weight distribution of the copolymer was determined by gel permeation
chromatography using polystyrene standards. A Waters 717 Plus autosampler connected to a
Waters 590 pump running THF as the mobile phase at a flow rate of 1 ml/min was used. Both
ultraviolet-visible and refractive index detectors were used. My, of the synthesized PLA-PEG
copolymer was 12.2 x 108 Da and the polydispersity index was 1.28.

2.2.2 Preparation of surface-functionalized PLGA nanoparticles by IAASF
technique—PLGA (30 mg) was dissolved in 1 ml chloroform. An oil-in-water emulsion was
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formed by emulsifying the polymer solution in 6 ml of 2.5% wi/v aqueous PVA solution by
using a probe sonicator (Sonicator® XL, Misonix, NY) for 5 minutes over an ice bath. The
diblock copolymer PLA-PEG conjugated to either folic acid or biotin was dissolved in
chloroform (8 mg in 100 pl) and added to the above emulsion with stirring. The emulsion was
then stirred for 18 h at ambient conditions followed by for 2 h under vacuum to remove
chloroform. Nanoparticles were recovered by ultracentrifugation (148,000 x g for 35 min at
4° C, Optima™ LE-80K, Beckman, Palo Alta, CA), washed three times with deionized water
to remove excess PVA and to dilute the micelles formed due to the self-assembly of the PLA-
PEG block copolymer. Nanoparticle suspension was then lyophilized (—80° C and <10 um
mercury pressure, Labconco, FreeZone 4.5, Kansas City, MO). To prepare paclitaxel loaded
nanoparticles, paclitaxel (6 mg) was dissolved along with PLGA in chloroform and processed
as described above. Paclitaxel loading in nanoparticles was determined by extracting
nanoparticles with methanol and analyzing the methanol extract by HPLC as described
previously [12]. To prepare fluorescently-labeled nanoparticles, 6-coumarin (250 pg) was
dissolved along with PLGA in chloroform and processed as described above. We have
previously demonstrated that the fluorescent label remains firmly attached to the PLGA matrix
and does not leach out over 48 hrs when incubated with aqueous buffers or cell culture medium
[13].

2.2.3 Characterization of surface functionalized nanoparticles by NMR—The
incorporation of PLA-PEG-folic acid and PLA-PEG-biotin conjugates in PLGA nanoparticles
was determined by IH NMR. Nanoparticle formulations (10 mg) were dissolved in NMR grade
DMSO (1 ml) and analyzed using a Varian INOVA 800 MHz NMR instrument.

2.2.4 Characterization of surface functionalized nanoparticles by transmission
electron microscopy (TEM)—Presence of ligands on the surface of nanoparticles was
determined by TEM as previously described [14] with some modifications. Presence of folic
acid was detected by incubating nanoparticles with mouse anti-folic acid antibody followed
by incubation with gold (25 nm)-labeled goat anti-mouse 1gG. Presence of biotin was detected
by incubating nanoparticles with gold (10 nm)-labeled streptavidin. Nanoparticles were
initially incubated with 10% BSA solution in PBS for 1 hr and then with folate-specific anti-
folic acid monoclonal antibody produced in mouse for 1 hr. Unbound antibody was removed
by washing the particles with PBS. Particles were then incubated with gold-labeled 1gG for 1
hr and unbound gold particles were removed by washing with PBS twice. A drop of
nanoparticle suspension was then put on the Formvar-coated copper grid, allowed to stand for
5 min, and excess liquid was wicked off. The grids were then incubated with phosphotungstic
acid (0.5% w/v; pH 6.4) for 5 min. Nanoparticles were then visualized using a Philips Technai
F20 microscope. A similar procedure was followed for detecting the presence of biotin using
streptavidin-conjugated gold particles.

2.2.5 Quantitation of biotin molecules on nanoparticle surface—Number of biotin
molecules on nanoparticle surface was determined using a commercially available biotin
quantitation kit (Biotective Green, Invitrogen). This assay uses Biotective Green reagent,
which consists of avidin labeled with a fluorescence dye and with quencher dye ligands
occupying the biotin binding sites in avidin. The quencher dye ligand quenches the fluorescence
through fluorescence resonance energy transfer. In the presence of biotin, the quencher ligand
is displaced from Biotective Green reagent, yielding fluorescence proportional to the amount
of added biotin. Nanoparticles without surface functionalization was used as negative control
while biotinylated goat anti-mouse 1gG supplied by Invitrogen was used as a positive control.
The number of biotin molecules present in a known weight of nanoparticles was determined
based on the protocol suggested by the manufacturer. Based on the particle size and density of
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the polymer, 1 mg of nanoparticles was estimated to contain ~1012 particles. The results were
expressed as the average (= S.D.) number of biotin molecules present on each particle.

2.2.6 Characterization of surface functionalized nanoparticles by surface
plasmon resonance—Binding of biotin and folic acid on the surface of nanoparticles with
streptavidin and anti-folic acid antibody, respectively, was evaluated by surface plasmon
resonance [15]. Binding interactions were studied using the Biacore 3000 instrument available
as a core facility at the University of Nebraska Medical Center, Omaha, NE. For biotin
containing formulations, streptavidin sensor chip was docked and conditioned as suggested by
the manufacturer with 3-4 minute pulses of 1 M sodium chloride in 50 mM sodium hydroxide.
This was followed by injections of nanoparticles without biotin (10 mg/ml), biotin
functionalized nanoparticles (10 mg/ml) and nanoparticles functionalized with both biotin and
folic acid (10 mg/ml). In all the cases, nanoparticles were suspended in HBS-EP buffer by
sonication for 30 seconds. Nanoparticles were held on an ice bath until injected.

In the case of folic acid functionalized nanoparticles, CM5 research grade sensor chip was
used. Murine anti-folate antibody (Chemicon) was amine coupled directly to the CM5 surface
using Biacore's reagents for amine coupling. The antibody was diluted to 30 pg/ml in 10 mM
sodium acetate (pH 4.5), resulting in ~10,000 RUs following coupling. To avoid any
nonspecific binding, HBS-EP buffer containing 1 mg/ml carboxymethyl dextran and 1 mg/ml
BSA was injected over all surfaces prior to injecting nanoparticles with or without folic acid
functionalization (10 mg/ml).

2.2.7 Accumulation of ligand-functionalized nanoparticles in tumor cells in vitro
—MCF-7 (drug-sensitive), NCI-ADR (drug-resistant) and 4T1 (drug-sensitive) cells were
cultured in RPMI-1640 medium (containing 10% fetal bovine serum) at 37° C and supplied
with 5% CO,. Cells were seeded in 24-well plates at a seeding density of 5x10% cells/well.
Following attachment, cells were treated for 30 min with fluorescently-labeled nanoparticle
formulations (100 pg/ml/well) with or without excess free folic acid and biotin (300 uM). The
treated cells were washed with PBS twice, and then lysed with Triton-X solution in PBS (300
ul/well). Cell lysates were lyophilized and then extracted with methanol (1 ml/sample) for 4
h. The extracts were centrifuged at 5000 rpm for 10 min and the supernatants were subjected
to HPLC analysis. The fluorescent label (6-coumarin) was eluted on a C8 column
(Phenomenox) by using acetonitrile and sodium heptane sulfonate buffer in isocratic mode and
detected using a fluorescence detector (Laballiance, Jasco, PA) at excitation and emission
wavelengths of 450 nm and 490 nm, respectively [13]. Nanoparticle concentrations were
determined based on 6-coumarin loading in nanoparticles, and then normalized to total cell
protein content determined using Pierce protein assay Kit.

2.2.8 Efficacy of paclitaxel-loaded nanoparticles in MCF-7 tumor xenograft
model—MCF-7 cells were used to develop tumor xenografts in NCR-NU mice.
Ovariectomized NCR-NU female mice (6-8 weeks old) were purchased from Taconic Farm
(Albany, NY). All animal manipulations were performed using sterile techniques and were
approved by Institutional Animal committee at Wayne State University, Detroit, MI. Mice
were implanted subcutaneously with a 90-day 17-B-estradiol pellet (Innovative Research of
America, Sarasota, FL) on the dorsal side before tumor cell injection. Following implantation,
each animal received one to two million MCF-7 cells suspended in PBS. Tumors were allowed
to grow to a size of at least 100 mm3 in diameter before treatments were administered. Animals
were injected intravenously with paclitaxel (20 mg/Kg) dissolved in cremophor® or
encapsulated in different nanoparticle formulations. Animals that received cremophor or folic
acid-functionalized blank nanoparticles were used as vehicle-treated controls. Tumor volumes
were assessed regularly by measuring two perpendicular diameters with Vernier calipers and
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using the formula (LxW2)/2 where L is the longest diameter and W is perpendicular to L.
Tumor volume on the day of treatment was normalized to 100% for all groups.

2.2.9 Determination of paclitaxel in tumor samples—NCR-NU mice bearing MCF-7
tumor xenografts (~100 mm3) were injected intravenously with different paclitaxel treatments
as described before. Animals were euthanized 2 hrs post-injection and tumors were excised,
homogenized and lyophilized. Extraction with tert-butyl methyl ether was used for sample
preparation, and docetaxel was used as the internal standard. Paclitaxel and docetaxel were
separated on a capillary HPLC system (Agilent, CA) coupled to a TSQ Quantum discovery
Max triple-quadrupole mass spectrometric detector (Thermo Finnigan), equipped with an
electrospray ionization source. The autosampler was maintained at 10° C and the column at
35° C. Hypersil GOLD C8 column (100 mm x 0.5 mm I.D) was used. Analytes were eluted at
aflow rate of 0.1 ml/min, using isocratic mobile phase composed of 10 mM ammonium acetate
(pH 4.0) and acetonitrile (70:30). Total run time was 4 min. Retention time of paclitaxel was
2.5 min. The mass spectrometer was run in electrospray positive mode and source conditions
were as follows: capillary voltage, 3 kV; spray voltage, 3900 V; capillary temperature, 385 °
C; sheath gas pressure, 55L/h; source CID (collision energy), 5 and collision gas pressure, 1.0
mTorr. SRM mode detected the following transitions: m/z 854.5 --> 286.2 for paclitaxel and
m/z 830.3 --> 549.1 for docetaxel to generate the standard curve. The chromatographic data
were acquired and analyzed using Xcaliber software (Thermo Finnigan). Paclitaxel
concentration was determined using the standard curve and was normalized to the tissue weight.

2.2.10 Statistical analyses—Generalized linear mixed effect model (mixed model)
following natural log transformation of tumor volumes was used to analyze tumor growth
inhibition data. In this model, the tumor volume change was considered to arise from both fixed
effects and random effects. The fixed effects consisted of treatment effects and interaction
between treatments and time effects. Random effects arise due to the variability in both tumor
volume mean and tumor change among different mice. The differences in the slopes of the
tumor growth curves were tested by Bonferroni adjustment. Differences in survival rate in
treatment groups was analyzed by Kaplan-Meier survival analysis. One-way ANOVA was
used to analyze differences in cellular accumulation of nanoparticles with and without ligands
and to analyze differences in paclitaxel accumulation in tumor tissue in vivo. A probaility level
of P < 0.05 was considered significant.

3.0 Results and Discussion

In the present work, we report a simple interfacial-activity assisted technique to fabricate ligand
functionalized polymeric nanoparticles for targeted drug delivery. Nanoparticles fabricated
using this technology have a polymeric matrix core, with the hydrophobic blocks of the
copolymer-ligand conjugate anchoring into the polymer core and the hydrophilic blocks and
ligands on the surface of nanoparticles (Figure 1B). The IAASF strategy differs from previously
reported surface functionalization techniques [16, 17] in the fact that the particles formed are
not micellar but are functionalized, matrix-type devices. This enables the incorporation and
sustained release of small molecular weight drugs [18-20], proteins [21, 22], and nucleic acid
therapeutics [18]. Self-assembled micellar systems are, in general, limited to encapsulating
hydrophobic small molecules.

An important advantage of the IAASF technique is that it depends only on the interfacial
activity of the block copolymer and the presence of oil/water interface. Matrix-type polymeric
nanoparticles used in drug and macromolecular delivery are formulated using some
modification of the emulsion solvent evaporation technique [23]. The method can thus be
potentially used for a wide variety of polymers and targeting ligands. The greatest advantage
of this method, however, is that it enables the incorporation of multiple ligands on the
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nanoparticle surface in asingle step. Incorporation of multiple ligands on the surface will enable
simultaneous targeting of multiple antigens and/or receptors in the target tissue [24,25].

To demonstrate the potential of IAASF technique, we fabricated poly(o,.-lactide-co-glycolide)
(PLGA) nanoparticles functionalized with known tumor targeting ligands, biotin and folic acid,
using polyethylene glycol (PEG) as a hydrophilic spacer. Electrophoretic light scattering
studies indicated that nanoparticles with or without ligands on the surface had similar anionic
surface charge (see Table 1). The anionic surface charge of PLGA nanoparticles stems from
the free carboxylic acid groups of the polymer present on the surface of particles [26]. It is
possible that the number of carboxylic acid groups present is far greater than the number of
ligand molecules present on the surface. This might explain the minimal effect of ligand
incorporation on the surface charge of nanoparticles. Previous studies investigating ligand
conjugation to PLGA nanoparticles also demonstrated a similar lack of effect of ligand
conjugation on the surface charge of nanoparticles [27]. Incorporation of the ligands was
confirmed by proton NMR, TEM, surface plasmon resonance and in vitro cell uptake studies.

3.1 Characterization of surface functionalized nanoparticles by 'H NMR spectroscopy

The presence of PEG folic acid and/or biotin in surface functionalized PLGA nanoparticles
was initially established by NMR analysis. H NMR spectrum of PLGA NP functionalized
with PLA-PEG-folic acid demonstrated the respective proton peaks for PEG (CH; at 3.5 ppm),
PLA (CHszat1.62 ppmand at CH 5.22 ppm) and folic acid (aromatic OH at 11.39 ppm, aromatic
C-NH at 6.82 ppm, 1-benzene CH at 7.61 ppm, secondary NH at 7.89 ppm and 2-pyrazine CH
at8.58 ppm; figure 2A). 'H NMR spectrum of biotin functionalized nanoparticles demonstrated
proton peaks for PLA, PEG and biotin (NH at 6.24 and 6.31 ppm) (figure 2B). Folic acid and
biotin functionalized nanoparticles demonstrated proton peaks for folic acid, biotin, PEG as
well as PLA as shown in figure 2C. PLGA nanoparticles without ligand functionalization
demonstrated proton peaks for lactide (from PLGA) at 5.22 ppm (CH) and ~1.5 ppm (CHj3)
(figure 2D). Proton peaks of ligand-functionalized nanoparticles correlated well with the proton
peaks of ligand-block copolymer conjugates (PLA-PEG-folic acid and PLA-PEG-biotin).

3.2 Characterization of ligand-functionalized nanoparticles using TEM

TEM was used to verify the presence of folic acid and biotin on the surface of nanoparticles.
The presence of biotin was determined by using streptavidin-conjugated gold nanoparticles
(10 nm). The presence of folic acid was determined by incubating nanoparticles with anti-folic
acid antibody and then with gold-labeled secondary antibody (25 nm). As seen in figure 3A,
nanoparticles that were functionalized with both biotin and folic acid were found to bind with
the gold probes for both ligands, confirming the presence of the ligands on the surface of
nanoparticles. Nanoparticles with only folic acid or biotin showed similar binding to their
respective gold probes (figures 3B and 3C). These TEM studies further show that ligand-
functionalized nanoparticles were in the 100 — 150 nm size range.

3.3 Characterization of surface functionalized nanoparticles by surface plasmon resonance

Surface plasmon resonance was used to determine whether the ligands present on the surface
of nanoparticles were available for binding. These studies indicated a significant difference in
binding affinity to respective targets for nanoparticles with and without ligands (figures 4A
and B). A significant difference of about 200 RU was observed for nanoparticles with and
without folic acid for binding to anti-folic acid antibody (figure 4A). A dramatic increase (3-5
folds) in response units (RU) was observed for biotin-functionalized nanoparticles compared
to non-functionalized nanoparticles for binding to streptavidin (figure 4B). Difference in the
response units observed for biotin nanoparticles and folic acid nanoparticles may be attributed
to the differences in the binding affinities of biotin-streptavidin and folic acid-antibody
combinations. Previous studies have shown that binding of folic acid to its target is in general
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weaker (Kp ~ 10710 M) [28] than the binding of biotin to streptavidin (Kp ~ 10715 M) [29].
Presence of both biotin and folic acid on the surface resulted in slightly weaker binding for the
individual ligands. Nanoparticles with biotin alone resulted in ~1340 response units for binding
with streptavidin while nanoparticles with both biotin and folic acid resulted in ~1145 response
units for binding with streptavidin. Reduced binding of dual-ligand nanoparticles is probably
due to fewer number of biotin molecules present on the surface. Quantitative studies indicate
that nanoparticles with both biotin and folic acid contain about 13.0 + 1.4 biotin molecules per
particle while biotin-only nanoparticles contain about 17.0 + 1.6 biotin molecules per particle.
Steric hindrance from folic acid may also contribute to the reduced binding of biotin on dual-
ligand nanoparticles to streptavidin.

3.4 Accumulation of ligand-functionalized nanoparticles in tumor cells in vitro

In vitro cell uptake experiments performed with fluorescently-labeled nanoparticles [13] were
used to further support the availability of surface-bound ligands for binding with their
respective receptors. As shown in figure 5, ligand-conjugated nanoparticles were extensively
taken up relative to nanoparticles without ligands by different cancer cell lines that overexpress
receptors for these ligands. Addition of excess free ligand decreased the uptake of ligand-
conjugated nanoparticles, indicating the involvement of corresponding receptors in the cellular
uptake of nanoparticles [30]. Similar increase in uptake by target cells was observed for
nanoparticles with just one ligand relative to nanoparticles without ligands (not shown). While
these studies suggest that free folic acid and biotin in the body can interfere with the uptake of
nanoparticles by tumor cells, it is important to note that the concentration of the free ligands
used in this competition experiment (300 uM) was several-fold higher than physiological
concentrations of the ligands (folic acid, 5 to 50 nM and biotin, 0.25 nM) [31,32].

3.5 Efficacy of paclitaxel-loaded nanoparticles in MCF-7 tumor xenograft model

The ability of ligand functionalized nanoparticles to target paclitaxel, a commonly used
anticancer drug, to tumors was then evaluated in vivo. Incorporation of the targeting ligands
did not affect the loading of the drug in nanoparticles significantly (Table 1). The effect of a
single-dose paclitaxel treatment on tumor growth was investigated in nude mice bearing
MCF-7 xenografts, which are known to overexpress both folate [33] and biotin [34] receptors
At the dose used (20 mg/kg paclitaxel; nanoparticle dose of ~3 mg/animal), free paclitaxel and
paclitaxel encapsulated in non-functionalized nanoparticles were only marginally effective
(not statistically significant). Incorporation of folic acid and/or biotin resulted in enhanced
tumor growth inhibition (P<0.05 Vs vehicle-treated; figure 6A). Interestingly, treatment with
nanoparticles that had both folic acid and biotin on the surface resulted in complete tumor
regression in one animal and significant inhibition in tumor growth in other animals (P<0.05
Vs nanoparticles with folic acid and P = 0.06 Vs nanoparticles with biotin). Representative
pictures of tumors at the end of 18 days can be seen in figure 6B. Enhanced tumor inhibition
was accompanied by increased survival in treated groups. At the end of 80 days post-treatment,
50% of animals that received folic acid and biotin functionalized nanoparticles survived
(P<0.05 Vs vehicle-treated) while the survival rates were 40% and 20% in folic acid-
functionalized nanoparticle group and biotin nanoparticle group, respectively (not shown).
None of the animals survived beyond three weeks in the other groups.

3.6 Enhanced tumor accumulation of surface functionalized nanoparticles

To demonstrate greater tumor targeted paclitaxel delivery as the mechanism of enhanced tumor
growth inhibition with ligand functionalized nanoparticles, we determined the tumor

accumulation of paclitaxel following treatment with different paclitaxel formulations. As can
be seen in figure 7, treatment with free paclitaxel or paclitaxel in nanoparticles without ligands
resulted in drug concentrations that were close to the limit of detection (2 pg/ml). In this study
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we used a sub-optimal dose (20 mg/kg) of paclitaxel to demonstrate the improvement in
efficacy with targeted formulations while other studies have used much higher doses up to 100
mg/kg doses [35]. Treatment with folic acid or biotin functionalized nanoparticles resulted in
significant drug accumulation in the tumor tissue. However, highest tumor drug accumulation
was observed in animals that received nanoparticles functionalized with both folic acid and
biotin, which correlates well with the enhanced therapeutic efficacy observed following
treatment with dual ligand-functionalized nanoparticles.

A combination of active tumor targeting through folic acid and biotin receptors and passive
targeting because of the enhanced permeation and retention (EPR) effect [4-7] could have
contributed to the observed increase tumor accumulation of ligand-functionalized
nanoparticles. Additionally, our previous studies have shown that PLGA nanoparticles release
the encapsulated drug slowly (~55% of the encapsulated drug release in 35 days) [12].
Enhanced tumor targeting and sustained drug availability in the tumor tissue could have
contributed to the enhanced tumor growth inhibition and improved animal survival observed
with ligand functionalized nanoparticles. Several previous studies have examined the
incorporation of different targeting ligands and the therapeutic efficacy of nanoparticle-
encapsulated drugs in animal tumor models. Most of these studies utilized the conjugation of
ligands to pre-synthesized nanoparticles or self-assembly of ligand-conjugated block
copolymers. Depending on the ligand, the drug, the nanoparticle formulation and the tumor
model used, targeting enhancements of 2 to 10-fold have been documented for ligand
functionalized nanoparticles versus free drug treatment [20,27,36-38]. While a direct
comparison of different ligand incorporation techniques is difficult because of the differences
in the formulations and the tumor models used, we saw a similar significant increase in tumor
accumulation of paclitaxel when administered in ligand-functionalized nanoparticles in our
studies. The current study thus confirms the potential of the IAASF technology for fabricating
ligand functionalized nanoparticles for targeted drug delivery.

4.0 Conclusion

We have described a surface-functionalization methodology for polymeric nanoparticles that
is adaptable to a wide variety of polymer platforms, therapeutic agents and targeting ligands.
The IAASF technique enables the incorporation of multiple ligands on nanoparticle surface in
a single step. Ligand functionalization significantly enhanced nanoparticle accumulation in
tumor cells in vitro, and resulted in improved efficacy of paclitaxel-loaded nanoparticles in a
mouse xenograft tumor model. We expect that this new surface functionalization technique
will enable efficient fabrication of multifunctional nanoparticles for targeted delivery of
different therapeutic agents.
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Figure 1.

(A) Behavior of amphiphilic diblock copolymer in an oil/water biphasic system. (B)
Introduction of PLA-PEG and PLA-PEG-ligand conjugates during the emulsification step
results in nanoparticles with PEG and PEG-ligand on nanoparticle surface. Hydrophobic blocks
(for example, PLA) are shown as a series of brown circles while hydrophilic blocks (for
example, PEG) are shown as a series of blue circles.
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Proton NMR of PLGA nanoparticles surface functionalized with (A) PLA-PEG-folic acid;
(B) PLA-PEG-biatin; (C) PLA-PEG-folic acid and PLA-PEG-biotin. (D) NMR spectrum for
PLGA nanoparticles without any ligands is shown as a control. Legend: PLGA proton peaks
(#); PEG proton peaks (e); FA proton peaks (*) and BI proton peaks (V)
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Figure 3.

TEM studies demonstrating the presence of folic acid and biotin on nanoparticles. (A) Dual-
ligand nanoparticles were incubated with anti-folic acid antibody and then with secondary
antibody conjugated to 25 nm gold particles (indicated by white arrows) and streptavidin-
conjugated 10 nm gold particles (indicated by black arrows). (B) Folic acid functionalized
nanoparticles were incubated with anti-folic acid antibody and then with secondary antibody
conjugated to 25 nm gold particles (indicated by white arrows). (C) Biotin-functionalized
nanoparticles were incubated with streptavidin-conjugated 10 nm gold particles (indicated by
black arrows). In A, B and C, bar is 100 nm.
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Figure 4.

Surface plasmon resonance-based binding analysis of ligand-functionalized nanoparticles.
(A) Binding of folic acid functionalized nanoparticles (FA-NP) and non-functionalized
nanoparticles (NP) to anti-folate antibody coated sensor chip. (B) Binding of biotin
functionalized nanoparticles (BI-NP), dual functionalized nanoparticles (BI+FA NP) and non-
functionalized nanoparticles (NP) to streptavidin-coated sensor chip.
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Figure 5.

MCF-7

Effect of folic acid and biotin incorporation on nanoparticle accumulation in different breast
cancer cells. Cells were grown on 24-well plates and incubated with nanoparticles in the
presence or absence of excess free ligands. Accumulation of nanoparticle-associated
fluorescent label was determined by HPL.C and the data was normalized to the total cell protein.

Data as mean £ SD (n = 6). *P<0.05 Vs other groups.
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Figure 6.

Incorporation of PEG-folic acid and/or PEG-biotin on nanoparticle surface results in enhanced
anti-cancer effectiveness of nanoparticle-encapsulated paclitaxel. NCR-NU mice bearing
MCEF-7 xenografts were injected with paclitaxel (20 mg/Kg) in solution or encapsulated in
nanoparticles (~3 mg/animal) with or without surface functionalization. (A) Growth in tumor
volume was determined over a period of 21 days. Data as mean + SD (n =6). (B) Representative
pictures of tumors in animals that received i) Vehicle, ii) Blank NP, iii) Pac solution, iv) Pac
NP, v) FA Pac NP, vi) Bl Pac NP and vii) FA+BI Pac NP.
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Figure 7.

Effect of ligand functionalization on tumor accumulation of paclitaxel. NCR-NU mice bearing
MCF-7 xenografts were injected with paclitaxel (20 mg/Kg) in solution or encapsulated in
nanoparticles (~3 mg/animal) with or without surface functionalization. Animals were
euthanized 2 hrs post treatment and paclitaxel concentration in the tumor tissue was determined
by LC-MS/MS. Data as mean + SD (n = 4). *P < 0.05 versus other treatment groups.
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Table 1
Characterization of surface functionalized nanoparticles
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Formulation Zeta potential Paclitaxel loading Loading efficiency
(mV) (% wiw) (%)

Control nanoparticles -12.6+£0.2 12.0+0.3 80+2

Folic acid functionalized -16.8+0.3 11.9+05 80+3

Biotin functionalized -121+£0.3 13.8+05 92+3

Folic acid and biotin functionalized -14.8+0.6 13.8+05 92+2

Biomaterials. Author manuscript; available in PMC 2010 February 1.



