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Abstract

Low molecular weight chitosan (LMW(C) is a promising polymer for surface modification of
nanoparticles (NPs), which can impart both stealth effect and electrostatic interaction with cells at
mildly acidic pH of tumors. We previously produced LMWC-coated NPs via covalent conjugation
to poly(lactic-co-glycolic) acid (PLGA-LMWC NPs). However, this method had several
weaknesses including inefficiency and complexity of the production as well as increased
hydrophilicity of the polymer matrix, which led to poor drug release control. Here, we used the
dopamine polymerization method to produce LMWC-coated NPs (PLGA-pD-LMWC NPs),
where the core NPs were prepared with PLGA that served best to load and retain drugs and then
functionalized with LMW(C via polydopamine layer. The PLGA-pD-LMWC NPs overcame the
limitations of PLGA-LMWC NPs while maintaining their advantages. First of all, PLGA-pD-
LMWC NPs attenuated the release of paclitaxel to a greater extent than PLGA-LMWC NPs.
Moreover, PLGA-pD-LMWC NPs had a pH-dependent surface charge profile and cellular
interactions similar to PLGA-LMWC NPs, enabling acid-specific NP-cell interaction and
enhanced drug delivery to cells in weakly acidic environment. Although the LMWC layer did not
completely prevent protein binding in serum solution, PLGA-pD-LMWC NPs showed less
phagocytic uptake than bare PLGA NPs.
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1. Introduction

Delivering drugs specifically to tumors remains a major challenge in chemotherapy. Once
administered intravenously, chemotherapeutic agents spread to the whole body, causing
adverse effects to healthy tissues [1]. Polymeric nanoparticles (NPs) have been developed as
way of improving tumor-specificity of drug delivery. The popularity of NPs is mainly
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attributable to the so-called “enhanced permeability and retention (EPR) effect' based on the
leaky vasculature and impaired lymphatic drainage of tumors, which provides a selective
advantage for small particles in accessing tumors compared with free drugs [2-4]. To take
advantage of the EPR effect, NPs should be able to circulate avoiding immune surveillance,
until they reach tumors. Upon arrival at target tumors, NPs should be stably retained in the
tissues and/or taken up by cancer cells to release the loaded drug. Traditionally, NPs are
coated with hydrophilic neutral polymers such as polyethylene glycol (PEG), which
sterically stabilizes the NPs and delays adsorption of plasma proteins to the surface [5, 6], to
achieve long-term circulation. However, the PEG surface can also limit cellular interactions
with target cells and cellular internalization, creating a 'PEG dilemma'’ [7, 8].

As a way of overcoming the dilemma, we previously proposed a low molecular weight
chitosan (LMWC) as an alternative surface layer [9]. Chitosan is a linear
polyaminosaccharide with a pKa value close to 6.5, which helps establish electrostatic
interactions with negatively charged cell membrane in weakly acidic microenvironment of
tumors (pH 6.8-7.2) [10]. At neutral pH, chitosan coated on polymeric NPs protects them
from phagocytic uptake [11] and prolongs their circulation time [12]. By reducing the MW
to <6.5 kDa, we intended to increase hydrophilicity of the polymer and reduce pH-
independent interactions with cells mediated by polymer chain entanglement, further
improving its protective effect at neutral pH [9]. We obtained the proof of concept in the
previous study, using NPs produced with poly(lactic-co-glycolic) acid (PLGA) covalently
conjugated to LMW(C via an amide bond (PLGA-LMWC) [9]. The PLGA-LMWC NPs,
consisting of PLGA core and LMWC surface, showed a pH-sensitive surface charge profile,
which translated to NP-cell interactions at weakly acidic pH with reduced phagocytic uptake
and little non-specific NP-cell interactions at neutral pH [9].

However, the covalent conjugation of LMWC to PLGA had several drawbacks. First, the
chemical conjugation procedure is lengthy and inefficient and requires reactive reagents and
catalysts that need to be completely removed after the reaction. Moreover, the conjugation
process reduces the potential of NPs as a drug carrier. LMWC conjugation requires a
sufficient number of carboxyl termini, which necessitates the use of a low molecular weight
PLGA (4 kDa, PLGA,). This polymer is relatively hydrophilic and, thus, has an inherent
limitation in encapsulating hydrophobic drugs. Covalent conjugation of LMWC makes the
product even more hydrophilic, further compromising the ability of the formed NPs to load
and retain a drug. Prolonged reaction in basic pH also accelerates degradation of the
polymer and aggravates the problem. Consequently, PTX-loaded PLGA4-LMWC NPs
showed a rapid drug release in PBS with 0.1% Tween 80 in 24 hours [9]. NPs showing high
initial burst release are likely to release the drug in circulation and not contribute to
improving tumor-specific drug delivery; therefore, these shortcomings should be overcome
for the LMW(C-coated NPs to make further contribution to chemotherapy.

In an attempt to overcome this challenge, we have employed a new surface modification
method based on dopamine polymerization [13], which has been used to functionalize
several nanostructures including nanowires [14], carbon nanospheres [15], gold nanoclusters
[16] and gold nanorods [17], and validated that the new method can effectively functionalize
polymeric NPs with different types of ligands [18, 19]. The dopamine polymerization
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method depends on oxidation of dopamine catechol, followed by the formation of
polydopamine (pD) layer on the NP surface, where functional ligands with amine or thiol
are covalently conjugated. This method can be implemented in mild conditions such as brief
exposure to pH 8.5, UV light [20], or oxidants [21], does not require reactive reagents or
lengthy reaction, and can be applied to a broad range of surface modifiers and NP platforms
[13, 18]. Once dopamine polymerizes, it loses its dopaminergic activity [18], and the
resulting pD is biodegradable and biocompatible with a LDsg of 483.95 mg/kg in mice after
intravenous injection [22].

In this study, we use the dopamine polymerization method to produce LMWC-coated NPs
(Fig.1) based on the flexibility in controlling drug release. Here, LMWC molecules are
incorporated into the pD layer on PLGA NPs via multiple amine groups. Since LMWC is
introduced as an addendum to pre-formed NPs via the pD layer, the core NPs can be
prepared with polymers that serve best to load and retain drugs, not constrained by the needs
for carboxyl termini or the hydrophilicity of the modified polymer. We demonstrate that
PLGA NPs modified with LMW(C via dopamine polymerization method overcome the
previously observed limitations of PLGA4-LMWC NPs and show the desired pH-sensitivity
in cell interaction and drug delivery and the tendency to avoid phagocytic uptake, similar to
PLGA4-LMWC NPs. We also investigate NP-cell interactions at acidic pH and their
intracellular trafficking and discuss their implications in drug delivery to tumor tissues.

2. Methods

2.1. Materials

Chitosan (90-150 kDa) was purchased from Sigma-Aldrich (MO, USA). PLGA (acid end
cap, 4 kDa, LA:GA=50:50, PLGA,) was purchased from Durect Corp (AL, USA). PLGA
(118 kDa, LA:GA= 65:35, PLGA1g) was purchased from Lakeshore Biomaterials (AL,
USA). PLGA (150 kDa, LA:GA=85:15, PLGA150) and fluorescein-conjugated PLGA (7
kDa, LA:GA=50:50, *PLGA) were purchased from Akina Inc. (IN, USA). Paclitaxel (PTX)
was a gift from Samyang Genex Corp (Seoul, Korea). LysoTracker Red DND-99, CellMask
Deep Red plasma membrane stain, and Hoechst 33342 were purchased form Life
Technologies (CA, USA). Methoxy PEG amine, HCI salt (5 kDa, mPEG-NH,) was
purchased from JenKem Technology USA (TX, USA). Dopamine hydrochloride was
purchased from Alfa Aesar (MA, USA). Coomassie Brillant blue G-250 protein stain and
sodium dodecy!| sulfate-acrylamide gel electrophoresis (SDS-PAGE) molecular weight
standards were purchased from Bio-Rad (CA, USA).

2.2. Preparation and characterization of LMWC

LMWC was prepared by as previously described [9]. Briefly, 25 mg/mL of chitosan solution
was incubated in 33% hydrogen peroxide for 3.5 hours, dialyzed against water with a
molecular weight cut-off (MWCO) of 3500 Da, and freeze-dried. The molecular weight of
LMWC was estimated by matrix-assisted laser desorption ionization time-of-flight/time-of-
flight (MALDI-TOF/TOF) analysis and analytical ultracentrifugation (AUC). For mass
spectrometry, 1 mg/mL LMWC solution was prepared in acidified water (pH 5), filtered
with a 0.2 ym syringe filter, and mixed with a matrix (sinapinic acid solution in acetonitrile/
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water (50:50) containing 0.1% trifluoroacetic acid) in 1:1 ratio. Mass analysis was
performed with a 4800 MALDI TOF/TOF instrument (Applied Biosystems, USA) in 2000-
8000 m/z range. For AUC, LMWC solution in sodium acetate buffer (pH 4.3, 10 mM) was
prepared in 1, 0.5 and 0.25 mg/mL and analyzed with a Beckman Optima XL-I
ultracentrifuge (Beckman Coulter Inc., CA, USA). The sedimentation coefficients and
apparent molecular weights were calculated from size distribution analysis with SEDFIT v.
12.0. The pH dependence of water solubility of LMWC was estimated by measuring the
transmittance of LMWC solution (0.5 mg/mL) varying the pH from 2.5 to 10 with NaOH. %
Transmittance (%T) was calculated as 10 x100, where A was the absorbance of the
solution at 500 nm.

2.3. Preparation of particles

2.3.1. PLGA4-LMWC NPs—A covalent conjugate PLGA4-LMWC was prepared as
described previously [9]. Briefly, 200 mg of LMWC was dissolved in acidified water (20
mL, pH 5) and added to 40 mL dimethyl sulfoxide (DMSO). Five hundred milligrams of
PLGA, was dissolved in 2 mL of dichloromethane (DCM), to which hydroxybenzotriazole
(HOBT) (74.3 mg), 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) (106.2 pL),
and tetramethylethylenediamine (TEMED) (269.9 uL) were sequentially added. The
activated PLGA,4 was added to LMW(C solution dropwise and stirred overnight. The formed
conjugate, PLGA4-LMWC, was purified by dialysis (MWCO: 3500 Da) against a mixture of
DMSO and water (50:50) and then water, freeze-dried, and stored at —20°C.

PLGA4-LMWC NPs were prepared using the single emulsion solvent evaporation method.
Twenty milligrams of PLGA4-LMWC wer e dissolved in a mixture of 0.5 mL DMSO, 0.5
mL DCM and 0.1 mL water, optionally with 1.2 mg of paclitaxel (PTX). The organic phase
was emulsified in 5 mL of aqueous phase containing 5% polyvinyl alcohol (PVA) using a
Vibra-Cell probe sonicator (Sonics, Newtown, CT, USA) at 80% amplitude with a 4-s on
and 2-s off pulse mode. The emulsion was dispersed in 10 mL of deionized water and stirred
for 3 hours to evaporate DCM. NPs were collected via centrifugation at 10,000 rpm for 30
minutes and washed three times. Fluorescently labeled PLGA4-LMWC NPs (*PLGA-
LMWC NPs) were prepared by replacing 25% of polymer with *PLGA.

2.3.2. PLGA-pD-LMWC and PLGA-pD-PEG particles—PLGA-pD-LMWC NPs were
prepared by coating pre-formed particles with LMWC via the dopamine polymerization
method [18]. First, the core NPs were prepared with PLGA polymers with different
molecular weights and LA:GA ratios (PLGA11g: 118 kD, LA:GA=65:35 and PLGA150: 150
kD, LA:GA=85:15) by the single emulsion solvent evaporation method as described in
section 2.3.1. PLGA microparticles (MPs) were prepared in a similar way except that the
emulsification process was performed with a Silverson L4R Laboratory Mixer (East
Longmeadow, MA, USA) for 1 minute at 5,000 rpm. The core particles were then prime-
coated with polymerized dopamine (pD) by incubation in 1 mg/mL dopamine solution in
Tris buffer (pH 8.5, 10 mM) for 3 hours at room temperature. The pD-coated particles were
collected by centrifugation, washed two times, and incubated with LMWC aqueous solution
(pH 7.5, 0.5 mg/mL) for 40 minutes to produce PLGA-pD-LMWC particles. For
comparison, PEG-modified (PLGA-pD-PEG) particles were created by incubating the pD-
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coated particles in mPEG-NH solution (pH 8.5, 2 mg/mL). The particles were collected by
centrifugation and washed two times to remove excess LMWC or mPEG-NH,. Throughout
this study, PLGA particles refer to PLGA15q particles unless stated otherwise.

2.4. Particle characterization

Particle size and zeta potential of particles were determined using a Malvern Zetasizer Nano
ZS90 (Worcestershire, UK). The size was measured with particles dispersed in phosphate
buffer (2.2 mM, pH 7.4). The zeta potential was determined at different pHs with particles
dispersed in phosphate buffer (2.2 mM, pH 7.4) or MES buffer (5 mM, pH 6.2). Particle
morphology was observed by transmission electron microscopy (TEM). An aqueous
suspension of freshly prepared NPs (0.5-1 mg/mL) was spotted on a formvar-coated carbon
grid (400 mesh) and negatively stained with 2% uranyl acetate solution. The grid was air-
dried and examined with a FEI Tecnai T20 transmission electron microscope (OR, USA).

The LMWC content in PLGA-pD-LMWC NPs was quantified by the ninhydrin assay. The
ninhydrin reagent was prepared by dissolving ninhydrin and hydrindantin in lithium acetate
buffer [9, 23]. 0.5 mg of freeze-dried NPs were dispersed in 0.5 mL water and combined
with 0.5 mL of fresh reagent. The mixture was heated in boiling water for 30 minutes, then
cooled and quenched with 15 mL of 50% ethanol solution. The absorbance of the solution
was read at 570 nm using SpectraMax M3 microplate reader (Molecular Device, Sunnyvale,
CA). The amount of LMWC per NP sample was calculated after subtracting the background
absorbance of PLGA-pD NPs, using a calibration curve drawn with LMWC solutions of
known concentrations.

2.5. In-vitro PTX release kinetics from PLGA4-LMWC and PLGA-pD-LMWC NPs

To determine PTX loading in NPs, freeze-dried NPs were accurately weighed and dissolved
in 0.5 mL acetonitrile. After precipitating polymer with the addition of 0.5 mL deionized
water, the sample was centrifuged, and the supernatant analyzed via high pressure liquid
chromatography (HPLC). The drug loading in NPs (DL %) was calculated as the amount of
PTX per NP mass. For in-vitro release studies, NPs equivalent to 8.75 ug PTX were
dispersed in 1 mL of phosphate-buffered saline (PBS, pH 7.4) containing 0.2% Tween 80
and shaken at 37°C. At regular time points, NP suspension was centrifuged at 12,000 rpm
for 15 min, 0.8 mL of supernatant was sampled and replaced with 0.8 mL of fresh buffer,
and the pellet was resuspended and returned for continued incubation. The sampled
supernatant was filtered with a 0.45 pum syringe filter and analyzed by HPLC. HPLC
analysis was performed with an Agilent 1100 HPLC system (Palo Alto, CA), equipped with
Ascentis C18 column (25 cm x 4.6 mm, particle size 5 um). The mobile phase was a 50:50
mixture of water and acetonitrile run at a flow rate of 1 mL/min. PTX was detected by a UV
detector (227 nm).

2.6. Protein adsorption to NP surface

NPs were incubated with 50% fetal bovine serum (FBS) in PBS at 37°C with shaking for 1
or 24 hours. NPs were collected by centrifugation at 13,200 rpm and washed 3 times with
water to remove excess and loosely bound proteins. To strip off hard corona proteins from
NP surface, NPs were boiled in sample buffer containing 5-mercaptoethanol and 2% SDS
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for 5 minutes. The sample was analyzed with SDS-PAGE. The resolved protein bands were
stained with Coomassie brilliant blue G-250. The molecular weight of band of interest was
determined using GelAnalyzer 2010a software (www.GelAnalyzer.com). Briefly, a
calibration curve was constructed with a plot of the relative migration distance (R¢) of
standard bands versus their MWs and used to determine the MW of resolved bands in each
gel. The intensity of different bands was quantified using ImageJ 1.48v software
densitometry analysis (National Institute of Health, MD, USA).

2.7. NP-cell interactions

2.7.1. Cell culture—SKOV-3 human ovarian cancer cells (ATCC, Manassas, VA, USA)
were grown in RPMI-1640 medium containing 10% FBS, 100 units/mL of penicillin and
100 pg/mL of streptomycin. J774A.1 mouse macrophages (ATCC) were grown in DMEM
medium supplemented with 10% FBS, 100 units/mL of penicillin and 100 pg/mL of
streptomycin. All cell experiments were performed in the FBS-supplemented medium.

2.7.2. Quantitative analysis of cell-particle interactions—SKOV-3 cells and
J774A.1 macrophages were seeded in 6-well plates at a density of 500,000 cells per well and
incubated overnight. Next day, the medium was replaced with fresh medium that contained
0.1 mg/mL of fluorescently labeled NPs or MPs (*NPs or *MPs). For SKOV-3 cells the
medium pH was adjusted to 6.2 or 7.4. After 3 hours, cells were harvested by trypsinization
(SKOV-3) or scraping (J774A.1), dispersed in fresh medium of corresponding pH, and
analyzed with a FC500 flow cytometer (Beckman Coulter, Indianapolis, IN, USA). At least
10,000 gated events were acquired, and data was analyzed with the FlowJo software
(Treestar, CA, USA).

2.7.3. Visualization of cell-particle interactions—NP interaction with SKOV-3 cells
was observed with confocal microscopy. SKOV-3 cells were seeded in a 35 mm glass
bottomed dish (MatTek) at a density of 500,000 cells per dish. After overnight incubation,
the medium was replaced with fresh RPMI medium adjusted to pH 6.2 or 7.4, which
contained 0.1 mg/mL of *NPs. After 3 hours of incubation, the medium was removed, and
the cells were washed with fresh medium twice to remove free and loosely-bound *NPs.
Cells were incubated with Hoechst 33342 nuclear staining dye at 5 ug/mL for 10 minutes,
and imaged with a Nikon-A1R confocal microscope (Nikon America Inc., NY, USA). The
*NPs were excited with a 488 nm laser, and the emission was read from 500 to 550 nm. The
cell nuclei were excited with a 407 nm laser, and the emission was read from 425 to 475 nm.

To locate NPs in SKOV-3 cells, cells were further stained with CellMask Deep Red (Life
Technologies) or LysoTracker Red DND-99 (Life Technologies) for labeling the plasma
membrane or acidic intracellular organelles (late endosomes and lysosomes), respectively.
Cells were incubated with *NPs in the same manner as above. After removing *NPs,
CellMask Deep Red was added at 5 pg/mL or LysoTracker Red at 30 nM. Cells were
incubated with each marker for 40 min, washed twice with fresh medium at corresponding
pH, stained with Hoechst 33342, and imaged with a Nikon A1R confocal microscope.
Stained plasma membrane was excited at 639 nm, and emission was collected from 663 to
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738 nm. LysoTracker stained organelles were excited at 561 nm, and the emission was
collected from 570 to 620 nm.

Time-lapse confocal microscopy was performed to examine the time course of cellular
uptake and intracellular trafficking of *PLGA-pD-LMWC NPs. SKOV-3 cells were seeded
in a glass bottomed dish at a density of 500,000 cells per dish. After overnight incubation,
the medium was replaced with 1 mL of fresh medium adjusted to pH 6.2, and cells were
stained with LysoTracker Red DND-99 and Hoechst 33342. The dish was put in an
environmental chamber, supplied with 5% CO,, and mounted on Nikon A1R confocal
microscope. The chamber, microscope stage, and objective lens were heated to 37°C.
*PLGA-pD-LMWC NPs (0.1 mg) was added to the dish, and the cells were imaged over 4.5
hours.

Macrophage uptake of *MPs was visualized with fluorescence microscopy. J774A.1
macrophages were seeded in a 24-well plate at a density of 100,000 cells per well and
incubated overnight. The medium was replaced with fresh one containing 0.1 mg/mL *MPs.
After 3 hours, the medium was removed, and cells were washed with fresh medium twice.
The cells were stained with Hoechst 33342 and imaged with a Cytation-3 imaging system
(BioTek, USA).

2.8. Paclitaxel delivery to cancer cells by NPs

3. Results

Cellular uptake of PTX delivered by NPs was estimated at different pHs. SKOV-3 were
seeded at a density of 200,000 cells per well in a 12-well plate. Next day, the medium was
replaced with 0.8 mL of fresh medium of pH 6 or 7.4, which contained PTX-loaded PLGA-
pD-LMWC- or PLGA-pD-PEG NPs equivalent to 4.8 pg of PTX. Free PTX dissolved in
DMSO solution was added at the same concentration to a control group. The total amount of
DMSO added to 0.8 mL of medium was 12 yL and non-toxic to the cells. After 2.5 hours at
37°C, the medium was removed, and cells were trypsinized, suspended in fresh medium of
corresponding pH, and centrifuged at 2,000 rpm to separate cells from NPs. The cell pellet
was lysed by three freeze-thaw cycles, suspended in 0.5 mL PBS, and probe sonicated. The
cell lysate was spiked with 35 ug of carbamazepine as an internal standard, extracted with
1.5 mL of ethyl acetate for 40 min, and centrifuged at 4,000 rpm for 25 minutes to separate
ethyl acetate layer. 1.3 mL of ethyl acetate were dried under vacuum in a glass tube and
reconstituted with 1:1 acetonitrile/water solution and analyzed with HPLC. A PTX
calibration curve was drawn with different amounts of PTX added to cell suspension in PBS
and treated in the same way.

3.1. Particle preparation and characterization

LMWC was produced by H,O» digestion. Three and a half hour digestion in 33% H,0,
reduced the chitosan molecular weight from 90-150 kDa to 4.8 kDa, consistent our the
previous study [9]. The MALDI spectrum of LMWC showed a peak at ~4800 m/z
(Supporting Fig.1). The AUC analysis confirmed the result with additional insight into the
structure. The global analysis of fitted data identified two species with apparent MWs of 2.5
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and 7.3 kDa, existing in a dynamic mixture in solution. The frictional coefficient ratio (f/f,)
was ~2.2, which indicated that LMWC had a semi-flexible rod shape, in agreement with
existing studies [24]. LMWC was soluble in water over a wide range of pH including 7-9,
where the parent chitosan was not soluble (Supporting Fig. 2).

LMWC-coated NPs were produced with a polymer pre-conjugated with LMWC (PLGA;-
LMWC NPs) or by LMWC conjugation via pD to the pre-formed PLGA NPs (PLGA-pD-
LMWC NPs). PLGA4-LMWC NPs or pre-formed core PLGA NPs showed similar sizes,
160 nm and 158 nm, respectively (Fig. 2a). LMWC or PEG-NH coating via pD increased
the size to 209 nm (Fig. 2a). The size increase is likely due to the aggregation by additional
centrifugation rather than the thickness of the conjugated layer, given that the polydispersity
increased with coating (Fig. 2a) and individual NPs observed with TEM showed similar
sizes irrespective of the coating (Fig. 3, Supporting Fig. 4). TEM of negatively stained NPs
revealed thin layer of pD coating on the NP surface. However, no other difference was
observed in NPs further conjugated with LMWC or PEG-NH>.

Although the presence of LMWC or PEG conjugated to pD were not visually identified in
TEM images, their immobilization was confirmed by the altered surface properties. PLGA-
pD-LMWC NPs showed a characteristic pH-dependent charge profile, negative at pH 7.4
and positive at pH 6.2, similar to PLGA4-LMWC NPs. PLGA NPs, PLGA-pD NPs, and
PLGA-pD-PEG NPs remained negatively charged irrespective of the pH (Fig. 2b,
Supporting Fig. 3b). PLGA NPs incubated with LMWC without pD prime coating (PLGA/
LMWC NPs) did not show the pH-dependent charge profile, indicating that LMWC did not
physically adsorb to PLGA and the LMWC immobilization depended on the pD layer. The
LMWC content in PLGA-pD-LMWC NPs was determined to be 4.7+3% according to the
ninhydrin assay, lower than the estimated value for PLGA4-LMWC NPs (8.7+1.5%) [9].

3.2. In-vitro PTX release kinetics from NPs

PLGA4-LMWC NPs and PLGA-pD-LMWC NPs were compared with respect to the DL of
PTX and in-vitro PTX release. PLGA4-LMWC NPs showed a DL of 27.9+7.9%, higher
than the theoretical DL (5.7%), which suggested partial loss of PLGA4-LMWC polymer
during NP preparation [9]. PLGA-pD-LMWC NPs made of PLGA11g and PLGA15¢ showed
DL's of 12.8+5.3% and 8.6+3.4%, corresponding to 77.0% and 51.7% of the theoretical DL
(16.7%), respectively. In-vitro PTX release kinetics study was performed in PBS containing
0.2% Tween 80 (pH 7.4). PLGA4-LMWC showed initial burst release in this medium,
releasing 90.4+8.5% of the loaded dose in 7 hours. On the other hand, PLGA1g-pD-LMWC
and PLGA50-pD-LMWC NPs released PTX more slowly: 54.2+5.5% and 39.9+9.0% of the
total dose in 7 hours, reaching ~80% release in 48 hours (Fig. 4). Since PLGA50-pD-
LMWC NPs retained PTX most stably, they were used in the rest of the study, referred to as
PLGA-pD-LMWC NPs without a subscript.

3.3. Protein adsorption to NP surface

To identify proteins binding to the NPs during incubation in serum-containing medium and
correlate them with NP-cell interactions, the NPs were incubated in 50% FBS solution for 1
or 24 hours, and the proteins tightly bound to NPs (“hard corona”) were analyzed by gel
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electrophoresis. Proteins bound to NPs were recovered with a detergent (SDS) and a
reducing agent (5-mercaptoethanol), combined with heating [25, 26], and analyzed with
SDS-PAGE. The intensity of protein bands increased with time (Figs. 5a and 5b), indicating
the increase of protein binding to NPs, as previously observed [27]. Three major bands were
identified at 66 kDa, 61 kDa, and 52 kDa, likely corresponding to bovine serum albumin,
fetuin-A [28, 29], and IgG [30], respectively. Albumin and fetuin-A made up dominant
fractions, reflecting their abundance in FBS (Fig. 5¢) [31]. The relative intensity of IgG band
increased with time in all NPs tested, irrespective of the coating polymers (LMWC vs. PEG)
(Fig. 5¢). Consistent with the protein adsorption, the NPs with hard corona showed
relatively more negative zeta potential than those in buffer (Supporting Fig. 5).

3.4. NP-cell interactions

Given that PLGA-pD-LMWC NPs did not completely avoid protein binding in serum
solution, we were curious if PLGA-pD-LMWC NPs would maintain the intended advantage
of pH-sensitive surface in serum-containing medium. Fluorescently labeled NPs (*PLGA-
pD-LMWC NPs and other control *NPs) had similar sizes and surface charges to those of
unlabeled NPs (Supporting Fig. 3a and b). The labeled *NPs were incubated with SKOV-3
cells in medium containing 10% FBS at pH 7.4 and 6.2. From flow cytometry analysis, only
the cells incubated with *PLGA-pD-LMWC and *PLGA-LMWC NPs at pH 6.2 showed
increased geometric mean, indicating NP-cell interaction (Fig. 6a). Those incubated with
*PLGA-pD-LMWC or *PLGA-LMWC NPs pH 7.4 did not show such increase, which
means that LMWC-coated NPs can preferentially interact with cells in mildly acidic
environment such as the extracellular matrix of solid tumors but not in normal tissues.
*PLGA, *PLGA-pD, and *PLGA-pD-PEG NPs had no cell interaction at either pH.
Confocal microscopy confirmed this result (Fig. 6b).

To locate *PLGA-pD-LMWC NPs with respect to cells, cell membrane or acidic
intracellular organelles (late endosomes and lysosomes) were stained after removing
uninternalized or loosely bound NPs. *PLGA-pD-LMWC NPs incubated with SKOV-3 cells
at pH 6.2 for 3 hours were observed on the membrane or within the membrane boundary
(Figs. 7a and 7b), indicating that they were partly internalized by the cells, but not at pH 7.4
(Fig. 7a). *PLGA-pD-LMWC NPs were not colocalized with the acidic organelles at least in
3 hours (Fig. 8a). According to time-lapse microscopy, cell binding of *PLGA-pD-LMWC
NPs at pH 6.2 occurred in 60—75 min (Fig. 8b). The NP signals increased over time (Fig. 8b,
Supporting Fig. 6), both outside and inside the cells, but NPs were not intracellularly
trafficked into the late endosomes and lysosomes at least up to 4.5 hours (Fig. 8b).

To test if the LMWC layer could reduce phagocytic uptake of particles despite the apparent
protein binding, *PLGA-pD-LMWC MPs and control *MPs (2-3 um in diameter), with
similar surface charge profiles to those of *NPs (Supporting Figs. 3b and 3c), were
incubated with J774A.1 macrophages in medium containing 10% FBS, and the extent of MP
phagocytosis was determined by measuring the fluorescence of macrophages by flow
cytometry and fluorescence microscopy. Here, MPs were used instead of NPs, as they are
more readily phagocytosed than NPs [32], hence serving as a more sensitive model for
evaluating macrophage uptake of particles. *PLGA MPs were taken up most avidly (Fig. 9).
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*PLGA-pD MPs were taken up less than the naked MPs due to the hydrophilicity imparted
by amine-containing pD. *PLGA-pD-LMWC MPs showed significant reduction in
macrophage uptake, to an even greater extent than *PLGA-pD-PEG MPs (Fig. 9).

3.5. Paclitaxel delivery to cancer cells by NPs

We hypothesized that selective cell interaction of PLGA-pD-LMWC NPs at acidic pH
would translate to superior drug delivery. To test this, PTX-loaded PLGA-pD-LMWC NPs
were incubated with SKOV-3 cells at pH 7.4 and 6 for 2.5 hours, and the amount of PTX
retained by the cells was quantified. Cells incubated at pH 6 had >4-fold higher PTX content
as compared to pH 7.4 (Fig. 10). On the other hand, there was no such difference for the
cells incubated with free PTX or PTX-loaded PLGA-pD-PEG NPs. This shows that the
enhanced NP-cell interaction at acidic pH leads to similar enhancement in drug delivery to
the cells.

4. Discussion

Polymeric NP systems have been pursued for decades as a way of achieving tumor-specific
drug delivery [33]. One of the critical challenges in clinical translation of these systems is
the increasing complexity of NP design and production methods. While the complexity is
introduced to accommodate new knowledge of cancer biology, it also leads to increasing
cost and regulatory scrutiny, making the development of a commercial product more
challenging [33, 34]. Moreover, the complicated design and synthesis can induce
undesirable changes to the material properties of the NPs such as MW and hydrophobicity,
which are essential for their primary roles: loading and retaining drugs. We experienced this
problem in developing PLGA4-LMWC NPs, where the LMWC conjugation not only
allowed for specific drug delivery to acidic tissues but also increased the hydrophilicity of
the polymer, compromising the NP's function as a carrier of PTX [9]. Here, we used a new
surface modification method based on dopamine polymerization to decouple the NP
formation from the surface modification, enabling independent control of NP cores and
surface properties for drug loading/release and specific NP-cell interactions, respectively.

The LMWC-coated PLGA NPs via dopamine polymerization (PLGA-pD-LMWC NPs)
showed a comparable average diameter and pH-dependent charge profile to those of
PLGA4-LMWC NPs (Fig. 2). The LMWC content in PLGA-pD-LMWC NPs was lower
than that of PLGA4-LMWC NPs, but it does not necessarily indicate less efficient coating
because in PLGA4-LMWC NPs a fraction of the LMW(C is supposed to be buried in the NPs
and not exposed on the surface. Given the extent of charge change and NP-cell interaction
profiles (Fig. 6), the surface exposed LMWC of the two NPs is likely to be comparable.

The PTX DL of PLGA4-LMWC NPs was apparently higher than that of PLGA-pD-LMWC
NPs, but this is likely because of the hydrophilicity of PLGA4-LMWC polymer, which was
selectively washed out during the NP preparation [9]. PTX-loaded PLGA-pD-LMWC NPs
produced with PLGA11g and PLGA15¢ showed more prolonged drug release than PTX-
loaded PLGA4-LMWC NPs, due to the greater hydrophobicity and MW of the polymers.
PTX release in the first few hours from these NPs was much slower than that from PLGA4-
LMWC NPs and sustained over three days (Fig. 4), suggesting that these NPs may reduce
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premature drug release in circulation during the critical period for NP biodistribution. The
drug release from PLGA4-LMWC NPs reported in this study appears faster than that in the
previous study [9], but the two results are not directly comparable because the Tween 80
concentration in release medium was different (0.2 vs. 0.1%). We chose 0.2% Tween 80 in
PBS as release medium, as we determined that it was suitable to mimic the amphiphilic
feature of physiological fluid and simulate a sink condition faced in vivo [35]. Even though
the drug release attenuation appears to be modest as compared to the previous study, the
actual extent of attenuation is deemed significant given the difference of the medium. The
NP core can be further optimized, if additional release control is necessary, by simple
replacement of the polymer with more hydrophobic and slowly degrading ones [36].

The LMWC layer introduced via pD layer to the pre-formed PLGA NPs provided pH-
sensitive functionality necessary for desired cell-NP interactions (Fig. 2b). Prior to testing
cellular uptake of NPs, we investigated protein binding to PLGA-pD-LMWC NPs incubated
in serum solution. As the NPs enter the blood stream, they instantaneously interact with
plasma proteins to be covered with a protein corona on NPs surface. The protein corona is
composed of a tightly bound stable “hard” corona and a loosely bound “soft” corona, which
can be dynamically exchanged with other proteins [37]. Since NPs entering the bloodstream
cannot completely avoid protein binding even with protective surface layer [38] and the
identity of bound proteins has shown to be critical to the biological fate of NPs [39], we
investigated the protein binding profile of the surface-modified NPs after incubation in 50%
FBS, which mimicked the serum content in blood [40]. Protein binding occurred with all
tested NPs (PLGA-pD, PLGA-pD-LMWC, and PLGA-pD-PEG NPs) in a similar pattern
(Fig. 5). It is noteworthy that all NPs were increasingly enriched with IgG, antibodies
responsible for opsonization and complement activation, over time. Fig. 9 shows that pD,
pD-LMWC, and pD-PEG layers helped reduce phagocytic uptake of PLGA MPs by J774.1
macrophages due to the hydrophilicity imparted by the surface polymers. However, the
increasing 1gG enrichment indicates that the function of LMWC or PEG in this NP system is
still imperfect as a stealth layer and remains to be improved in future studies.

The surface charges of all NPs decreased after incubation in serum solution (Supporting Fig.
5), reflecting protein binding. Nevertheless, the protein-bound PLGA-pD-LMWC NPs
maintained the pH-sensitive charge profile, allowing for acid-specific NP-cell interactions in
serum-containing medium. Confocal microscopy showed that PLGA-pD-LMWC NPs
established interactions with SKOV-3 cell membrane at pH 6.2 in 1 hour and entered the
cells in 3 hours (Fig. 8b), likely via adsorption-mediated endocytosis [41]. The internalized
NPs did not colocalize with the late endosomes or lysosomes by 4.5 hours (Fig. 8b). This
result is similar to an observation made with cationic NPs coated with quaternized chitosan,
which were internalized by human proximal epithelial cells and showed little colocalization
with lysosomes in 6 hours [42]. Other types of NPs lacking LMWC (PLGA, PLGA-pD or
PLGA-pD-PEG) did not show cellular uptake at pH 6.2. All tested NPs showed little uptake
by SKOV-3 cells at pH 7.4 (Fig. 6). This result indicates that while PLGA-pD-LMWC NPs
did not interact with cells at normal physiological pH, they were able to establish
interactions with cells at <pH 6.5 as PLGA4-LMWC NPs previously did [9] and get
internalized into the cells without being trafficked into the acidic organelles. Given that hard
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corona compositions for all pD-coated NPs (PLGA-pD, PLGA-pD-PEG, and PLGA-pD-
LMWC NPs) were similar (Fig. 5), yet PLGA-pD-LMWC NPs showed different behavior
than the other NPs, the protein corona in this NP system did not play a role significant
enough to interfere with the intended NP-cell interactions. This result is contrasted with
transferrin-functionalized silica NPs that lost targeting capabilities in serum-containing
medium due to the formation of protein corona [39].

The reliable drug encapsulation achieved by PLGA-pD-LMWC NPs allowed us to test the
contribution of the LMWC surface to PTX delivery in acidic medium. SKOV-3 cells were
exposed to PTX-loaded PLGA-pD-LMWC NPs at pH 7.4 and 6 for 2.5 hours and analyzed
with respect to the amount of PTX retained by the cells (through NP binding and/or uptake).
The exposure time was limited to 2.5 hours since it would better represent dynamic in-vivo
situation, where NPs would continuously flow and get gradually diluted. PTX-loaded
PLGA-pD-LMWC NPs delivered a significantly greater amount of PTX to SKOV-3 cells at
pH 6 compared to pH 7.4 and those delivered by free PTX treatment or PTX-loaded PLGA-
pD-PEG NPs, which showed similar cellular levels of PTX at both pHs (Fig. 10). Since drug
release from NPs was minimal (<30 %) in 2.5 hours (Fig. 4), the large amount of drug
delivered by PLGA-pD-LMWC NPs would be readily attributable to the enhanced NP
binding and uptake by the cells at acidic pH, previously observed by confocal microscopy
and flow cytometry.

5. Conclusions

In summary, LMWC-coated PLGA NPs created by the dopamine polymerization method
overcame the limitations of the earlier version based on a PLGA-LMWC covalent conjugate
in loading and retaining PTX. The PLGA-pD-LMWC NPs provided pH-sensitive surface
layer, which enabled acid-specific NP-cell interaction and enhanced drug delivery to cells in
the weakly acidic environment. The LMWC layer did not completely prevent protein
binding to the NPs incubated in serum solution but reduced phagocytic uptake. The surface
layer remains to be further optimized to reduce IgG binding.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Schematic diagram of PLGA-pD-LMWC NPs preparation and pH-dependent cell-NP

interaction.
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Fig. 2.
Particle size and surface charge of NPs: (a) Average diameter (Z,,g) and polydispersity
index and (b) zeta potential at pH 7.4 and 6.2.

J Drug Target. Author manuscript; available in PMC 2015 December 29.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Abouelmagd et al.

Page 17

Fig. 3.
Transmission electron microscopy (TEM) images of NPs negatively stained with 2% uranyl

acetate. Scale bar: 50 nm.
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Fig. 4.
In-vitro drug release of PTX from different NPs in PBS (0.2% Tween 80) at 37°C. At 7t

hour, there was significant difference in % cumulative release among three types of NPs
(p<0.005, one-way ANOVA, n=3).
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Fig. 5.

Ar?alysis of the composition of protein hard corona formed on NP surface after incubation in
50% FBS for 1 or 24 hours. Hard corona proteins were stripped off NPs and resolved via
SDS-PAGE on a 12% gel along with size standards and 200 fold diluted FBS. Gels were
stained with Coomassie blue G-250. (a) A representative gel of resolved hard corona
proteins. Arrow heads indicate three prominent bands. (b) Band intensity of three proteins
pointed with arrow heads in (a). (c) Relative band intensity (% of band intensity divided by
the sum of three prominent band intensities). The gel image was analyzed via ImageJ 1.48v
software. (b) and (c) show averages and standard deviations of 4 independently and
identically run gels with 4 different batches.
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Fig. 6.
pH dependent interaction of *PLGA-pD, *PLGA-pD-LMWC, and *PLGA-pD-PEG NPs

with SKOV-3 cells, (a) quantified by Flow-cytometry (Geometric mean at pH 6.2 was
significantly different for *PLGA-LMWC and *PLGA-pD-LMWC from that of *PLGA,
*PLGA-pD and *PLGA-pD-PEG, *: p <0.05 by two tailed t-test) and (b) visualized via
confocal microscopy, after 3 hours of incubation (Green: *NPs; blue: nuclei).
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Fig. 7.
Cellular uptake of *PLGA-pD-LMWC NPs by SKOV-3 cells after 3 hours of incubation at

pH 7.4 or 6.2, imaged by confocal microscopy as (a) a cross-sectional image and (b) z-stack
(left panel). XZ and YZ planes show NPs located in a cell. (Green: *NPs; red: cell
membrane labeled by CellMask deep red; blue: nuclei).
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Fig. 8.
(@) Intracellular trafficking of *PLGA-pD-LMWC NPs in SKOV-3 cells, imaged by

confocal microscopy after 3 hours of incubation at pH 7.4 or 6.2. (b) Time-lapse confocal
imaging of *PLGA-pD-LMWC NPs incubated with SKOV-3 cells at pH 6.2 for 270
minutes (Green: *NPs; red: LysoTracker Red DND-99; blue: nuclei).
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Fig. 9.
J774A.1 macrophage uptake of *PLGA, *PLGA-pD, *PLGA-pD-LMWC, and *PLGA-pD-

PEG MPs at pH 7.4 after 3 hour-incubation, (a) analyzed via flow cytometry and (b)
visualized with Cytation 3 fluorescence imaging system (Green: *MPs). Flow cytometry
data are expressed as averages and standard deviations of 3 independently and identically
prepared NP samples. All geometric means were significantly different from each other (p <
0.05 by one-way ANOVA test). **: p < 0.005; ***: p < 0.0005 by two-tailed t-test.
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Fig. 10.

pH dependent PTX retention after incubation of SKOV-3 cells with PTX loaded NPs or free
PTX at pH 7.4 or 6. Cells were incubated with the NPs for 2.5 hours at either pH and
separated from NPs, and analyzed for PTX content. Data are expressed as averages and
standard deviations of 4-8 wells of cells treated with two independently and identically

prepared batches of NPs. *: p < 0.05, by two-tailed t-test.
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