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ABSTRACT

Purpose To create poly(lactic-co-glycolic acid) (PLGA)
nanoparticles (NPs), where a drug-encapsulating NP core is
covered with polyethylene glycol (PEG) in a normal condition
but exposes a cell-interactive TAT-modified surface in an envi-
ronment rich in matrix metalloproteinases (MMPs).

Methods PLGA NPs were modified with TAT peptide (PLGA-
pDA-TAT NPs) or dual-modified with TAT peptide and a conju-
gate of PEG and MMP-substrate peptide (peritumorally activatable
NPs, PANPs) via dopamine polymerization. Cellular uptake of
fluorescently labeled NPs was observed with or without a pre-
treatment of MMP-2 by confocal microscopy and flow cytometry.
NPs loaded with paclitaxel (PTX) were tested against SKOV-3
ovarian cancer cells to evaluate the contribution of surface mod-
ification to cellular delivery of PTX.

Results While the size and morphology did not significantly
change due to the modification, NPs modified with dopamine
polymerization were recognized by their dark color. TAT-
containing NPs (PLGA-pDA-TAT NPs and PANPs) showed
changes in surface charge, indicative of effective conjugation of
TAT peptide on the surface. PLGA-pDA-TAT NPs and MMP-2-
pre-treated PANPs showed relatively good cellular uptake com-
pared to PLGA NPs, MMP-2-non-treated PANPs, and NPs with
non-cleavable PEG. After 3 h treatment with cells, PTX
loaded in cell-interactive NPs showed greater toxicity than
non-interactive ones as the former could enter cells during
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the incubation period. However, due to the initial burst
drug release, the difference was not as clear as microscopic
observation.

Conclusions PEGylated polymeric NPs that could expose cell-
interactive surface in response to MMP-2 were successfully
created by dual modification of PLGA NPs using dopamine
polymerization.

KEY WORDS dopamine polymerization - PEG cleavage -
polymeric nanoparticles - surface modification - TAT peptide

ABBREVIATIONS

MMPs Matrix metalloproteinases

NPs Nanoparticles

PANPs Peritumorally activatable nanoparticles,
PLGA NPs dual-modified with TAT
peptide and a conjugate of PEG and
MMP-substrate via dopamine
polymerization (PLGA-pDA-TAT/
MMP-substrate PEG NPs)

pDA Polymerized dopamine

PEG Polyethylene glycol

PLGA Poly(lactic-co-glycolic acid)

PLGA-pDA NPs
PLGA-pDA-TAT NPs

PLGA NPs with pDA coating
PLGA NPs modified with TAT peptide
via dopamine polymerization
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PLGA-PEG NPs NPs prepared with a PLGA-PEG
conjugate

PTX Paclitaxel

INTRODUCTION

Polymeric nanoparticles (NPs) are widely explored as a
carrier of chemotherapeutic drugs as they can reach solid
tumors selectively via leaky vasculature surrounding the
tumors (1). Once the NPs arrive at tumors, equally impor-
tant is to retain and/or internalize the NPs, which may
otherwise be removed from the tumors and returned to
circulation. To improve tumoral retention and uptake of
NPs, their surface is often decorated with cell-interactive
ligands, such as antibodies, peptides, nucleic acids, and
small molecules, which can enhance interactions between
NPs and target cells (2—7). However, the ligand-modified
NPs face a greater chance of removal by the reticuloendo-
thelial system (RES) during circulation (8, 9), subjecting the
RES organs to toxic effects of chemotherapeutic agents.

An approach to avoid RES recognition of the ligands is
to “hide” them under protective polyethylene glycol (PEG)
layer until the NPs arrive at target tissues and the ligands are
supposed to play a role. Here, the PEG layer is attached to
NP surface via a linker that may be cleaved by a condition
unique to solid tumors such as weakly acidic environment
(10, 11) or enzymes abundant in the tumor extracellular
matrix such as matrix metalloproteinases (MMPs) (12—15).
For example, liposomes with removable PEG were pre-
pared using a PEG-peptide-phospholipid ternary conjugate,
where the peptide was sensitive to MMPs. These liposomes
were used for the delivery of an anti-cancer drug (16),
plasmid DNA (17), or siRNA (18), showing greater cellular
uptake and biological activities with the removal of PEG by
MMPs. The same principle was used in imaging agents such
as quantum dots (19) or gold nanorods (12). These NPs were
covered with a conjugate of PEG and MMP-substrate pep-
tide via the avidin/biotin interaction (19) or a conjugate of
PEG and a peptide substrate of urokinase-type plasminogen
activator via gold-sulfur bond (12). These imaging agents
showed increased cellular uptake/binding or tumor accu-
mulation as PEG was removed by enzymatic cleavage of the
peptide linkers.

One of the challenges in extending this approach to
polymeric NPs is the increasing complexity of conjugation
chemistry. Unless the NP surface is inherently reactive,
decorating the surface with more than one type of functional
groups is quite cumbersome and inefficient. It also requires
multi-step reactions and exhaustive purification process (20,
21), which are often detrimental to the integrity of NPs and
the production yield. An alternative approach is to pre-
functionalize a polymer and produce NPs with the modified

polymer. However, the synthesis is usually lengthy and
nefficient, and needs to be tailored to each functional group
(22). Sometimes the modified polymer ends up with altered
chemical properties, losing the ability to encapsulate a ther-
apeutic agent.

To overcome this problem, we employed a simple surface
modification method based on dopamine polymerization (23).
In an alkaline condition (~pH 8), the catechol group of dopa-
mine is oxidized to quinone and reacts with other
catechols/quinones to form a water-insoluble polymer film
similar in composition to mussel adhesive proteins on solid
surfaces (24). The polymerized dopamine (pDA) possesses
latent reactivity toward nucleophiles like amine and thiol
groups, allowing a facile immobilization of functional ligands
on different surfaces (23, 24). Since the discovery, this method
has been widely exploited in modifying a variety of substrates,
such as magnetic nanoparticles (25, 26), synthetic polymers
including polystyrene, polyurethane, polyethylene (24, 27,
28), stainless steel (29), and metals and oxides (24, 30).

Capitalizing on the simplicity and versatility of this tech-
nique, we immobilized a cell-interactive peptide and a PEG-
peptide conjugate on PLGA NPs, thereby obtaining cell-
interactive NPs with a removable PEG layer (Fig. 1). We
modified the surface of PLGA NPs with (i) TAT peptide, a
membrane-translocating peptide sequence (RKKRRQRRR)
of the HIV TAT protein, as a cell-interactive ligand to

Polydopamine (pDA)

- PLGA-pDA
PLGA NP —y o
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pH 8.5

8
A TAT peptide &
m\ MMP substrate-PEG
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GRKKRRQRRRGYKC(NH,,SH)
(NH,)PEG;000-GPLGVRGC(SH)

Fig. 1 Schematic diagram of a peritumorally activatable nanoparticle

(PANP).
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promote cellular uptake of the NPs (22), and (ii) PEG conju-
gated to a MMP-substrate peptide (GPLGVRGC), where the
peptide served as a MMP-2 cleavable linker. As the cleavage
of PEG in the tumoral environment means the exposure of
TAT peptide, which enables the NPs to actively engage with
tumor cells, we call the dual-modified NPs “peritumorally
activtable NPs” or PANPs. We first tested the applicability
of the dopamine polymerization technique in modifying
PLGA NPs with TAT peptide and extended the modification
to create the dual-modified PANPs. To test the effect of TAT
peptide and MMP-2 sensitivity, cellular uptake and biological
activity of the NPs were tested i vitro.

MATERIALS AND METHODS
Materials

Paclitaxel (PTX) was a gift from Samyang Genex Corp.
(Seoul, Korea). PLGA (LA:GA=50:50, carboxylic acid end
group, viscosity range: 0.15-0.25 dL/g, molecular weight:
4.2 kDa according to the vendor) was purchased from Lactel
Absorbable Polymers (Durect Corporation, AL, USA). TAT
peptide (GRKKRRQRRRGYKC-NHy) was purchased from
Biomatik (Cambridge, Ontario, Canada) or New England
Peptide (MA, USA). An MMP-2 substrate peptide
(GPLGVRGC) was purchased from Biomatik, and Fmoc-
NH-PEG-O-C3;Hg-CONHS was from Rapp Polymere
GmbH (Tuebingen, Germany). PLGA-PEG (LA:GA=50:50;
PLGA: 4,000 Da; PEG: 5,000 Da) was purchased from
PolySciTech® (Akina Inc., West Lafayette, IN, USA).
Purified human recombinant MMP-2 was purchased from
Calbiochem® (EMD Chemicals, NJ, USA). Dopamine hydro-
chloride was purchased from VWR (PA, USA). All other
materials were purchased from Sigma Aldrich (St. Louis,
MO, USA), unless specified otherwise.

MMP-2-Mediated Cleavage of an MMP-2 Substrate
Peptide (GPLGVRGC)

The sensitivity of GPLGVRGC to MMP-2 was determined
via High Pressure Liquid Chromatography (HPLC). First,
purified human recombinant MMP-2 was activated using p-
aminophenylmercuric acetate (APMA) following the ven-
dor’s protocol. Briefly, APMA solution was made in 0.1 M
sodium hydroxide (NaOH) solution in a concentration rang-
ing from 10-50 mM. MMP-2 (1.4 pM) was activated by
mixing the MMP solution with APMA solution in a 10:1
volume ratio and incubating at 37°C for 2-3 h, vortexing
every 30 min. After incubation, the activated MMP-2 was
diluted to 20 pg/mL with storage buffer (150 mM NaCl,
20 mM Tris"HCI, 5 mM CaCly, and 0.05% Brij®-35 at pH
7.4) and stored in aliquots at —80°C.
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The cleavage of GPLGVRGC peptide was tested with
the activated MMP-2. Two pmol of GPLGVRGC was
dissolved in a reaction buffer (pH 7.4) consisting of 50 mM
HEPES, 200 mM NaCl, 10 mM CaCl,, and 1 mM ZnCl,.
Three hundred nanograms of MMP-2 (4.2 pmol) was added
to the peptide solution to determine whether MMP-2 could
cleave the peptide. As a negative control, a reaction buffer
without MMP-2 was added to the peptide. The mixture was
incubated for 24 h at 37°C and analyzed with HPLC
(HPLC 1100 series, Agilent Technologies, Palo Alto, CA)
and an Ascentis C18 Column (25 cmX4.6 mm, 5 pm). The
mobile phase was a mixture of water and acetonitrile
containing 0.1% trifluoroacetic acid (with an increasing
ratio of acetonitrile from 5% to 50% over 15 min). The
flow rate was 0.5 mL/min, and the detection wavelength
was 222 nm.

Synthesis of PEG5000-GPLGVRGC

A MMP-2 substrate peptide conjugated to PEG (5,000 Da)
(PEG5000-GPLGVRGC) was custom-synthesized at
Biomatik (Cambridge, Ontario, Canada). Briefly, the
MMP substrate peptide (GPLGVR(pbf)GC-resin) was first
synthesized via the standard Fmoc-amino acid coupling pro-
cess. After confirming successful synthesis of the peptide by
mass spectroscopy, Fmoc-NH-PEG-O-C3Hg-CONHS was
coupled to obtain a Fmoc-NH-PEG-O-CH3;Hs-CONH-
GPLGVR(pbf)GC-resin. The PEG-peptide conjugate was
then removed from the resin, and all protecting groups were
cleaved to reveal the final product, NHo-PEG-O-CH3Hg-
CONH-GPLGVRGC (PEG5000-GPLGVRGC).

NP Preparation (Fig. 2)

To make PLGA NPs or PLGA-PEG NPs, 20 mg of PLGA
or a mixture of PLGA (15 mg) and PLGA-PEG (5 mg) was
dissolved in 600 pL of dichloromethane (DCM). The poly-
mer solution was added to 2 mL of a 5% polyvinyl alcohol
solution and immediately homogenized using a Sonics
Vibracell™ probe sonicator for 1 min, pulsing 4 s on and
2 s off at an amplitude of 80%. After sonication, the NP
solution was added to 5 mL of deionized water and spun
overnight to evaporate the remaining DCM. The NPs were
then collected via centrifugation at 10,000 rpm for 1 h at
4°C and washed twice in deionized water with centrifuga-
tion at 8,000 rpm for 30 min at 4°C.
Polydopamine-coated NPs (PLGA-pDA) were created by
incubating PLGA NPs in 0.5 mg/mL dopamine hydrochlo-
ride dissolved in a 10 mM Tris buffer (pH 8.5) for 3 h at
room temperature with rotation. Following this primary
incubation, the NPs were collected by centrifugation at
8,000 rpm for 30 min at 4°C, resuspended in a fresh
dopamine solution, and incubated for additional 2 h at
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Fig. 2 Schematic diagram of preparation of NPs used in this study.

room temperature with rotation. The PLGA-pDA NPs were
collected by centrifugation at 8,000 rpm for 30 min at 4°C,
resuspended with 1 mM phosphate buffer (pH 7.4), and
rotated for 30 min prior to centrifugation.

To make TAT-coated NPs (PLGA-pDA-TAT), the
PLGA-pDA NPs were resuspended in 1 mM phosphate
buffer with the TAT peptide (2 mg/mL). After 30 min
incubation at room temperature with rotation, the NPs were
collected by centrifugation.

PANPs (PLGA-pDA-TAT/MMP substrate-PEG), the
NPs dual-modified with TAT peptide and a conjugate of
PEG and a MMP substrate (PEG5000-GPLGVRGC), were
prepared by incubating the PLGA-pDA NPs in 1 mM phos-
phate buffer containing the TAT peptide (2 mg/mL) and
PEG5000-GPLGVRGC (1 mg/mL) for 30 min at room
temperature with rotation, followed by centrifugation.

For fluorescently labeled NPs, 5 mg of fluoresceinamine-
conjugated PLGA (31) was added to replace an equivalent

amount of PLGA. NPs loaded with PTX (PTX/NPs) were
prepared by replacing 2 mg of PLGA with 2 mg of PTX
(theoretical drug loading: 10%). The fluorescently labeled
NPs were designated with an asterisk (¥), such as *PLGA
NPs, *PLGA-pDA NPs, or *PANPs. All NPs were stored as
a pellet at 4°C and used in less than 36 h.

NP Characterization

NPs were characterized for their size and zeta potential as
previously described (22). Briefly, NPs were prepared as
0.5 mg/mL suspension in 1 mM phosphate buffer (pH
7.4). The size and zeta potential were measured on a
Malvern Zetasizer Nano ZS90 (Worcestershire, UK). The
PTX loading efficiency (LE, weight percentage of PTX in
NPs) was determined by analyzing a known mass of NPs for
the drug concentration via HPLC according to the previ-
ously described method (22). Briefly, a known weight of NPs
was dissolved in 50:50 mixture of water and acetonitrile and
analyzed with HPLC equipped with an Ascentis C18
Column (25 cm X 4.6 mm, 5 um). The mobile phase was a
mixture of water and acetonitrile (50:50). The flow rate was
I mL/min, and the detection wavelength was 227 nm.
NPs were sputter-coated with platinum for 60 s and
visualized with a FEI NOVA nanoSEM field emission scan-
ning electron microscope (FEI Company, Hillsboro,
Oregon) using a high resolution through-the-lens detector
(TLD) operating at a 7 kV accelerating voltage, ~4 mm
working distance, spot 2.5 or 3, and 30 um aperture.

Release Kinetics

PTX-loaded NPs equivalent to 8.75 pg of PTX were
suspended inl mL Dulbecco’s phosphate-buffered saline
(DPBS) (Invitrogen, CA, USA) supplemented with
100 mg/L calcium chloride, 100 mg/L magnesium chlo-
ride, and 0.2% Tween 80. The NPs were incubated in the
release media at 37°C with rotation. At designated time
points, the NP suspensions were centrifuged at 10,000 rpm
for 10 min at 4°C. Eight hundred microliters of the super-
natant was sampled and replaced with fresh release medi-
um. The supernatants were analyzed vie« HPLC.

Cellular Uptake of NPs

SKOV-3 ovarian cancer cells (ATCC) were maintained in
complete RPMI-1640 medium supplemented with 10%
FBS, 100 units/mL penicillin, and 100 pg/mL streptomy-
cin. The cells were subcultured at a ratio of 1:20 when they
were 70-80% confluent. For confocal imaging, SKOV-3
cells were plated in 35 mm dishes at a density of 80,000
cells/cm?, grown overnight, and treated with different *NPs
at a concentration of 0.1 mg/mL. *PLGA, *PLGA-pDA,
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and *PLGA-PEG NPs were prepared as a suspension in
serum-free or serum-containing medium. In the case of
*PANPs and *PLGA-PEG NPs, the NPs (0.3 mg) were
pre-treated in a reaction buffer with or without activated
MMP-2 for 24 h at 37°C, collected by centrifugation for
30 min at 8,000 rpm at 4°C, and resuspended in a small
volume of sterile water (100-200 uL), then in serum-free
media to make a total volume of 3 mL. After incubation
with *NPs for 3 h, the ¥NP-containing medium was replaced
with 2 mL of fresh serum-free medium. For nuclear staining,
1 pL of Drag5 (Biostatus Limited, UK) was added prior to
imaging. Cells were imaged as previously described (22)
with an Olympus X81 confocal microscope equipped with
argon FV5-LA-MAR lasers or Nikon AIR confocal micro-
scope equipped with a Spectra Physics 163C argon ion laser
and a Coherent CUBE diode laser. The NPs were excited
with a 488-nm laser, and the emission was read from 500 to
600 nm (green). Cell nuclei were excited with a 633-nm
laser, and the emission was read from 650 to 750 nm (blue).

Flow cytometry was performed to quantify cellular up-
take of NPs. SKOV-3 cells were plated in 24-well plates at a
density of 50,000 cells per well, grown overnight, and incu-
bated with different *NPs suspended in serum-free medium
at a concentration of 0.5 mg/mL. As a negative control, a
group of cells were treated with fresh medium with no NPs.
After 3 h of incubation, cells were then collected by
trypsinization and analyzed with a flow cytometer
(Beckman Coulter, FC 500, Indianapolis, IN USA) with a
FL-1 detector (Ex: 488 nm; Em: 525 nm). In all FACS
analysis, cell debris and free NPs were excluded by setting
a gate on the plot of side-scattered light vs. forward-scattered
light. A total of 10,000 gated events were acquired for each
analysis. The fluorescent amplifier of the FL-1 detector filter
was adjusted to ensure that the negative cell population
appeared in the first logarithmic decade. All experiments
were performed in triplicate.

Cytotoxicity

Cytotoxicity of the PTX-loaded NPs was tested using the
MTT (3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide) assay. SKOV-3 cells were plated in a 96-well plate
at a density of 8,000 cells per well in 200 pL of complete
medium. After overnight incubation, 2 pL of a concentrated
NP suspension was added to each well to provide PTX in
the final concentration ranging from 1 to 10,000 nM. When
PTX/PANPs and PTX/PLGA-PEG NPs were tested, the
NPs were pre-treated in a reaction buffer with or without
MMP-2 for 4 h prior to the addition.

Cells were incubated with NPs for 3 h, washed twice with
fresh medium, and incubated for additional 3 days in NP-
free complete medium. At the end of incubation, the medi-
um was replaced with 100 pL of fresh medium and 15 pL of
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5 mg/mL MTT solution and incubated for 3.5 h. One
hundred microliters of solubilization/stop solution was then
added, and the plate was left in dark overnight. The absor-
bance of solubilized formazan in each well was read with a
microplate reader at a wavelength of 562 nm. The
absorbance of medium was subtracted from the absor-
bance of all wells. The measured sample absorbance
was then normalized to the absorbance of control cells, which
did not receive PTX.

Statistical Analysis

All data were expressed as means * standard deviations.
Statistics were performed using ANOVA with a Tukey test
for means comparison. A value of p<0.05 was considered
statistically significant.

RESULTS

MMP-2-Mediated Cleavage of an MMP Substrate
Peptide (GPLGVRGC)

GPLGVRGC peptide was chosen as an MMP-2 substrate
according to previous studies (32—34). To confirm the enzy-
matic cleavage of GPLGVRGC, the peptide was incubated
with or without 20 nM of activated MMP-2 for 24 h and
analyzed with HPLC. Only 5.6+£1.6% of GPLGVRGC
remained after the incubation with MMP-2, whereas the
reaction buffer alone had little effect on the peptide.

NP Characterization

TAT and/or PEG5000-GPLGVRGC peptides were added
to the surface of PLGA NPs via the dopamine polymeriza-
tion process. NPs that had been incubated with dopamine
(PLGA-pDA, PLGA-pDA-TAT NPs, or PANPs) turned
black in color, indicative of dopamine polymerization. On
the other hand, PLGA-pDA or PLGA-pDA-TAT NPs
showed no noticeable difference from PLGA NPs on a
microscopic level (Fig. 3), which suggests that the pDA
coating did not contribute a significant mass. The particle
size estimated from scanning electron microscopy was
~100 nm irrespective of particle type, which was significant-
ly smaller than the hydrodynamic diameters measured by
dynamic light scattering (170-200 nm) (Table I). This ob-
servation is attributable to NP aggregation in suspension
and consistent with our previous study (35).

Table I summarizes particle sizes, surface charges, and
loading efficiencies of the NPs. PI'X-loaded NPs had an
increased size of 250-350 nm, larger than blank or fluores-
cently labeled NPs. Surface charges of PLGA, PLGA-pDA,
and PLGA-PEG NPs at pH 7.4 were approximately
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Fig. 3 Scanning electron micrographs of PLGA, PLGA-pDA, and
PLGA-pDA-TAT NPs.

—10 mV, but NPs conjugated to the TAT peptide
(PLGA-pDA-TAT NPs or PANPs) showed a reduced zeta
potential, ranging from —3.5 to +1.6 mV.

PTX encapsulated NPs were tested for their drug
release kinetics in PBS containing 0.2% Tween 80
(Fig. 4). PLGA NPs released ~70% of PTX in 4 h,
and all other NPs released drug in a similar pattern
with no significant difference between the formulations at any
time point.

Cellular Uptake of PLGA, PLGA-pDA,
and PLGA-pDA-TAT NPs

To examine the effect of polydopamine coating and TAT
conjugation on cellular uptake of NPs, fluorescently labeled
*PLGA, *PLGA-pDA, and *PLGA-pDA-TAT NPs were
incubated with SKOV-3 cells for 3 h and observed with
confocal microscopy. Since all three NPs were based on
*PLGA NPs, the initial level of fluorescence was comparable
across the NPs. As shown in Fig. 5, *PLGA NPs showed
little cellular uptake, consistent with our previous re-
ports (22, 31, 35). *PLGA-pDA NPs showed some cel-
lular binding and/or uptake, which is likely due to the
latent reactivity of pDA with proteins on the cell mem-
brane. ¥*PLGA-pDA-TAT NPs showed greater cellular
uptake/association than ¥*PLGA-pDA NPs, confirming
additional contribution of TAT to the cellular interac-
tion with the NPs. This trend remained the same
irrespective of the presence of serum in the medium
(Fig. 5 vs. Supplementary Material Fig. S1), indicating
that the NP-cell interaction reflects direct effects of the
surface functional groups rather than serum proteins
adsorbed to the NP surfaces. Quantitative analysis using flow
cytometry corroborated the microscopic observation. As
shown in Fig. 6, the cells incubated with *PLGA-pDA-TAT
NPs showed the greatest fluorescence intensity, followed by
those with *PLGA-pDA and *PLGA NPs.

Cytotoxicity of PTX/PLGA NPs
and PTX/PLGA-pDA-TAT NPs

To evaluate if differential NP uptake translated to drug
delivery, PTX was loaded in PLGA and PLGA-pDA-TAT
NPs and incubated with SKOV-3 cells. Since NP-cell inter-
action was established in 3 h as shown in confocal micros-
copy, the incubation was limited to 3 h, and then the cells
were kept in NP-free medium so that they could grow under
the influence of NPs that managed to remain with the cells.
Figure 7 shows that PTX/PLGA-pDA-TAT NPs had slight-
ly greater activity than PTX/PLGA NPs, showing a de-
crease in the half maximal inhibitory concentration (ICs)
of PTX from 258.7 nM (PTX/PLGA NPs) to 72.6 nM
(PTX/PLGA-pDA-TAT NPs). The presence of polymerized
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Table 1 Particle Size, Zeta

Potential, PTX Loading NPs Properties Blank Fluorescently labeled PTX-loaded
Content of Different NPs
PLGA Size (d, nm) 173.4 (5.6) 177.9 (16.2) 325.0 (64.4)
Zeta potential (mV) -9.8(1.9) —-83(2.4) -9.0 4.5)
PTX loading (wt%) - - 21.8(7.1)
PLGA-pDA Size (d, nm) 171.2 (8.0) 185.7 (23.1) NA
Zeta potential (mV) =117 2.1) —12.0(2.3) NA
PTX loading (wt%) - - NA
PLGA-pDA-TAT Size (d, nm) 191.0 (11.0) 192.2 (35.8) 291.8 (72.8)
Zeta potential (mV) —1.2(3.4) +1.6 (0.5) +0.3 (0.9)
PTX loading (wt%) - - 18.8 (7.7)
PANP Size (d, nm) NA 210.8 (37.9) 341.8 (86.8)
PANP: Peritumorally activatable Zeta potential (mV) NA -0.2(6.2) —3.5(5.9)
RS, e ) :
Data are expressed as averages PLGA-PEG Size (d, nm) NA 179.8 (24.4) 248.8 (67.3)
(standard deviations) of 3-9 Zeta potential (mV) NA —11.2(4.6) -7.502.7)
identically but independently PTX loading (wt%) _ _ 20.6 (11.4)

prepared samples

dopamine caused no additional toxicity (data not shown), and
the TAT peptide was shown to be non-toxic at the level used
for surface modification (22, 36). Therefore, the relatively high
cytotoxicity of PTX/PLGA-pDA-TAT NPs is attributable
to their ability to establish interaction with cells in the 3 h
incubation period rather than the vehicle toxicity.

MMP-2 Dependence of PANP Uptake

To examine the responsiveness of PANPs to MMP-2, their
cellular uptake was examined before and after MMP-2 treat-
ment and compared with the uptake of PLGA-PEG NPs.
When added without MMP-2 treatment, neither *PANPs
nor *PLGA-PEG NPs showed interactions with SKOV-3 cells
(Fig. 8), indicating that PEGylation was effective in both NPs.

120+
2 100+
o 801 I 1 Py
& e 2o
= A ad
o %
o 40 & A
< & —O— PTX/PLGA NPs
S H0d/f £~ PTX/PLGA-pDA-TAT NPs
g ( & PTX/PLGA-PEG NPs
3 A PTX/PANPs
9 o —————
0o 1 2 3 4 5 6 7 8

Time (hours)

Fig. 4 Drug release kinetics from PTX/PLGA NPs, PTX/PLGA-pDA-TAT
NPs, PTX/PLGA-PEG NPs, and PTX/PANPs. Each data point represents
an average and standard deviation of at least 3 identically and independently
prepared samples (ANOVA, Tukey test means comparison, p <0.05).
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Although SKOV-3 cells naturally produce MMP-2 (37)
(Supplementary Material Fig. S2), the amount produced dur-
ing the 3 h incubation was apparently insufficient to cleave the
peptide linker. On the other hand, *PANPs pre-treated with
MMP-2 (20 nM) showed increased cellular uptake compared
to non-treated *PANPs. *PLGA-PEG NPs did not show such
MMP-2 sensitivity. Moreover, the majority of MMP-2-treated
*PANPs were seen in the cytoplasm, whereas the few MMP-2-
treated *PLGA-PEG NPs were located outside the cell bound-
aries. Quantitative analysis was performed with flow cytometry
(Fig. 9). Since *PANPs and *PLGA-PEG NPs had different
levels of fluorescence, comparison between the two groups was
not made. Within each group, cells treated with *PLGA-PEG
NPs showed no difference due to MMP-2 treatment, but those
treated with *PANPs did, consistent with the confocal micro-
scope observation. These results demonstrate that PANPs
responded to MMP-2 and revealed the cell-interactive TAT
peptide as the enzyme cleaved GPLGVRGC and removed
PEG5000.

MMP-Dependence of Drug Delivery by PANPs

To test whether drug delivery by PANPs were enhanced by
the removal of PEG, as expected from NP uptake observa-
tion, PTX was loaded in PANPs and incubated with
SKOV-3 cells with or without MMP-2 treatment. For com-
parison, PLGA-PEG NPs were used as a carrier of PTX and
tested in the same manner. PTX/PLGA-PEG NPs showed
similar cytotoxicity irrespective of MMP-2 treatment
(Fig. 10). PTX/PANPs appeared to show relatively higher
bioactivity after MMP-2 treatment, although statistical signif-
icance was not obtained. Notably, PTX/PANPs pre-treated
with MMP-2 showed significantly greater cytotoxicity than
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Fig. 5 Cellular uptake of *PLGA, *PLGA-pDA, and *PLGA-pDA-TAT
NPs. NPs were added to SKOV-3 cells in culture medium supplemented
with 10% FBS. NP: green fluorescence signal from NPs; Nu: nuclei stained
with Drag5; Tm: transmission image; Overlay: overlay of NE Nu and Tm.
Magnification: 600 Scale bar=40 um.
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Fig. 6 (a) A representative flow cytometry overlay histogram showing
fluorescence intensity of SKOV-3 cells treated with *PLGA, *PLGA-pDA,
and *PLGA-pDA-TAT NPs. (b) Geometric mean fluorescence intensity
(GMFI) of SKOV-3 cells treated with *PLGA, *PLGA-pDA, and
*PLGA-pDA-TAT NPs. Data are expressed averages and standard
deviations of 3 tests performed with identically and independently prepared
samples. *: p <0.05 by Tukey test means comparison (difference from control
was not indicated).
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Fig. 7 Viability of SKOV-3 cells treated with PTX/PLGA NPs or PLGA/
PLGA-pDA-TAT NPs. Data are expressed as averages with standard de-
viations of 3 identically and independently prepared samples. (For ICsg
calculation, see Supplementary Material Table).
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Fig. 8 Cellular uptake of *PANPs and *PLGA-PEG NPs with or without
MMP-2 pre-treatment. Scale bar=20 um.

PTX/PLGA-PEG NPs at 10,000 nM, corroborating the

microscopic observation.

DISCUSSION

TAT peptide has been widely used to enhance transport of NPs
across cell membranes (36, 38—41). We previously reported a
three-step synthesis of TAT-conjugated PLGA and production
of TAT-modified PLGA NPs (22). While the NPs were able to
enter cells efficiently, the production of TAT-conjugated
PLGA was a lengthy and inefficient process with a total yield
of ~10%. In contrast, functionalization of NPs using dopamine
polymerization could be performed on the pre-formed NPs,
irrespective of the chemical reactivity of the NP surface, in a
mild condition with a minimal number of steps. Dopamine
polymerization was visually recognized by the characteristic
dark color. However, the size, zeta potential, and surface
morphology of pDA-coated PLGA NPs were not different
from those of PLGA NPs, suggesting that pDA content in the
NPs was not substantial. On the other hand, when TAT
peptide was added, the negative charge of NPs was neutralized
or converted to slightly cationic values, reflecting the presence
of the TAT peptide on the NP surface (Table I). Previously, we
did not observe the change of surface charge with the NPs
prepared with TAT-conjugated PLGA, which was attributed
to low efliciency of TAT conjugation to PLGA (22). The
surface charge change observed in this study indicates that
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Fig. 9 A representative flow cytometry overlay histograms showing fluo-
rescence intensity of SKOV-3 cells treated with *PLGA-PEG and *PANP
NPs. (@) Without MMP-2 treatment and (b) with MMP-2 treatment. (c)
Geometric mean fluorescence intensity (GMFI) of SKOV-3 cells treated
with *PLGA-PEG and *PANP NPs. Data are expressed averages and
standard deviations of 3 tests performed with identically and independently
prepared samples. *: p <0.05 by one-tailed t-test.
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Fig. 10 Viability of SKOV-3 cells treated with PTX/PANPs or PTX/PLGA-
PEG NPs with or without MMP-2 pre-treatment. Data are expressed as
averages with standard deviations of 3 identically and independently pre-
pared samples. *: p <0.05 by Tukey test means comparison.

dopamine polymerization is a robust conjugation method that
can deposit more TAT peptide on the NP surface.

PLGA-pDA-TAT NPs showed a greater uptake by SKOV-
3 cells than PLGA NPs, consistent with our previous report
(22). The contribution of enhanced cellular uptake of NPs to
drug delivery was examined by comparing cytotoxicity of
PTX-loaded in PLGA-pDA-TAT and PLGA NPs. The cell
exposure to PTX-loaded NPs was limited to 3 h for two
reasons. First of all, a short-term exposure better represents
dynamic i viwo situation, where NPs are continuously removed
and returned to the circulation. Secondly, drug release in-
creases with a prolonged incubation of NPs in culture medium.
The released drug can kill cells irrespective of the location of
NPs relative to the cells; thus, it becomes increasingly difficult to
appreciate the contribution of the enhanced NP uptake. As
anticipated from the cellular uptake of PLGA-pDA-TAT NPs,
PTX delivered with the TAT-modified NPs showed slightly
greater cytotoxicity than unmodified NPs (Fig. 7). Even though
there were substantial drug release during the 3 h incubation
and large variation in the amount of released drug (Fig. 4), the
3.5-fold decrease in IC5y demonstrates the cytotoxic advantage
of NPs with the TAT peptide. However, the premature drug
release remains a significant issue in systemic application of the
NPs, which may nullify their functionality. This problem may
be overcome in the future by the use of covalent conjugation of
a drug to a component of NPs zia a linker that hydrolyzes over
time or cleaves by enzymes at target tissues (42).

After we confirmed the effectiveness of dopamine poly-
merization process, we produced PANPs modified with two
functional groups, TAT peptide and a conjugate of PEG
and MMP-2 substrate peptide, where (i) PEG provides
protection from non-specific cellular interaction of TAT
peptide and latent reactivity of pDA coating and (ii) the
peptide allows removal of the protection in the MMP-2 rich
environment. Dual modification of NPs was simple and easy
with the only difference from the PLGA-pDA-TAT-NPs

being the addition of a PEG-peptide conjugate in the mod-
ification buffer. Since the PEG-peptide has nucleophiles in
both termini (NHs on PEG terminus, and NHy and SH on
cysteine terminus of the peptide), it can be incorporated into
pDA layer in either direction, which means that a portion of
PEG-peptide conjugated to the NP surface might have been
attached in a reverse direction vie the NHy on PEG termi-
nus. In this case, enzymatic cleavage of peptide would not
result in removal of PEG. In other words, the MMP-2
dependent dePEGylation would have been more evident,
had the NPs been modified with a PEG-peptide conjugate
where the free terminus of PEG was non-reactive with pDA.
Despite the suboptimal choice of PEG, the dual-modified
PANPs showed MMP-2 dependent cellular uptake (Fig. 8). In
the absence of MMP-2 treatment, virtually no uptake of
PANPs was observed due to the added PEG layer. On the
other hand, MMP-2-treated PANPs were found in the cyto-
plasm of cells, indicating the exposure of cell-interactive TAT
peptide on the NP surface after cleavage of PEG—albeit in-
complete due to the PEG conjugated in a reverse direction. In
contrast, PLGA-PEG NPs, which had non-cleavable PEG
layer, did not show MMP-2 dependence in cellular uptake.
To evaluate the MMP-2 dependence of drug delivery by the
NPs, cytotoxicity of PTX loaded in PANPs and PLGA-PEG
NPs was tested with or without a pre-treatment with MMP-2.
As anticipated from the confocal microscopy, PTX/PLGA-
PEG NPs show no difference due to MMP-2 pre-treatment.
On the other hand, cytotoxicity of PTX/PANPs was appar-
ently higher with the MMP-2 pre-treatment than without, but
no statistical significance was observed. Multiple factors may
account for the lack of significant difference, including the
incomplete removal of PEG, premature drug release from the
NPs, and large variation in the amount of released drug. The
latter two must have been even more serious than PLGA-
pDA-TAT NPs, given the 4 h of pre-treatment with MMP-2
in the reaction buffer in addition to 3 h incubation with cells,
which additively contributed to the premature drug release.

CONCLUSION

This study demonstrates modification of PLGA NPs with dual
functional groups, TAT peptide and a PEG-peptide conju-
gate, where the MMP-2 cleavable peptide linker allows for
conditional removal of PEG. We expect that the dual-
modified PLGA NPs has advantages of both long-circulating
PEGylated NPs and cell-interactive ligand-bound NPs with-
out a tradeoff between the two features. We observed that an
increased cellular uptake of NPs did not always translate to a
significant increase in cellular delivery of PTX, which 1s likely
due to initial burst release of the drug. The early drug release
has been a consistent problem in systemic application of
PLGA NPs, which remains to be overcome in future studies.
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Finally, we note that dopamine polymerization was a simple
and versatile method, which accomplished the dual surface
modification with great ease and flexibility. This method may
be used for functionalizing a variety of NP platforms
irrespective of their surface reactivity as long as the ligands
contain amine or thiol groups.
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