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Abstract
Poly(lactic-co-glycolic acid) (PLGA) nanoparticles (NPs) conjugated to a cell-penetrating peptide,
TAT, was used to increase intracellular delivery of paclitaxel (PTX) to multi-drug resistant
(MDR) cells. Efficient cellular uptake of the TAT-conjugated PLGA NPs was observed; however,
it did not translate to increased killing of MDR cells. An investigation of drug release kinetics in
phosphate-buffered saline containing Tween 80 led us to suspect that a significant fraction of the
loaded PTX was released before efficient cellular uptake could occur. These results indicate that
the increased cellular uptake of NPs does not always mean an enhanced drug effect and that it is
critical to control both the location of NPs and the drug release from NPs together. Based on this
study, we propose that two prevalent practices in NP research be reconsidered: First, the utility of
a new NP system should be tested beyond the imaging level. Second, NP release kinetics should
be monitored in a medium that can reflect the complexity of biological environment rather than a
simple buffered saline.
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1. Introduction
Multidrug resistance (MDR) in cancer refers to the ability of tumors to exhibit simultaneous
resistance to several chemotherapeutic agents, which leads to decreased effectiveness of
chemotherapy [1]. Some of the resistance is mediated by ATP-binding cassette (ABC)
transporters including P-glycoprotein (Pgp) or multidrug resistance protein (MRP), which
reside in cell membrane and pump out anti-cancer drugs in an ATP-dependent manner [1,
2]. Several strategies have been proposed to overcome MDR owing to the drug efflux
pumps. For example, chemotherapies are combined with Pgp inhibitors [3] or genetic
therapeutics such as siRNA [4] and anti-sense oligonucleotides [5, 6] to counteract the MDR
effect. On the other hand, there is a good chance that their effects can be limited because of
non-specificity, toxicity, or instability of such inhibitors [7–11]. In this regard, nanoparticles
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(NPs) have been suggested as an alternative or supplementary way of overcoming MDR
[12–14].

NPs or nanocarriers are small drug carriers with a size typically ranging from 10 to 200 nm
[15]. Polymeric NPs, which physically entrap drugs in solid matrix such as poly(lactic-co-
glycolic acid) (PLGA), have been widely used for drug delivery to tumors due to the
relatively easy preparation and size control. It has been believed that NPs entering cells can
deliver anti-cancer drugs intracellularly and bypass drug efflux pumps, thereby overcoming
MDR [16]. However, our previous work has shown that PLGA NPs are not readily taken up
by cells, indicating that cytotoxicity of drug-carrying NPs is more likely due to a drug that
has been separated from NPs extracellularly [17]. Under this scenario, PLGA NPs would be
ineffective in treating MDR tumor cells. In fact, Chavanpatil et al. reported that PTX carried
by PLGA NPs was also subject to a Pgp-mediated MDR [18].

Therefore, we propose to overcome MDR using PLGA NPs decorated with a cell-
penetrating peptide, which facilitates cellular uptake of NPs [19] and thus intracellular drug
delivery. Of several cell-penetrating peptides, the TAT peptide, a membrane-translocating
peptide sequence (RKKRRQRRR) of the HIV TAT protein, has been frequently used to
transport a variety of NPs across cell membranes [19–23]. The TAT peptide is reported to
have low cytotoxicity and a high affinity for cell membranes irrespective of cell types [23].
Therefore, TAT peptide is expected to be an efficient ligand to enhance cellular uptake of
polymeric NPs and their intracellular drug delivery to MDR cells.

To test feasibility of this approach, we synthesized a conjugate of PLGA and TAT peptide
and created NPs. The NPs were examined with respect to the ability to enter ovarian cancer
cells and deliver paclitaxel (PTX), a substrate of Pgp, to drug-resistant cells. Based on these
results, the contribution of NP uptake to overcoming MDR was investigated.

2. Materials and Methods
2.1 Materials

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-NH2) was purchased from
Biomatik (Cambridge, Ontario, Canada) or New England Peptide (MA, USA). N-
succinimidyl 4-(4-maleimidophenyl) butyrate (SMPB) was purchased from Thermo Fisher
Scientific (Rockford, IL, USA) or Sigma Aldrich (St. Louis, MO, USA). Imject maleimide
conjugation buffer was also purchased from Thermo Fisher Scientific (Rockford, IL, USA).
Polyvinyl alcohol (6,000 Da) was purchased from Polysciences, Inc (Warrington, PA,
USA). All other materials were purchased from Sigma Aldrich (St. Louis, MO, USA),
unless otherwise specified.

2.2 PLGA-TAT conjugation (Scheme 1)
PLGA-TAT was created using a method adapted from Nam et al. [19]. Relatively low
molecular weight PLGA was used to afford a large number of carboxyl groups to modify
with TAT peptide. First, amine-terminated PLGA (PLGA-NH2) was prepared. Briefly,
PLGA and hydroxybenotriazole (HOBT) (in a 1:2 molar ratio) was dissolved in water-free
dioxane under argon. To this mixture, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
(EDC) and triethylamine (TEA) were added dropwise in molar ratios of 3:1 and 6:1,
respectively, relative to PLGA. After one hour of reaction under stirring, a ten-fold molar
excess of hexamethylene diamine (HMDA) (relative to PLGA) dissolved in a small amount
of dioxane was added dropwise to the reaction. The cloudy reaction cleared up within a few
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hours and was spun overnight. Dioxane was then evaporated, and the product (PLGA-NH2)
was redissolved in dichloromethane (DCM). PLGA-NH2 was purified by repeated
precipitation in a mixture of methanol and ethyl ether. Conjugation yield was determined
by 1H-NMR.

The purified PLGA-NH2 was reacted with a two-fold molar excess of SMPB to create
maleimide-terminated PLGA. Briefly, PLGA-NH2 and SMPB was dissolved in water-free
DCM under argon and allowed to react overnight. The product was purified by alternating
dissolution in DCM and precipitation in ethyl ether multiple times. Removal of excessive
SMPB was verified by thin layer chromatography (TLC). The final conjugation yield was
determined with 1H-NMR.

Finally, the maleimide-terminated PLGA was reacted with the sulfhydryl group on the
cysteine of TAT peptide in a molar ratio of 1:1. The TAT peptide was dissolved in 400 µL
of imject maleimide conjugation buffer and added dropwise to the maleimide-terminated
PLGA dissolved in dimethyl sulfoxide (DMSO). The reaction proceeded overnight. Excess
TAT peptide was removed by dialysis against water. The water was replaced four times
every 6–8 hours. After dialysis, the polymer was freeze-dried and stored at −20°C.

2.3 Nanoparticle formation
To make PLGA NPs, 20 mg of PLGA was dissolved in 600 µL of DCM. For TAT-
containing NPs (PLGA-TAT NPs) or fluorescently labeled NPs (PLGA* or PLGA*-TAT
NPs), 5 mg of PLGA-TAT and/or fluoresceinamine-conjugated PLGA (PLGA*) were added
to replace an equivalent amount of PLGA [17]. NPs loaded with PTX (PTX/PLGA NPs or
PTX/PLGA-TAT NPs) were prepared by replacing 2 mg of PLGA with 2 mg of PTX
(theoretical drug loading: 10%). To prepare NPs loaded with curcumin (Cur/PLGA NPs), 2
mg of curcumin (Cur) dissolved in 60 µL of DMSO was added to 18 mg of PLGA dissolved
in 540 µL of DCM and mixed by vortexing.

The polymer or drug/polymer mixture solution was added to 2 mL of a 5% polyvinyl
alcohol solution and immediately homogenized using a Sonics Vibracell™ probe sonicator
for 1 minute, pulsing 4 seconds on and 2 seconds off at an amplitude of 80%. The sonication
time was increased to 6 minutes for PLGA-TAT NPs. 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 hour at 4°C and washed
twice in deionized water with centrifugation at 8,000 rpm for 30 minutes at 4°C. An NP
pellet was collected at the end of the second wash and used in less than 24 hours after
preparation.

2.4 Characterization of the NPs
Size and zeta potential of NPs were determined using a Malvern Zetasizer Nano ZS90
(Worcestershire, UK). For the measurement, NPs were diluted in phosphate buffer (1 mM,
pH 7.4) to make a 0.5 mg/mL suspension.

To determine the loading efficiency (LE, weight percentage of drug in NPs) of PTX-loaded
NPs, a known weight of NPs was dissolved in 1 mL of a 50:50 mixture of acetonitrile
(ACN) and water and analyzed via high pressure liquid chromatography (HPLC). HPLC
was performed with HPLC 1100 series (Agilent Technologies, Palo Alto, CA, USA) and
Ascentis C18 column (25 cm × 4.6 mm, particle size 5 µm, Supelco, MO, USA). The mobile
phase was a 50:50 mixture of ACN and water and flowed at 1 mL/min. The PTX peak was
observed using a UV detector at 227 nm with a retention time of 11 min.
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To determine the LE of Cur-loaded NPs, a known weight of NPs was dissolved in 1 mL of
DMSO and analyzed with respect to the fluorescence of Cur in the solution (Ex: 485 nm;
Em: 538 nm) using a SpectraMax M3 microplate reader (Molecular Device, Sunnyvale,
CA).

2.5 Release Kinetics
PTX/PLGA NPs or PTX/PLGA-TAT NPs equivalent to 8.75 µg or 3 µg of PTX were
suspended in 1 mL of phosphate-buffered saline (PBS, 10 mM phosphate, pH 7.4) with or
without 0.2% Tween 80 and incubated at 37°C with rotation. At designated time points, the
NP suspensions were centrifuged at 10,000 rpm for 10 minutes at 4°C. Eight hundred
microliters of supernatant was sampled and replaced with fresh buffer. The NPs were
resuspended with vortexing and further incubated. The supernatants were analyzed via
HPLC.

2.6 Cell culture
NCI/ADR-RES ovarian cancer cells (NCI, Frederick, MD, USA), multidrug-resistant due to
Pgp and MDR1 [24–27], were cultured in DMEM/F12 medium without phenol red
(Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS) and 100
units/mL penicillin and 100 ug/mL streptomycin. SKOV-3 ovarian cancer cells (drug-
sensitive cells) (ATCC) were cultured in complete RPMI-1640 medium supplemented with
10% FBS, 100 units/mL penicillin and 100 ug/mL streptomycin. At 70–80% confluency the
cells were subcultured at a ratio of 1:20. NCI/ADR-RES cells between P5 and P10 were
used to maintain MDR.

2.7 Confocal imaging of NP uptake
SKOV-3 or NCI/ADR-RES cells were plated in 35 mm dishes at a density of 80,000 cells/
cm2 or 100,000 cells/cm2, respectively. After 24 hours, the medium was replaced with 2 mL
of fresh complete medium containing 0.1 mg/mL PLGA*, PLGA*-TAT, or Cur/PLGANPs.
Free Cur was added to the cell culture medium as a Cur/DMSO solution providing a
comparable level of Cur to Cur/PLGA NPs (final DMSO concentration was less than 1%).

After 3 hours of incubation, the NP-containing medium was replaced with 2 mL of serum-
free medium. For nuclear staining, 1 µL of Draq5 (Biostatus Limited, UK) was added prior
to imaging. Cells were imaged with Olympus X81 confocal microscope equipped with argon
FV5-LA-MAR lasers. PLGA* and PLGA*-TAT NPs were excited with a 488-nm laser, and
their emission was read from 500 to 600 nm and expressed in green. Free Cur or Cur/PLGA
NPs were also excited with a 488-nm laser and their emission was read from 492 to 560 nm
and expressed in green. Cell nuclei were excited with a 633-nm laser, and its emission was
read from 650 to 750 nm and expressed in blue. Images were processed with Olympus
FLUOVIEW Ver 1.5 software (Olympus, Japan).

2.8 Cytotoxicity test
Cytotoxicity of PTX encapsulated in NPs was tested using the MTT (3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay. Cells were plated in a 96-
well plate at a density of 8,000 cells per well in 200 µL of complete medium. After 24 hours,
2 µL of the concentrated NP suspension was added to each well to provide PTX in the final
concentration ranging from 1 to 10,000 nM. Free PTX or blank NPs (NPs with no drug) of
comparable concentrations were tested in parallel. In the case of free PTX, 2 µL of PTX
solution in DMSO was added to each well. The control cells were treated with 2 µL of
DMSO, which did not influence the cell viability. After incubation for 3 days, the medium
was replaced with 100 µL of fresh medium and 15 µL of 5 mg/mL MTT solution and
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incubated for 3.5 hours. One hundred microliters of solubilization/stop solution was then
added, and the plate was left in dark overnight. The absorbance of solubilized formazan in
each well was read with a microplate reader at a wavelength of 562 nm. The measured
absorbance was normalized to the absorbance of control cells, which did not receive PTX.

2.9 Statistical Analysis
All data were expressed as mean ± standard deviation. Statistics were performed using
ANOVA with a Tukey test for means comparison. A value of p<0.05 was considered
statistically significant.

3. Results
3.1 PLGA-TAT conjugation

Synthesis of PLGA-NH2 was confirmed by the appearance of 1H-NMR peaks at 1.3 and 2.5
ppm. Fifty to a hundred percent of PLGA was conjugated with HMDA. Synthesis of
maleimide-terminated PLGA was confirmed by the 1H-NMR peak at 6.85 ppm. The SMPB
conjugation yield was 25–60%. The production yield of PLGA-TAT was ~10%.

3.2 Characterization of PLGA NPs
The average diameter of blank PLGA NPs was 170 nm (Table 1). PLGA-TAT NPs tended
to aggregate after repeated washing, probably due to the relative hydrophilicity of the
polymer, which led to higher water content and plasticity of the NP matrix [28]. Therefore,
additional sonication time was applied to reduce the initial NP size so that the final size after
purification was comparable to that of PLGA NPs. The addition of PTX resulted in slight
increase in the average size of NPs, likely due to the increased hydrophobic interactions
followed by NP aggregation. NP surface charges were consistently negative, irrespective of
the presence of the TAT peptide.

LEs of PTX/PLGA NPs and PTX/PLGA-TAT NPs were 16.7±4.3% (n=7) and 4.6±1.6%
(n=5), respectively. The LE of PTX/PLGA NPs was higher than the theoretical LE (10%),
which may be attributable to selective loss of PLGA during NP formation and purification.
The relatively low LE of PTX/PLGA-TAT NPs suggests that the PTX loss outweighed the
polymer loss, due to the presence of TAT peptide, which was hydrophilic and thus
incompatible with PTX.

3.3 Cellular uptake of NPs
PLGA* NPs and PLGA*-TAT NPs were used in imaging their cellular uptake. To avoid an
imaging artifact due to a dye separated from the polymer [17], a fluorescent dye
(fluoresceinamine) was incorporated by covalent conjugation to PLGA instead of physical
entrapment. Sizes and zeta potentials were 189 ± 17 nm and −7.1 ± 2 mV for PLGA* NPs
(n=3), and 292 ± 59 nm and −12 ± 11 mV for PLGA*-TAT NPs (n=4).

SKOV-3 cells incubated with PLGA* NPs showed relatively low green fluorescence (Fig.
1A), indicating a lack of NP uptake, consistent with previous reports [17, 19]. In contrast,
PLGA*-TAT NPs showed much stronger fluorescence, which indicated the presence of NPs
remaining with the cells. Individual NP could not be resolved by confocal microscopy.
However, the fact that fluorescence signal was found surrounding the nucleus (Supporting
Fig. 1) and that the NP signals were seen on a z-section with the largest nucleus images
suggested that most NPs were located within the cells. NCI/ADR-RES cells showed a
similar trend (Fig. 1B). The cells incubated with PLGA* NPs showed no green fluorescence,
whereas those with PLGA*-TAT NPs exhibited a strong fluorescence signal of internalized
NPs.
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3.4 Cytotoxicity of PTX/PLGA-TAT NPs on SKOV-3 and NCI/ADR-RES Cells
NPs containing PTX were incubated for 3 days with SKOV-3 and NCI/ADR-RES cells to
determine the contribution of their cellular uptake to the cell killing effect. Blank NPs
(PLGA and PLGA-TAT NPs) were also tested in parallel and found to have a modest level
of toxicity at higher concentrations in both cells, which would be attributable to the inherent
toxicity of the low molecular weight PLGA [29].

SKOV-3 cells were sensitive to PTX and exhibited similar dose-responses to free PTX,
PTX/PLGA NPs, and PTX/PLGA-TAT NPs (Fig. 2A). There was no significant difference
between the two NPs attributable to the presence of TAT. In the case of drug-resistant NCI/
ADR-RES cells, PTX had an insignificant effect on cell toxicity at concentrations below
1000 nM, as expected (Fig. 2B). PTX/NPs (PTX/PLGA NPs and PTX/PLGA-TAT NPs)
were relatively toxic but not more than blank NPs. Therefore, most toxicity of PTX/NPs
appeared due to the NPs rather than PTX carried by the NPs. PTX/PLGA-TAT NPs were
not significantly more toxic than PTX/PLGA NPs at any concentrations.

3.5 Release Kinetics of PTX/PLGA NPs
PTX release from PTX/PLGA NPs was first tested in PBS with no surfactant. According to
the PTX solubility (1–3 µg/mL) determined in previous studies [17, 30] and typical release
profiles of PTX-loaded PLGA NPs [31–33], the NP concentrations (equivalent to 3 µg/mL
PTX) were expected to be low enough to allow unlimited release of PTX. However, no
significant PTX release was observed in PBS after an initial 20% release in the first 4 hours.
It was separately observed that 3 µg/mL PTX precipitated in 30 min upon incubation in PBS
and was not recovered in supernatant (data not shown). To prevent precipitation of the
released PTX without increasing the volume of release medium, the release studies were
performed using PBS containing 0.2% Tween 80. Here, PTX/PLGA and PTX/PLGA-TAT
NPs released ~60% of the encapsulated drug in less than 3 hours (Fig. 3).

3.6 Cellular uptake of curcumin (Cur) encapsulated in NPs
To observe cellular uptake of drug carried by NPs, PLGA NPs encapsulating Cur (Cur/
PLGA NPs) were incubated with SKOV-3 or NCI/ADR-RES cells and imaged on confocal
microscopy. Cur was used instead of PTX because it can be directly visualized by
fluorescence (Ex: 488 nm; Em: 492–560 nm). Cur is also poorly soluble in water (solubility:
~20 µg/mL [34]). Cur/PLGA NPs had an average size and zeta potential of 154 ± 4.4 nm
and −12 ± 2.2 mV, respectively. The average LE was 4.3 ± 1.5%. For comparison, free Cur
was added at approximately the same drug concentration as the NPs (assuming a LE of
3.6%). In 3 hours SKOV-3 cells incubated with free Cur showed a large amount of
intracellular Cur signal indicating cellular uptake of Cur (Fig. 4A left). SKOV-3 cells
incubated with Cur/PLGA NPs also showed a strong intracellular Cur signal (Fig. 4A right).
A similar result was obtained with NCI-ADR/RES cells. Although dimmer than the signals
in SKOV-3 cells, intracellular fluorescence was clearly observed in NCI/ADR-RES cells
incubated with either free Cur (Fig. 4B left) or Cur/PLGA NPs (Fig. 4B right).

4. Discussion
NP-mediated intracellular drug delivery has been considered a promising way of bypassing
MDR. Several ligands that promote cell-NP interactions, such as cell-penetrating peptides,
folate, transferrin, aptamers, and antibodies have been employed to aid in the intracellular
delivery of NPs [35, 36]. Here a general expectation is that the cell-interactive ligands will
increase cellular uptake of NPs and have them release the encapsulated chemotherapeutic
drugs intracellularly, where the drug can kill the cell before the MDR machinery can remove
it [13, 37]. In many studies dealing with cell-interactive NPs, images and quantities of NPs
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taken up by target cells are the most important and encouraging results, heralding the
anticipated intracellular effects, which are however often left untested [38–48]. In this study,
we intended to investigate how the enhanced NP-cell interactions translate to drug activity in
cancer cells, especially those exhibiting MDR, using PLGA NPs as a model carrier.

We chose TAT peptide as a cell-interactive ligand, which has proven effective in facilitating
cellular uptake of micelles or liposomes [37, 49, 50], in modifying PLGA NPs. Surface
charge of PLGA-TAT NPs was dominated by carboxyl groups of PLGA rather than
positively charged TAT peptide, which indicates low density of TAT peptide on the NP
surface. Nonetheless, PLGA-TAT NPs were taken up by SKOV-3 and NCI/ADR-RES cells
in 3 hours unlike bare PLGA NPs, demonstrating the potency of TAT peptide as a cell-
interactive ligand. Based on these results, we anticipated that PTX carried by PLGA-TAT
NPs would be effective in killing MDR cells.

For PTX-sensitive SKOV-3 cells, we observed no increase in overall cytotoxicity by PTX/
PLGA-TAT NPs as compared to free PTX or PTX/PLGA NPs. This result could be readily
explained since the location of a drug source (extracellular vs. intracellular) should not make
much difference in drug-sensitive cells. Here, PTX present outside the cells (free PTX, PTX/
PLGA NPs) would enter the cells without limitation and act on the intracellular target just
like the drug released in the cells (PTX/PLGA-TAT NPs). On the other hand, PTX/PLGA-
TAT NPs was expected to have an advantage over PTX/PLGA NPs in NCI/ADR-RES cells.
In MDR cells, PTX released extracellularly from PTX/PLGA NPs, which do not enter cells,
would be recognized by drug efflux pumps and removed from the cells like free PTX. In
contrast, PTX released from PLGA-TAT NPs within the cells was expected to effectively
avoid such removal. However, we did not observe such difference in cytotoxicity between
PTX/PLGA NPs and PTX/PLGA-TAT NPs in NCI/ADR-RES cells.

To explain the lack of cytotoxic advantage of PTX/PLGA-TAT NPs over free PTX or PTX/
PLGA NPs, we examined the kinetics of PTX release from the NPs. The results varied with
the release medium. In PBS, a popular release medium used in many studies of PTX-loaded
NPs [31–33, 51], 20% of the loaded PTX was released in 4 hours and no significant release
followed. Given that 3 µg/mL PTX solution in PBS rapidly precipitated at 37°C (data not
shown), the limited PTX release was attributable to its low solubility in PBS. On the other
hand, in PBS containing 0.2% Tween 80, which helped solubilize the released PTX, 60% of
the encapsulated drug was released from the NPs in less than 3 hours, a time frame we found
necessary to achieve significant cellular uptake (Supporting Fig. 2). It is not clear how well
PBS with 0.2% Tween 80 resembles extracellular environment. However, given that
complete medium contains various hydrophobic and amphiphilic components such as
proteins and lipids, one can imagine that the PTX release in cell culture may be better
simulated by PBS with 0.2% Tween 80 than by simple PBS. Under this assumption, the
rapid PTX release observed in PBS with 0.2% Tween 80 indicates that most of the
encapsulated PTX had been released extracellularly before the majority of PLGA-TAT NPs
were taken up by the cells. This extracellular drug release is consistent with the lack of
cytotoxicity difference among free PTX and PTX/NPs in the sensitive SKOV-3 cells.
Importantly, this rapid extracellular release explains the lack of cytotoxic advantage of PTX/
PLGA-TAT NPs in NCI/ADR-RES cells.

To further confirm the extracellular drug release from NPs, we incubated cells with PLGA
NPs or PLGA-TAT NPs loaded with a fluorescent drug (Cur) and observed drug distribution
in the cells. Both SKOV-3 and NCI/ADR-RES cells showed intracellular fluorescence in 3
hours of incubation with NPs, similar to those with free Cur (Fig. 4). Given that NP uptake
by these cells during the same period was little to none (Fig. 1 left), the intracellular Cur
signal shown in the cells can be only explained by the extracellular release of Cur.
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These results show that the uptakes of a drug and a carrier do not necessarily coincide unless
the drug release is simultaneously modulated. Therefore, the increased cellular uptake of a
drug carrier does not always translate to an enhanced drug effect. Accordingly, we find it
necessary to reconsider at least two prevalent practices in NP-based drug delivery research.
First, the utility of a new NP system should be tested beyond the imaging level. While
cellular uptake is an important step that can potentially improve drug delivery to MDR cells,
it should be accompanied by a timely control of drug release in order to achieve desired
activity. Second, one must consider the limitation of PBS as a release medium in predicting
the kinetics of drug release in biological environment. In our study PTX encapsulated in the
NPs was indistinguishable from free PTX most likely due to the rapid drug release in the
complete culture medium. This release behavior was not predicted in simple PBS, where the
released PTX was quickly precipitated leaving little PTX in a dissolved form. In the current
research practice, the lack of detectable drug in PBS is often interpreted as stability of the
NP system.

This study demonstrates instability of PLGA NP systems in biological environment. Similar
limitations have been previously noted with other types of NPs in vivo. In a recent study of
doxorubicin-encapsulated liposomes, the carrier (liposomes) showed a very different
pharmacokinetics than doxorubicin, suggesting premature leakage of doxorubicin from the
liposomes during circulation [52]. Similarly, polymeric micelles made of polyethylene
glycolpolylactic acid block copolymer were found to dissociate within 15 minutes of
intravenous injection and release the entrapped dyes [53]. When this happens, the remaining
treatment becomes equivalent to a simple mixture of free drug and empty carriers or the
components, and any advantage of drug encapsulation will be quickly lost, as demonstrated
in our study in vitro. Therefore, an ability to retain a drug until it reaches a target location is
one of the most significant (yet often neglected) attributes of an NP. Future work on NP
systems must focus on stabilizing the drug carrier in biological environment. To this end, a
new test condition that can reliably predict the stability of NPs is urgently needed.

5. Conclusions
NPs have the potential to improve chemotherapy by controlling spatiotemporal availability
of an anticancer drug. PLGA-TAT NPs, which could readily enter cells, were expected to
overcome MDR by bypassing drug efflux pumps, but the expected cytotoxic advantage was
not observed due to the premature drug release. This result highlights the importance of
controlling the location of NPs and timing of drug release simultaneously. Therefore, we
suggest that a new NP system should be evaluated not only on an imaging level but also for
the ability to control the drug release in a biologically relevant condition, to ensure that the
carrier will deliver a drug in a right place and a right time for the desired therapeutic
response.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
(A) SKOV-3 cells and (B) NCI/ADR-RES cells incubated with fluorescently labeled NPs
for 3 hours. PLGA*-TAT NPs entered the cells more effectively than those lacking TAT
peptide, PLGA* NPs. NP: green fluorescence signal from NPs; Nu: nuclei stained with
Draq5; Tm: transmission image; Overlay: overlay of NP, Nu and Tm. Magnification: 600×.
Scale bar: 40 µm.
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Fig. 2.
MTT assays on (A) SKOV-3 cells and (B) NCI/ADR-RES cells. PTX/NPs (PTX/PLGA NPs
and PTX/PLGA-TAT NPs) with average LEs from 5–20% were added to provide PTX
concentrations ranging from 1 to 10,000 nM. Blank NPs (PLGA NPs and PLGA-TAT NPs)
were added to provide the same amounts of NPs as PTX/NPs with 10% LE.
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Fig. 3.
Release kinetics of PTX/NPs in PBS containing 0.2% Tween 80. Each data point represents
an average and standard deviation of at least 3 identically and independently prepared
samples.
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Fig. 4.
(A) SKOV-3 cells and (B) NCI/ADR-RES cells incubated with free Cur or Cur/PLGA NPs
for 3 hours. Free Cur entered both SKOV-3 and NCI/ADR-RES cells. Cells incubated with
Cur/PLGA NPs also showed intracellular fluorescence signals. Cur: green fluorescence
signal from Cur; Nu: nuclei stained with Draq5; Tm: transmission image; Overlay: overlay
of NP, Nu and Tm. Magnification: 600×. Each scale bar = 40 µm.
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Scheme 1.
Synthesis of a PLGA-TAT conjugate
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Table 1

Average sizes and zeta potentials of NPs.

Particle Size (nm) Surface charge (mV)

PLGA NPs 170 ± 6.1 −16 ± 3.5

PLGA-TAT NPs 225 ± 33 −9.8 ± 2.8

PTX/PLGA NPs 297 ± 55 −9.3 ± 4

PTX/PLGA-TAT NPs 250 ± 35 −15 ± 4.3

*
Data represents an average ± standard deviation of at least 3 identically and independently prepared samples. PTX/PLGA NPs were significantly

larger than PLGA NPs (ANOVA, Tukey test means comparison, p<0.05). Other NPs were not significantly different from each other in size.
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