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Abstract
Current preclinical evaluations of nanoparticle taxanes have focused on the effect of nanoparticle
size and shape on the efficacy and toxicity. It is generally assumed that nanoparticle therapeutics
have the same cellular response on tumor and normal cells as their small molecule counterparts.
Here, we show that nanoparticle taxanes can mediate cellular effects distinct from that of small
molecule taxanes at the sub-therapeutic dose range. Cells that are exposed to two polymeric
nanoparticle formulations of docetaxel were found to undergo a different cell cycle and cell fate
than that of cells that were exposed to small molecule docetaxel. Our results suggest that
nanoparticle formulation of therapeutics can affect the therapeutic effect of its cargo.
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Background
The taxane chemotherapeutics, which include paclitaxel, docetaxel (Dtxl) and carbazitaxel,
is one of the most commonly utilized classes of anticancer agents. They are effective against
a wide range of cancers, including ovarian, lung, head and neck, esophageal, prostate and
breast cancers.1, 2 The major shortcoming of taxanes is their poor water solubility and the
need for excipients for intravascular delivery.3 Since the excipients can cause life-
threatening hypersensitivity reactions,4 there has been strong interest in developing novel
excipient-free taxane formulations.5 One of the approaches is to utilize nanoparticle (NP)
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drug delivery vehicles to deliver taxanes.6 NP delivery not only overcomes the need for
excipients, but also improves the delivery of taxane therapeutics to tumors.7, 8 Because of
the favorable properties of NP taxanes, their clinical translation has been rapid. Today, there
are two clinically approved NP formulations of paclitaxel with several NP formulations of
Dtxl under clinical investigation.9, 10 Clinical data from the two approved NP paclitaxel
formulations have shown that NP therapeutics have a lower toxicity profile than small
molecule paclitaxel, even at higher doses, and do not incur hypersensitivity reactions.11, 12

The success of NP paclitaxel formulations has generated strong interest in preclinical and
clinical development of novel NP taxanes.9 Current preclinical research is focused on
understanding how NP properties, such as size13, 14 and shape,15, 16 can affect the
therapeutics’ efficacy and toxicity. However, one area of research that has not been studied
in detail is whether NP taxanes have the same effects as their small molecule counterparts at
the cell biological level. At therapeutic doses, taxanes bind to microtubules, disrupt their
dynamic instability and thus inhibit proper alignment of chromosomes during mitosis.17, 18

This defect nearly always leads to engagement of the spindle assembly checkpoint and a
mitotic arrest.19 From this arrest, cells may either undergo apoptotic cell death or a process
termed mitotic slippage, in which unaligned chromosomes are mis-segregated to daughter
cells creating multi- or micronucleated progeny.20 These cells can survive and continue to
divide as tetraploid cells or exit G1, undergoing cell death or senescence.20 While the
mechanisms that direct cell fate responses to paclitaxel are still under investigation, it has
been suggested that outcome can be dependent on both taxane dose and exposure time.21–23

The clinical effects of small molecule taxanes are well established based on more than two
decades of clinical experience;1 however, it is unclear whether they can be directly
translated to NP taxanes. Two key differences between NP taxanes and their small molecule
counterparts suggest that their cellular effects can be different. First, current NP taxanes are
generally polymeric NPs and release their cargo in a slow and controlled fashion.24 Thus,
the taxane exposure level to a cell at any given time from NP taxanes is different from that
of small molecule taxanes. Second, the controlled release property of NP taxanes also
increases the exposure time of cells to taxane molecules. As both dose and exposure time
may specify the response of cells to taxane therapeutics, it is likely that differences exist in
cellular response between NP and small molecule taxanes.

The present work is motivated to study the influence of NP drug delivery on taxanes’ mitotic
defects in tumor and normal cells. To accomplish this goal, we used Dtxl as a model
therapeutic. We studied the cellular response of two distinct polymeric NP formulations of
Dtxl: Docetaxel-PNP, a commercial polymeric NP micelle formulation of Dtxl currently
under clinical investigation,25 and folate-targeted nanoparticle docetaxel (FT-NP Dtxl), a
targeted lipid-polymer NP formulation of Dtxl that was synthesized by our laboratory. The
cellular responses of NP Dtxl formulations and Dtxl were compared using the folate receptor
overexpressing human epidermoid carcinoma (KB) cells and normal diploid BJ fibroblasts.
These effects were determined at both therapeutic and sub-therapeutic concentrations of
Docetaxel-PNP, FT-NP Dtxl and small molecule Dtxl on tumor and normal cells in vitro.

Methods
Materials

Docetaxel-PNP was provided by Samyang Corporation (Seoul, Korea) as a gift. Docetaxel-
PNP is comprised of a biodegradable amphiphilic diblock copolymer, monomethoxy
poly(ethylene glycol)-poly(D,L-lactide) (mPEG-PDLLA), sodium salt of D,L-poly(lactic
acid) (D,L-PLACOONa), D-Mannitol, and docetaxel (about 0.8%).25 Docetaxel-PNP was
re-suspended in phosphate buffered saline (PBS) prior to use. Dtxl was obtained from
Sigma-Aldrich (St. Louis, MO, USA). Poly (D,L-lactide-coglycolide) (PLGA) with a 50:50
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monomer ratio and viscosity of 0.72–0.92 dL/g was purchased from Durect Corporation
(Pelham, AL, USA). Soybean lecithin consisting of 90–95% (w/w) phosphatidylcholine was
obtained from MP Biomedicals (Solon, OH, USA). DSPE-PEG2000-COOH [1,2-distearoyl-
sn-glycero-3-phosphoethanolamine-N-carboxy (polyethylene glycol) 2000] was purchased
from Avanti Polar Lipids (Alabaster, AL, USA).

Synthesis of folate-targeted nanoparticle docetaxel (FT-NP Dtxl)
FT-NP Dtxl was synthesized from PLGA, soybean lecithin, and DSPE-PEG-COOH using a
previously reported nanoprecipitation technique.26 Details are provided in Supplementary
Materials, available online at http://www.nanomedjournal.com.

Characterization of Docetaxel-PNP and folate-targeted nanoparticle docetaxel (FT-NP Dtxl)
Docetaxel-PNP and FT-NP Dtxl size (diameter, nm) and surface charge (ζ-potential, mV)
were characterized using a Zetasizer Nano Z dynamic light scattering detector (Malvern
Instruments Ltd, Worcestershire, UK).

Docetaxel release characterization from Docetaxel-PNP
To measure the release profile of Dtxl from Docetaxel-PNP, 400 μL of Docetaxel-PNP
solution at a concentration of 1 mg/mL was added equally into Slide-A-Lyzer MINI dialysis
microtubes with a molecular weight cut-off of 2 kDa (Pierce, Rockford, IL, USA) and
subjected to dialysis as described previously.27 30 μL of sample was collected and diluted
using 120 μL of acetonitrile. Dtxl content was quantitatively analyzed using an Agilent 1100
HPLC (Paolo Alto, CA, USA) equipped with a C18 chromolith flash column (Merck KGaA
Darmstadt, Germany). Dtxl absorbance was measured by a UV VIS detector at 228 nm and
had a retention time of 9.5 min in 0.25 mL/min gradient of acetonitrile/water. The mobile
phase composition was changed from 0% acetonitrile to 100% acetonitrile over a period of
11.0 minutes.

Cell culture
KB cells were acquired from the Tissue Culture Facility at the Lineberger Comprehensive
Cancer Center at UNC. KB cells were maintained in folate-free RPMI 1640 (Gibco,
Invitrogen, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS)
(Mediatech, Manassas, VA, USA), nonessential amino acids (Mediatech), and penicillin/
streptomycin (Mediatech). BJ fibroblasts were immortalized with human telomerase reverse
transcriptase (hTERT). BJ fibroblasts and maintained in DMEM (Gibco) supplemented with
10% FBS (Mediatech) and penicillin/streptomycin (Mediatech).

Flow cytometry
Cell cycle distribution was determined in KB cells with and without exposure to FT-NP
Dtxl, Docetaxel-PNP, or small molecule Dtxl. Samples were harvested (including detached
cells), suspended in PBS, fixed in 70% ethanol and their DNA content was evaluated after
propidium iodide (Sigma) staining with RNase A (Invitrogen). Fluorescence-activated cell
sorting analysis was carried out using a Beckman-Coulter CyAn ADP flow cytometer at the
UNC Flow Cytometry Core Facility. A minimum of 30,000 cells was collected for each
condition by Summit 4.3 (Dako, Copenhagen, Denmark), and cell cycle distribution was
determined using the ModFit software package (Verity Software House, Topsham, ME,
USA).

Live cell-imaging
KB green fluorescent protein (GFP)-histone 2B-expressing cells were obtained through viral
transduction. Retrovirus was produced by Fugene (Roche, Indianapolis, IN, USA)
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transfection of 293 cells with pCLNCX-GFP-H2B and vesicular stomatitis virus G protein
(VSV-G). KB cells at 60% confluence were transduced with virus in 4 μg/mL polybrene and
stably expressing cells were selected using 500 μg/mL geneticin (Gibco). For live cell-
imaging, cells were plated in a 96-well plate and treated with FT-NP Dtxl, Docetaxel-PNP,
or small molecule Dtxl for 1 h followed by imaging on a BD Pathway 855 bioimager using a
20x high-numerical-aperture objective. Images were taken every 15 min for 60 h. Only cells
appearing to undergo first mitosis in the presence of drug treatment were counted. Cells in
mitosis during 24 h after drug treatment were regarded as undergoing first mitosis. Movies
were generated from single images using ImageJ software.

Immunofluorescence
KB GFP-H2B cells and BJ GFP-H2B fibroblasts were fixed 60 hours post treatment in 3.7%
formaldehyde, permeabilized for 10 minutes with 0.5% Triton X-100, and blocked in PBTA
(PBS-5% bovine serum albumin-1% Tween) overnight at 4°C. Cells were stained with a
primary antibody anti-β-tubulin (Sigma) at a dilution of 1:2000 for 1 h. Following washes
with PBTA, an Alexa 488 secondary antibody (Invitrogen) was applied for 30 minutes at
37°C. Cells were visualized with an Olympus IX70 microscope equipped with a Hamamatsu
camera.

Liquid chromatography/mass spectrometry
KB cells were treated with FT-NP Dtxl, Docetaxel-PNP, or small molecule Dtxl equivalent
dose. Dtxl was extracted from cell lysates and reconstituted in 0.1% acetic acid in
acetonitrile for analysis via liquid chromatography/mass spectrometry (LC/MS) using an
Applied Biosystems API 4000 triple quadrupole mass spectrometer with an APCI interface.
Paclitaxel (Sigma-Aldrich) was used as the internal standard. The lower limit of quantitation
(LLOQ) of Dtxl was 5.0 ng/mL.

Results
For this study, we utilized two NP Dtxl formulations: Docetaxel-PNP and FT-NP Dtxl. We
formulated FT-NP Dtxl to increase intracellular uptake in vitro since NPs coated with PEG
polymer have lower cellular uptake.28 First the physical properties of the two NP Dtxl
formulations were characterized. Dynamic Light Scattering (DLS) analysis demonstrated
that Docetaxel-PNP possess sizes of 47±1.6 nm, surface charges (ζ potential) of −4.1 ±0.4
mV and a polydispersity of 0.15 ±0.05. Docetaxel-PNP releases docetaxel in a controlled
fashion, with >95% drug release after 120 h (Figure S1 in Supporting Information). FT-NP
Dtxl was previously characterized by DLS and found to possess sizes of 72 ± 4 nm and ζ
potential of −42 ± 8 mV.27 The monodisperse NPs had a polydispersity index of 0.16 ±
0.05.27 FT-NP Dtxl also demonstrated controlled drug release kinetics with 95% of the drug
released from the NP at 24 h.27

To compare the cellular response of KB carcinoma cells to Docetaxel-PNP, FT-NP Dtxl or
small molecule Dtxl (polysorbate 80 formulation), we quantified the cell-cycle distribution
of KB cells after treatment. KB cells that have been treated with the Dtxl formulations were
stained with propidium iodide. Their cell cycle distribution was then determined using
fluorescence-activated cell sorting (FACS). FACS measures the fluorescence intensity
produced by propidium iodide, which binds stoichiometrically to DNA in cells. Since the
DNA content is different between cell cycle phases, a frequency distribution or histogram of
DNA fluorescence can be generated to show the proportion of cells in G1/G0 (normal DNA
content, 2N), S (DNA synthesis) and G2/M (double DNA content, 4N) cell cycle phases.
First, KB cells were treated with a therapeutic concentration (0.65 μM) of Docetaxel-PNP,
FT-NP Dtxl or Dtxl equivalent. It was previously determined that 0.65 μM is the half
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maximal inhibitory concentration (IC50) of small molecule Dtxl in KB cells after 1 h
treatment.27 The use of Dtxl equivalent dose of the Dtxl formulations provided the same
intracellular concentration of Dtxl after 1 h exposure in KB cells (P>0.05) (Figure 1).
Intracellular Dtxl concentration was quantified using liquid chromatography/mass
spectrometry (LC/MS). The non-significant difference in cellular internalization between the
NP formulations of Dtxl may be due to the differences in the size and formulation of these
NPs. At 24 h post treatment, the cells were then fixed with 70% ethanol and treated with 2.5
μg/mL propidium iodide (PI) and 0.5 mg/mL RNase A in phosphate buffered saline.
Histograms revealing the cells in the G1, S and G2/M cell cycle phases were generated
using Modfit analysis software (Figure 2). As seen in Figure 2, a marked increase in G2/M
(4N) DNA content was observed in cells exposed to FT-NP Dtxl, Docetaxel-PNP, or small
molecule Dtxl compared to that of untreated KB cells. There was no significant difference in
G2/M cell cycle accumulations between small molecule Dtxl and NP Dtxl formulations
(Figure 2A). The drug carrier, FT-NP, also does not affect cell cycle progression (Figure S2
in Supporting Information). These results suggest that NP Dtxl formulations and small
molecule Dtxl have similar effects on KB tumor cells at therapeutic concentrations.

We also characterized the cellular response of KB cells to sub-therapeutic doses of FT-NP
Dtxl, Docetaxel-PNP or Dtxl. Sub-therapeutic concentrations of Dtxl can occur in normal
tissue after systemic administration, particularly for NP formulations as they have low
distributions in normal tissue. Tumor cells can exhibit a range of sensitivities in the nM
range to taxanes. Previous studies have reported that cells treated with low concentrations of
taxanes (<20 nM) can exhibit aberrant mitosis, which is characterized by the presence of a
subG1 phase of the cell cycle.29, 30 To determine whether aberrant mitosis is observed with
NP Dtxl formulations and small molecule Dtxl in KB cells, we treated KB cells with
decreasing concentrations of Docetaxel-PNP, FT-NP Dtxl, or small molecule Dtxl and
evaluated the effects on cell cycle distribution. Surprisingly, we found that the cell cycle
distribution is different between NP Dtxl formulations and Dtxl at 20 nM drug
concentration. Cells treated with 20 nM concentration of small molecule Dtxl arrested in
G2/M phase of the cell cycle (Figure 2). In contrast, cells treated with 20 nM Docetaxel PNP
or FT-NP Dtxl exhibited a subG1, hypodiploid (less than 2N DNA content) population,
suggesting aneuploidy (Figure 2). Additional experiments revealed that extending the
incubation period of FT-NP Dtxl in cells lead to an increased accumulation of the cell
population in the subG1 region (Figure S3 in Supporting Information). These results confirm
that cells treated with sub-therapeutic concentrations of NP Dtxl formulations may undergo
a different progression through the cell cycle compared to cells treated with small molecule
Dtxl.

FACS is a cell-population-based method that relies on analysis of fixed cells and indirectly
yields information on cell behavior in response to Dtxl treatment. To analyze the real time
behavior of single cells, we carried out live cell imaging to monitor real-time dynamics of
chromatin and determine mitotic transit time and cell fate at the single cell level. To do this,
we engineered KB cells to express green fluorescent protein-histone 2B (GFP-H2B) fusion
construct using a standard retroviral infection approach. We then performed live cell
imaging. Subsequently, movies were generated from single images using ImageJ and we
measured the length and outcome of mitosis by performing single-cell lineage tracing. Three
phenotypes were observed through live cell imaging: 1) normal mitosis where mother cells
divide into two daughters 2) mitotic death where cells undergoing a prolonged prometaphase
and an inability to align on the metaphase plate and become pycnotic and 3) mitotic slippage
where cells undergo a prolonged mitotic arrests followed by mis-segregation of
chromosomes into 1 or more daughter cells. We exposed KB GFP-H2B expressing cells to
therapeutic (0.65 uM) or sub-therapeutic (20 nM) Docetaxel-PNP, FT-NP Dtxl or small
molecule Dtxl equivalent concentrations for 1 h and then immediately imaged for 60 hours.
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For lineage tracing experiments, only cells appearing to undergo first mitosis in the presence
of drug treatment were counted. Cells in mitosis during 24 h after drug treatment were
regarded as undergoing first mitosis. As expected, untreated KB cells stably expressing
GFP-H2B undergo normal nuclear division into two daughter nuclei (Figure 2 and 3A).
However, cells treated with a therapeutic dose of Docetaxel PNP, FT-NP Dtxl, or small
molecule Dtxl exhibited a significantly prolonged mitosis compared to those of control cells
(P<0.01) (Figure 3 and Movie S3). The prolonged mitosis was followed by cell death
(Figure 4 and Movie S3). We then compared the chromatin dynamics of KB cells exposed to
sub-therapeutic dose of Docetaxel PNP, FT-NP Dtxl and Dtxl. Cells that were exposed to
Dtxl underwent mitotic delay and eventually cell death (Figure 3 and 4). In comparison,
cells exposed to 20 nM Docetaxel-PNP or FT-NP Dtxl exhibited prolonged mitosis as well
as mitotic slippage (P<0.01) (Figure 3 and Figure 4). Furthermore, only a small percentage
of these cells underwent cell death within 60 h. This finding suggests that micronucleation in
these cells is not coupled to cell death. Taken together, these observations are consistent
with the FACS analysis of cell cycle distribution in KB cells treated with therapeutic or sub-
therapeutic concentrations of polymeric nanoformulations of Dtxl and small molecule Dtxl.
Live cell imaging suggests that the subG1 cells are due to mitotic slippage. These
observations support that polymeric NP Dtxl formulations can lead to cellular responses
different than that of small molecule Dtxl at a sub-therapeutic concentration.

The induction of cells in the subG1 phase and the development of micronucleated cells have
been reported in cells treated with very low doses of taxanes.28, 30 Thus, we speculated that
the cellular response difference between NP Dtxl and Dtxl was due to the controlled release
property, which causes cells to be exposed to a lower concentration of Dtxl. To validate our
hypothesis, we performed live cell imaging on KB GFP-H2B cells treated with decreasing
doses of Dtxl. We found that when Dtxl concentration was decreased to 5 nM Dtxl, KB cells
exhibited similar micronucleation as cells that were treated with 20 nM NP Dtxl (Figure 5).
Our findings suggest that the cellular response of KB cells to 20 nM Docetaxel PNP or FT-
NP Dtxl is similar to that of KB cells to 5 nM Dtxl.

To determine whether the findings also applied to normal cells that are exposed to NP
formulations of Dtxl, we extended the live cell imaging analysis to normal diploid BJ GFP-
H2B fibroblasts immortalized with human telomerase reverse transcriptase (hTERT). As
expected, control BJ fibroblasts stably expressing GFP-H2B underwent normal nuclear
division into two daughter nuclei (Figure 3A). Cells treated with 0.65 μM or 20 nM
concentrations of small molecule Dtxl, Docetaxel-PNP, or FT-NP Dtxl exhibited a
significantly prolonged mitosis compared to those of control cells (P<0.001) (Figure 3).
However, in all conditions, the prolonged mitosis was not coupled to cell death (Figure 3
and Movie S5). This finding confirms that the Dtxl formulations were less cytotoxic to
normal BJ fibroblasts than to KB carcinoma. A higher frequency of micronucleated cells
were also observed at the therapeutic dose of small molecule Dtxl, Docetaxel-PNP, or FT-
NP Dtxl compared to the sub-therapeutic dose (Figure 3A). These findings suggest that Dtxl
concentration can also affect mitotic integrity and microtubule dynamics in normal diploid
fibroblasts. We then compared the number of cells that became micronucleated after sub-
therapeutic doses of small molecule Dtxl and NP Dtxl formulations (Figure 3A). The
number of micronucleated cells was increased in cells treated with small molecule Dtxl
compared to NP Dtxl formulations. Together, these observations confirm that Dtxl
formulations are less cytotoxic to normal cells than to tumor cells. It also supports that
polymeric NP Dtxl formulations can lead to effects different from that of small molecule
Dtxl at a sub-therapeutic concentration in normal cells.
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Discussion
In summary, we have demonstrated that the cellular response of tumor and normal cells to
NP Dtxl is different from that of Dtxl at sub-therapeutic doses. In this dose range, we found
that the cellular response of tumor cells to NP Dtxl is similar to that of cells exposed to a
much lower equivalent dose of Dtxl, suggesting that the controlled drug release property of
NP Dtxl is responsible for the difference in the cellular response. Polymeric NPs with
controlled drug release properties can allow for increased drug exposure time in tumors
without increasing toxicity systemically. However, sub-therapeutic concentrations of drug
can also occur in normal tissue after systemic administration of NP formulations. Our results
show that sub-therapeutic doses of taxanes from NP formulations lead to a different cellular
response than small molecule taxanes in both tumor and normal tissue in vitro. At this dose
range, NP formulations of taxanes do not lead to significant cell death in either tumor or
normal cells. In addition, taxane formulations at the sub-therapeutic dose are less cytotoxic
to normal cells than to tumor cells, which are consistent with clinical observations. NP
taxanes are also less cytotoxic to normal cells at the sub-therapeutic dose than small
molecule taxanes. Together, these findings suggest that NP formulations of taxanes may
alter the therapeutic effect of small molecule taxanes at the sub-therapeutic dose. Such
effects may account for the lower systemic toxicity of NP taxanes observed in clinical
investigations. In conclusion, our group has demonstrated that NP formulation can affect the
therapeutic effects of Dtxl at sub-therapeutic doses. It is the first evidence that NP
formulation of a therapeutic can alter the drug’s mechanism of action. The methods used in
this study can also help further elucidate how a drug imposes cell biological responses. Our
findings suggest that mechanism of action studies can be important for novel NP
formulations. It can also support further investigations on the effects of NP formulation and
drug release kinetics on the efficacy and toxicity of NP therapeutics.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Quantification of the intracellular concentration of Dtxl in KB cells. KB cells were exposed
to 20 nM concentrations of Docetaxel-PNP, or FT-NP Dtxl, or small molecule Dtxl
equivalent for 1 h. Cells were harvested at 4 h post treatment. Dtxl doses were quantified
using LC/MS.
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Figure 2.
Cell cycle profile and mitotic progression of KB cells. Cells were exposed to 0.65 μM or 20
nM concentrations of Dtxl, Docetaxel-PNP or FT-NP Dtxl for 1 h. (A) Cell-associated DNA
content was determined by propidium iodide staining followed by FACS. Representative
FACS histograms are shown. (B) KB cells stably transfected with a GFP-H2B fusion
construct were exposed to NP formulations of Dtxl or small molecule Dtxl for 1 h. After
incubation, cells were imaged by live cell imaging for 60 h. Representative mitotic fates
exhibited by treated KB cells after first mitosis are shown. (C) Percentage of cells in the
modeled diploid cycle.
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Figure 3.
Fate profiles determined by live cell imaging. (A) Representative examples of fate profiles
of KB carcinoma and BJ fibroblasts following exposure to 0.65 μM or 20 nM concentrations
of Dtxl, Docetaxel-PNP or FT-NP Dtxl. (B) Lineage tracing was used to measure the length
of mitosis as a function of the time in 50 cells.
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Figure 4.
Immunostaining of β-tubulin (red). KB GFP-H2B cells and BJ GFP-H2B fibroblasts were
exposed to 0.65 μM or 20 nM concentrations of Dtxl, Docetaxel-PNP, or FT-NP Dtxl for 1 h
and then fixed and stained with β-tubulin (red) after live cell imaging.
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Figure 5.
Quantification of KB GFP-H2B cells exposed to decreasing concentrations of small
molecule Dtxl for 1 h. (A) Percentage of KB cells in mitosis was scored microscopically.
(B) Percentage of mitotic cells in mitotic arrest and micronucleation was also scored.
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