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To investigate the cellular uptake and elimination process of a lipophilic drug loaded in different nanocarriers,
emulsions, liposomes and poly (DL-lactide-co-glycolide) (PLGA) nanoparticles loaded with a model drug,
coumarin 6, were prepared and their transportation in HeLa cells compared. After 4 h incubation, liposomes
and nanoparticles mediated significantly higher intracellular drug levels, which were 3 or 2.5 times that of the
emulsion group, into cells. A novel kinetic model was established to analyze the cellular elimination process.
Emulsions had the longest intracellular mean residence time (MRT), which was about 1-2 times longer than
other nanocarriers. The endocytosis inhibition experiment suggested that the coumarin 6 in liposomes and
nanoparticles entered cells directly via diffusion, while part of the intracellular coumarin 6 was taken up
through clathrin-mediated endocytosis in emulsions. Combined with the results on uptake pathway and
kinetic parameters, it can be concluded that different nanocarriers bring about diverse mechanisms of
cellular uptake and elimination.

1. Introduction

Pharmaceutical nanocarriers such as emulsions, liposomes and
biodegradable nanoparticles have been employed extensively
for the delivery of poorly water soluble drugs. The use of
nanocarriers makes it possible to target drugs into tumors
through the enhanced permeability and retention (EPR) effect,
which is important for cancer chemotherapy. On arriving at the
target site, nanocarriers may release their payloads outside the
cells (Gullotti and Yeo 2009) or enter into cells and unload
drugs at the desired intracellular locations (Breunig et al. 2008;
Torchilin 2006).
Drug release properties of nanocarriers can be controlled by
appropriate design of their composition, architecture, and par-
ticle size. Drug substances loaded in different nanocarriers
are intended to exhibit different pharmacokinetic profiles and
biodistributions (Li and Huang 2008; Alexis et al. 2008; Yang
and Benita 2000). Interactions between carriers and cells also
can be changed (Peetla and Labhasetwar 2008; Vasir and
Labhasetwar 2008). Are there any cellular trafficking differ-
ences between commonly used nanocarriers? How to make an
optimal choice among these available nanocarriers becomes a
considerable issue. Until now, only a limited number of studies
(Dhanikula et al. 2005; Saad et al. 2008) have been reported
which compare drug cellular delivery mediated with different
nanocarriers under similar experimental conditions. Many of
them put emphasis on uptake enhancement, but efforts to explore
drug elimination are less frequent. Since nanocarriers are widely
applied to drug delivery systems for antitumor agents with low
solubility, we chose human cervical cancer cell (HeLa) as a
model cell line to investigate the uptake and elimination process.
In this study, we established a kinetic model to describe the cellu-
lar elimination process and compared the differences in cellular

uptake and elimination of lipophilic coumarin 6 loaded in emul-
sions, liposomes, and PLGA nanoparticles. The mechanisms of
drug release and cellular uptake were also investigated.

2. Investigations and results

2.1. Characterization of nanocarriers

The mean diameters for the emulsions, liposomes and PLGA
nanoparticles were 228.4 ± 10.5, 212.8 ± 8.6 and 265 ± 9.7 nm,
respectively. All of them displayed modest negative zeta poten-
tial ranging from −2.5 mV to −12.8 mV.
In vitro release of these nanocarriers is shown in Fig. 1. Drug
release from liposomes was rapid. Emulsion gave the slowest
release among these carriers.

2.2. Cellular uptake and elimination kinetics

Cellular uptake kinetic experiments were carried out at the same
concentration of coumarin 6 (1 �g/ml) loaded in nanocarriers.
Cumulative cellular uptake of coumarin 6 over time is shown
in Fig. 2(A). Cellular uptake increased with time and reached
a plateau within 1.5 h except for the nanoparticle group. The
liposome group had the highest coumarin 6 intracellular level
followed by nanoparticles. Results showed that emulsions had
the poorest ability to transport this lipophilic drug into cells,
with a cellular coumarin 6 level only 30% of that in the liposome
group.
Cellular drug delivery was observed with a confocal microscope
after incubating HeLa cells with nanoparticles (Fig. 3(A)). A
similar intracellular distribution of coumarin 6 was observed
for all nanocarriers (data not shown). Coumarin 6 was located
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Fig. 1: In vitro release of coumarin 6 from different nanocarriers. (�) Liposomes;
(�) Nanoparticles; (�) Emulsions. Data are expressed as mean ± S.D of four
independent experiments

Fig. 2: Kinetics of coumarin 6 uptake and elimination in HeLa cells delivered with
different nanocarriers. (A) Cellular uptake. Cells incubated with 1 �g/ml
coumarin 6 loaded nanocarriers for defined lengths of time. Cells then washed
and lysed for assay of coumarin 6. (B) Cellular elimination. Cells incubated
with nanocarriers first and then drug-containing medium replaced by
drug-free medium. After eliminating for defined time periods, lysis products
of cells collected. (�) Liposomes; (�) Nanoparticles; (�) Emulsions

extensively in cytoplasm but isolated by nuclear membrane.
In the elimination process, intracellular fluorescent intensity
decreased. The kinetic results are shown in Fig. 2(B). Elimi-
nation rate was high in the first hour and about 60% of the initial
coumarin 6 was cleared. However, the elimination rate decreased
significantly in the following two hours. The bright perinuclear
region disappeared and fluorescence dispersed extensively in
cytoplasm after elimination for one hour. Intracellular distribu-
tions were recorded before and after coumarin 6 elimination
(Fig. 3(B)).
In order to describe the initially fast and then slow elimination
process quantitatively, it is assumed that the drug distributes
into compartments A and B in a typical cell (Fig. 3(C)). The
drug diffuses rapidly into compartment A and has stronger affin-
ity and slow equilibration with compartment B. This model
assumes that the drug is eliminated from compartment A.
Eq. (1) describes drug transfer between compartment A, com-
partment B and the extracellular medium, where CA and CB are
the drug concentrations in compartment A and B, respectively,
and k10, k12 and k21 are the rate constants of drug transfer from
compartment A to the medium, from compartment A to B, and
from compartment B to A, respectively.

dCA

dt
= k21CB − k12CA − k10CA (1)

Eq.2 represents the transfer between compartment A and com-
partment B:

dCB

dt
= k12CA − k21CB (2)

Solving Eq. (1) and Eq. (2) gives Eqs. (3) and (4), which describe
the changes in drug concentration in the two compartments with
respect to time, where C0 is the initial cellular drug concentra-
tion, and α and β are hybrid elimination rate constants which
could represent the fast and slow elimination processes.

CA = C0(α − k21)

α − β
· e−αt + C0(k21 − β)

α − β
· e−βt (3)

CB = k12C0

α − β
(e−βt − e−αt) (4)

α = (k12 + k21 + k10) +
√

(k12 + k21 + k10)2 − 4k21 · k10

2

β = (k12 + k21 + k10) −
√

(k12 + k21 + k − 10)2 − 4k21 · k10

2

Combining Eq. (3) and (4) a simple biexponential Eq. (5) which
describes the cellular elimination kinetics of the drug is obtained,
where C is the intact cellular level at time point t. The sum of
constants a and b is the drug concentration when t = 0.

C = CA + CB = a · e−αt + b · e−βt (5)

a = C0(α − k21 − k12)

α − β

b = C0(k21 − β + k12)

α − β

Kinetic parameters including α, β, t1/2(α), t1/2(β) and MRT are
listed in the Table. All groups shared a similar fast elimination
rate constant α, while emulsions had a minimal β value and a
maximum MRT which was 1-2 times longer than the other two
groups.
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Fig. 3: Intracellular delivery of coumarin 6. (A) Intracellular drug distribution observed by confocal microscopy. Cells incubated with courmain 6 loaded PLGA nanoparticles for
30 min. Cells stained by DAPI to visualize cell nucleus (1. FITC channel; 2. DAPI channel; 3.merged). (B) Fluorescence microscopic images of HeLa cells during
elimination process (1. Starting point of elimination; 2. One hour elimination in culture medium). (C) Scheme of drug elimination process analyzed with
two-compartment model

Table: Cellular elimination parameters for coumarin 6 nanocarriers

α(h–1) β(10–2 × h–1) t1/2(�) (10–2 × h) t1/2(�)(h) MRT(h)

Emulsions 2.07 ± 0.08 4.26 ± 0.52 33.57 ± 1.31 16.45 ± 2.02 23.04 ± 2.89
Liposomes 2.39 ± 0.29 10.79 ± 2.56* 29.31 ± 3.54 6.70 ± 1.74** 8.74 ± 2.32**
Nanoparticles 2.49 ± 0.23 9.75 ± 1.45** 27.97 ± 2.57 7.21 ± 1.07** 9.42 ± 1.45**

*p < 0.05, **p < 0.01 compared with parameters of emulsion group

2.3. Inhibition of cellular uptake

Endocytosis inhibition was studied to find out whether the
nanocarriers entered into cells and unloaded the drug or released
the drug outside the cells. The requirement for metabolic energy
in cellular uptake was probed by incubating cells with the gly-
colysis inhibitors 2-deoxyglucose/ sodium azide (2DG/NaN3).
Clathrin-mediated endocytosis was inhibited by the pharmaco-
logical inhibitors chlorpromazine (CPZ) or sucrose leading to
hypertonic conditions. The uptake of coumarin 6 delivered by

emulsions was significantly inhibited by 2DG/ NaN3, CPZ and
sucrose (p < 0.05). However, inhibitors had little effects on the
cellular drug concentrations delivered by the other two nanocar-
riers (Fig. 4(A)).
Endocytosis is a dose-dependent process which can be sat-
urated by increased nanocarrier concentration. To study the
cellular uptake mechanism further, Hela cells were pre-
incubated with a high dosage of blank nanocarriers (no
cytotoxicity was observed as determined by MTT) for 2 h
before the cellular uptake experiment. If cellular uptake were
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Fig. 4: Inhibition of coumarin 6 cellular uptake in HeLa cells. (A) Effect of
endocytosis inhibitors on cellular uptake (*p < 0.05 compared with respective
nanocarrier control). (B) Effect of pre-saturation with blank nanocarriers
(*p < 0.05 compared with control). Data expressed as mean ± S.D of 3-4
independent experiments

through endocytosis, pre-incubation with blank nanocarriers
would reduce the total cellular uptake. Otherwise, if the drug
molecules diffused through the cellular membrane, the pre-
saturated blank nanocarriers would have a negligible effect on
cellular uptake. After pre-incubation with blank nanocarriers,
the intracellular coumarin 6 level was significantly decreased in
the emulsion group (p < 0.05, Fig. 4(B)).

3. Discussion

One of the main routes for small molecules to enter into cells is
through passive diffusion. Lipid-soluble drugs can diffuse read-
ily. Coumarin 6 is permeable with a large partition coefficient
(logP 6.9). Endocytosis inhibition results indicated that nanopar-
ticles and liposomes delivered payloads to cells mainly by drug
release and/or direct drug transfer to the contacted cells, which
is consistent with the findings of Xu et al. (2009) and Pietzonka
et al. (2002). With emulsions, both passive diffusion and endo-
cytosis contributed to cellular uptake. The CPZ and sucrose
inhibition results indicated that the endocytosis of emulsions
was mainly through a clathrin-mediated pathway. Endocyto-
sis pre-saturation with blank nanocarriers confirmed the results
obtained by uptake inhibitors above.
In view of the major contribution of diffusion/contact transfer
to drug uptake, the drug release rate might determine the cel-
lular drug content. Thus, uptake kinetics correspond to in vitro
release rates with these carriers. Faster release from the nanocar-

rier meant more drug would be delivered into cells. Coumarin
6 release from PLGA nanoparticles was much faster than the
degradation of the polymer. From this standpoint, drug release
might not be controlled by erosion of the polymer, but be mainly
due to drug diffusion through the pores and channels inside the
nanoparticles (Yeo and Park 2004). The fast releasing liposomes
and nanoparticles tended to deliver coumarin 6 to cells passively
through diffusion, so that endocytosis could be ignored. In con-
trast, the hydrophobic drug was prone to be retained in the oil
phase of emulsions which enabled the contribution of endocy-
tosis to be observed. So the sustained release emulsions had the
lowest power to deliver the drug into cells.
Although the endocytosis of nanocarriers did not play a predom-
inant role in coumarin 6 cellular delivery, it should be noted that
in emulsions around 20% of cellular uptake was still accom-
plished via endocytosis. This modest percentage would result
in significant differences in the subsequent cellular elimination
process.
The heterogeneous intracellular distribution of coumarin 6
caught our attention. The staining of the perinuclear region
staining especially punctuated as was previously observed with
another lipophilic probe, Nile Red (Xu et al. 2009). The pro-
nounced fluorescence near the nucleus at the concave side
probably corresponded to the Golgi apparatus and the endoplas-
mic reticulum as with hypericin in A431 cells (Vandenbogaerde
et al. 1998) at the end of uptake. During the elimination period,
the bright perinuclear region gradually disappeared. The hetero-
geneous intracellular distribution, in other words, the different
drug affinity for various intracellular components, was proba-
bly the main reason for the biphasic elimination process. As was
discussed above, free coumarin 6 mainly transferred from lipo-
somes and nanoparticles to cells, but some of the coumarin 6 was
taken up within emulsions. Once the external concentration gra-
dient disappeared, drug molecules would diffuse out from cells
incubated with liposomes and nanoparticles. However, it would
be different in the emulsion group. After one hour of rapid elimi-
nation, the elimination constant β was significantly smaller than
in the other two groups. The high intracellular retention ability
might be attributed to internalized emulsions. As with many
lipophilic drugs, amphiphilic protein can enhance solubility.
In our pre-experiment, we observed an albumin solubilization
effect on coumarin 6. The extremely high concentration of intra-
cellular protein might solubilize coumarin 6 and cause the drug
to be released from emulsion droplets inside the cells. Elimina-
tion then occurred as the drug diffused out. Another possibility
which we suggest might cause the slow elimination in the emul-
sion group is emulsion exocytosis. Part of the nanocarriers
internalized by clathrin-mediated endocytosis are reported to be
exocytosed out of cells (Park et al. 2006; Huth et al. 2007). Com-
pared with diffusion elimination, this is an energy-consuming
and slow process. Sustained delivery of the drug inside cells has
also been observed with other nanoparticles (Chavanpatil et al.
2007).

4. Experimental

4.1. Materials

Coumarin 6 and cholesterol were purchased from Sigma
(St. Louis, MO, USA). Soya phosphatidylcholine (SPC) and
lecithin Lipoid E-80 were provided by Lipoid GmbH (Lud-
wigshafen, Germany). PLGA, lactic to glycolic acid molar ratio
50:50 (Mw 20KDa) was purchased from Shandong Medical
Instrumental Institute (China). Sodium azide (NaN3) and 2-
deoxyglucose (2DG) were bought from Acros Organics (New
Jersey, USA). Ploxamer188 was purchased from BASF (Ger-
many). Soybean oil and CPZ injection were kindly donated
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by Tieling Beiya Medical Oil Co., Ltd. (Tielin, Liaoning,
China) and Yatai Huashi Pharmaceutical Co., Ltd (Changchun,
Jilin, China), respectively. Dulbecco’s modified Eagle’s medium
(DMEM), trypsin and penicillin-streptomycin were purchased
from Gibco BRL (Gaithersberg, MD, USA). Fetal bovine
serum (FBS) was purchased from Sijiqing Biologic Co., Ltd.
(Hangzhou, China). BCA protein assay kit was supplied by
Beyotime Biotechnology (Jiangsu, China). HeLa cells were pur-
chased from the Institute of Biochemistry and Cell Biology,
Shanghai Institute for Biological Sciences, Chinese Academy
of Sciences. All other chemicals were of analytical grade.

4.2. Preparation and characterization of nanocarriers

The emulsions were prepared as described previously (Zhao
et al. 2007) with slight modifications. The formulation
(%, w/w) consisted of soybean oil (10), Lipoid E-80 (1.5)
and glycerol (2.25). Coumarin 6 was first dissolved in the oil
phase with a final concentration of 30 �g/ml in emulsions. Lipo-
somes were prepared by thin lipid film hydration followed by
sonication and extrusion as described previously (Chen et al.
2007). The formulation consisted of 5 mg/ml soya phosphatidyl-
choline, 2.5 mg/ml cholesterol and 30 �g/ml coumarin 6. PLGA
nanoparticles were prepared using an emulsion-solvent evapo-
ration technique (Davda and Labhasetwar 2002).
The particle size and zeta potential of the nanocarriers were
determined by laser diffraction spectrometry (Malvern Zetasizer
3000HS, Malvern, UK).
To determine coumarin 6 release prior to cellular uptake, in vitro
drug release was monitored using a dialysis method. Nanocar-
riers loaded with 5 �g coumarin 6 were suspended in 0.5 ml
phosphate-buffered saline (PBS) and placed in a dialysis bag
(MWCO: 14 kDa). The dialysis bag was placed in a receiving
compartment filled with 50 ml PBS containing 0.5% Tween 80
and shaken at 37 ◦C, 75 strokes/min. Two milliliters of medium
were sampled for fluorescence intensity measurement and an
equal volume of fresh medium was replaced at the times indi-
cated.

4.3. Cell experiment

HeLa cells were maintained in DMEM supplemented with 10%
(v/v) FBS, 100 IU/ml penicillin and 100 IU/ml streptomycin in
a humidified incubator (95% air, 5% CO2) at 37 ◦C.
To determine cellular coumarin 6 uptake, HeLa cells were
seeded at 1 × 105 cells/well in 24-well plates and allowed to
attach overnight. Cells were incubated with nanocarriers in
growth medium at a concentration of 1 �g/ml coumarin 6 for var-
ious lengths of time. Then the cells were washed thoroughly with
PBS and lysed by 0.2 ml cell culture lysis reagent. The samples
were examined by fluorescence intensity for assay of coumarin
6. For the drug elimination study, cells were incubated with
coumarin 6 nanocarriers first, then the drug-containing medium
was replaced by the drug-free medium. After elimination for the
defined time periods, cells were thoroughly washed and lysed
using the protocol described above.
The energy dependence of nanocarrier-cell interactions was
assessed using 2DG/ NaN3. Briefly, HeLa cells were incubated
in 50 mM 2DG/0.05% NaN3 in DMEM containing 10% FBS
for 1 h, and then incubated with coumarin 6 (1 �g/ml) loaded
nanocarriers for 30 min. A clathrin-mediated endocytosis inhi-
bition test (Hartig et al. 2007; Huang et al. 2002) was done
by pre-incubating Hela cells with 10 �g/ml CPZ for 30 min.
before addition of coumarin 6 (1 �g/ml) loaded nanocarriers.
The endocytosis saturation experiment was conducted using
pre-uptake treatment with blank nanocarriers. Cells were pre-

incubated with blank nanocarriers for 2 h, then coumarin 6
(1 �g/ml) loaded nanocarriers were added. The cell lysate was
collected 5 min. after incubation. The control group was exposed
to coumarin 6 loaded nanocarriers at the same concentration
without pre-treatment with inhibitors or saturation.

4.4. Assay of coumarin 6

Plates containing 0.1 ml/well cell lysate were taken for flu-
orescence intensity measurements using a Microplate Reader
(Tecan Infinite M200, Switzerland) with excitation wavelength
of 456 nm and emission wavelength of 504 nm (Goldstein et al.
2007; Win and Feng 2005). Cells incubated with blank nanocar-
riers served as background intensity and were used as the
negative control.
Total protein was determined by a BCA protein assay kit. Intra-
cellular coumarin 6 level in each well was normalized by protein
concentration.

4.5. Confocal laser scanning microscopy (CLSM)

For CLSM, HeLa cells were seeded at 1 × 105 cells/well in
24-well plates and allowed to attach overnight. Courmain 6
loaded nanocarriers (1 �g/ml) were added and incubated for
30 min. After removal of nanocarriers, cells were fixed by 4%
paraformaldehyde and stained with DAPI to visualize the cell
nucleus. For cell observation after drug elimination, cells were
incubated in drug-free medium for 1 h after 30 min. uptake.
The plate was then placed on the stage of a confocal microscope
(LSM 410, Zeiss, Germany). Representative cells were selected
at random and pictures were taken with FITC and DAPI filters.

4.6. Statistical analysis

All values are presented as mean ± S.D from 3-4 independent
measurements for all control and experimental data points. Sta-
tistical analysis was performed using a two-tailed, Student’s t
test assuming equal variance in groups. KineticaTM V.4.4 phar-
macokinetics software was utilized to analyze cellular drug
elimination.
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