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ABSTRACT: The surfactant Pluronic F-68 (PF-68) is widely
used in large-scale mammalian cell culture to protect cells
from shear stress that arises from agitation and gas sparging.
Several studies suggested that PF-68 is incorporated
into the cell plasma membrane and could enter the cells,
but without providing any direct evidence. The current
study has examined this question for two cell types, one
of pharmaceutical interest (CHO cells) and the other
of biomedical interest (chondrocytes or cartilage cells).
A fluorescent derivative of PF-68 was synthesized to detect
and localize internalized Pluronic with culture time. PF-68
uptake by the cells was quantified and characterized.
We clearly demonstrate that PF-68 enters the cells, and
possibly accumulates in the endocytic pathway. CHO
cells showed an average uptake of 11.7� 6.7 (SEM) mg
PF-68/106 cells while the uptake of chondrocytes was
56.0� 10.9 (SEM) mg PF-68/106 cells, independently of
the initial PF-68 concentration (between 0.01 and 0.2%,
w/v) and of cell concentration (from 1� 106 to 4� 106 cells/
mL). These uptake values were identical for both static
and agitated culture conditions. Finally, we found that
CHO cells are able to eliminate intracellular fluorescent
PF-68 but chondrocytes are not. These results show that
the uptake of PF-68 by the cells can severely affect PF-68
concentration in the culture medium and thus shear protec-
tion effect.
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Introduction

Pluronics are water-soluble triblock copolymers of poly-
ethyleneoxyde (PEO) and polypropylene oxide (PPO) and
are part of an important class of non-ionic surfactants
containing a hydrophobic center (PPO) and two hydro-
philic tails (PEO). Commercial Pluronics are characterized
by their different lengths of PEO and PPO which alter
their molecular weight and hydrophobicity. Each Pluronic
fits for a specific application, from drug solubilization to
bioprocess applications. For instance, Pluronic F-68 (PF-68,
(EO)75-(PO)30-(EO)75) is used as a shear protective agent
which limits cell death in mechanically agitated gas-sparged
bioreactors (Murhammer and Goochee, 1990) and is parti-
cularly useful in serum-free medium culture (Keane et al.,
2003; Schroder et al., 2004). The protective effect of PF-68
has been demonstrated for suspension culture of mamma-
lian cells (Jordan et al., 1994; Ramirez and Mutharasan,
1990; Zhang et al., 1992), insect cells (Goldblum et al., 1990;
Murhammer and Goochee, 1990), and plant cells (Sowana
et al., 2002). PF-68 is widely used for large-scale production
of therapeutic proteins by animal cells, and it can also
be helpful in biomedical applications where bioreactors are
increasingly used to amplify a cell population. For example,
neural stem cells can now be expanded in bioreactors
(Sen et al., 2001) as can T cells (Carswell and Papoutsakis,
2000), hematopoeitic cells (Sardonini and Wu, 1993;
Zandstra et al., 1994), osteoblasts (Yu et al., 2004), astrocytes
(Sa Santos et al., 2005), and chondrocytes (Malda et al.,
2004).

Two mechanisms have been proposed in literature
to explain the cell protection effect of PF-68. The first
mechanism suggests that PF-68 affects culture medium
characteristics. In gas-sparged bioreactors, animal cells
are damaged from cell–bubble interactions leading to cell
death when a bubble breaks at the liquid-gas interface
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(Handa-Corrigan et al., 1989). PF-68 has been shown
to stabilize the foam layer, thereby preventing the cell’s
interaction with foam, to decrease bubbles velocity (Handa-
Corrigan et al., 1989; Jordan et al., 1994; Michaels et al.,
1991) and hydrodynamic forces accompanying bubble
break-up (Dey et al., 1997) and to reduce cell–bubble
interactions (Chattopadhyay et al., 1995; Meier et al., 1999;
Michaels et al., 1995). Secondly it is proposed that PF-68
affects cell resistance to shear stress. For instance, Ramirez
and Mutharasan (1990) showed that PF-68 decreased
plasma membrane fluidity (PMF) of hybridomas during
a batch culture. Zhang et al. (1992) observed that TB/C3
hybridoma strength increased in the presence of 0.05%
(w/v) PF-68 via the measurement of bursting membrane
tension and compressibility modulus. Interestingly, Palo-
mares et al. (2000) showed that the protective action of
PF-68 continues even after removal of Pluronic from the
culture medium, suggesting that PF-68 confers a persistent
resistance to shear. PF-68 has even been shown to have
biological effects in the absence of shear stress. Growth of
fibroblasts and melanoma cells cultured in Petri dishes was
stimulated (Bentley et al., 1989), and fibroblast attachment
to plastic surfaces increased (Hokett et al., 2000) in presence
of PF-68. Finally it is also known that PF-68 is able to
integrate artificial lipid bilayer due to its surfactant
properties (Firestone and Seifert, 2005). Hence there is
strong evidence that PF-68 interacts with the cell’s plasma
membrane.

Similarly, the broad use of other types of Pluronics for
drug delivery (Pluronics P-85, L-61, F-127; or P-105,
Batrakova et al., 1996; Kabanov et al., 2002; Rapoport et al.,
2002) and gene delivery (Pluronics P-85, PL-61 and PF-127,
Lemieux et al., 2000; Yang et al., 2005) also strongly suggests
Pluronic trafficking through the cell membrane. It has also
been shown that Pluronic copolymers can be absorbed
into the cells, probably through an endocytic pathway (for
Pluronics P-85, PL-35 PL-121, and PP-105, Batrakova
et al., 2003; Rapoport et al., 2002). However, concerning
PF-68, prior to the current study, it was still unknown if PF-
68 polymer enters the cell. The current work therefore
addresses the characterization of PF-68 internalization and
processes. Two different cell types were studied, CHO cells
adapted to suspension culture and chondrocytes (cartilage
cells) which grow in aggregates when cultured in suspension.
The former cell type represents the use of PF-68 in
pharmaceutical bioprocesses and the latter, in the biome-
dical field.
Table I. Molecular weights of reagents used in PF-68 labeling, and

theoretical molecular weights of the products.

MW of reactants (g/mol)

PF-68 8,400

CDC-Fluorescein 445.21

DCC 206.33

DMAP 122.17

DMF 73.09

MW of products (g/mol)

Pluronic F68-CDCFluorecein 8,827

Pluronic F68-2CDCFluorescein 9,254
Materials and Methods

Synthesis of Fluorescent PF-68

All reagents were from Sigma–Aldrich Canada (Ontario,
Canada), unless indicated. The reaction was performed as
described by Rapoport et al. (2002) with minor modifica-
tions. Twenty-two micromolar of PF-68, 44 mmol of
976 Biotechnology and Bioengineering, Vol. 100, No. 5, August 1, 2008
5-(et 6-) carboxy-2070dichlorofluoresceine (CDC-Fluorescein,
Molecular Probes, Burlington, OR), 88 mmol of dicyclohexyl-
carbodiimide (DCC), and 90 mmol of dimethylaminopyridine
(DMAP) were mixed in 15 mL of dimethylformamide (DMF).
The reaction continued for 3 days at room temperature
under agitation, and the reactants were protected from light.
Then, the mixture was precipitated with 10 volumes of cold
ether. The precipitate was collected by centrifugation
(15,000g, 10 min) and washed 5 times with cold ether.
This step enabled to remove ether-soluble molecules (DCC,
DMAP, DMF, and unreacted CDC-Fluorescein) whereas
insoluble molecules (PF-68 and labeled PF-68) remained
in the precipitate. Finally the mixture was dried overnight
at room temperature in a chemical hood to obtain a red
powder.

To characterize the reaction products, the final powder
was diluted in 1.5 mL PBS, and the solution was purified
by gel exclusion chromatography. 1.5 mL was applied
on a Sephadex G25 column (HiTrapDesalting column,
Amersham, Piscataway, NJ, exclusion limit 3,000 Da, void
volume of 1.5 mL), and eluted with 10.5 mL of PBS. Twenty
four fractions of 0.5 mL were collected. PF-68 (see below,
PF-68 quantification) and CDC-Fluorescein (analyzed by
absorbance at 530 nm, Dynatech MRX Microplate reader,
Dynextechnologies, Chantilly, VA) concentrations were
evaluated in each fractions. Free PF-68 and PF-68 bound to
1 or 2 CDC-Fluorescein should be eluted first because of
their high molecular weight (Table I).
Fluorescence Spectra

Absorbance spectra of labeled PF-68 or CDC-Fluorescein
in PBS were obtained by spectrophotometry (Beckmann
DU-600, Beckman Coulter, Ontario, Canada), scanning
from 300 to 800 nm (1 nm steps). Fluorescence emission
spectra were acquired with a microplate spectrofluorometer
(SpectramaxTM Gemini XS, Molecular Devices, Sunnyvale,
CA) where the maximum absorbance was chosen as the
excitation wavelength (i.e., 505 nm for CDC-Fluorescein
and 525 nm for labeled PF-68). Emitted fluorescence was
scanned from 515 to 600 nm (5 nm steps) for CDC-
Fluorescein and from 530 to 650 (5 nm steps) for labeled
PF-68.



Culture Media

All reagents were from Sigma–Aldrich Canada, unless
indicated. SCM for chondrocytes (Serum-Containing
Medium used for cell expansion) was composed of DMEM
low glucose (Invitrogen, Ontario, Canada) supplemented
with 0.4 mM proline, non-essential amino-acids 1X (con-
taining 8.9 mg/L alanine, 15 mg/L asparagine, 13.3 mg/L
aspartic acid, 14.5 mg/L glutamic acid, 7.5 mg/L glycine,
11.5 mg/L proline, and 10.5 mg/L serine), 22 mM sodium
bicarbonate, 12.5 mM HEPES, penicillin/streptomycin
1X (containing 100 U/mL penicillin and 0.1 mg/mL
streptomycin), 10% FBS and 30 mg/mL ascorbate, the latter
added fresh. SFM for chondrocytes (Serum-Free Medium
used for PF-68 experiments, see Gigout et al., 2005) was a
1/1 (v/v) mix of calcium-free HAM’s F12 (US Biological,
Swampscott, MA) and calcium-free DMEM low glucose (US
Biological) supplemented with 0.4 mM proline, 1.5 mM
glutamine, 22 mM sodium bicarbonate, 1 mM CaCl2 non-
essential amino acids 1X, 12.5 mM HEPES, penicillin-
streptomycin 1X, ITSþ (10 mg/mL insulin, 5.5 mg/mL
transferrin, 0.05%, w/v, bovine serum albumin, 1.7 mM
linoleic acid, 0.5 mg/mL sodium selenite), 5� 10�5 M
b-mercaptoethanol and 10�8 M dexamethasone, rhEGF,
rhPDGF-BB, rhFGF-2, all 2 ng/mL (from R&D Systems,
Minneapolis, MN). Ascorbate, 30 mg/mL, was added fresh.
Medium for CHO cells was composed of Biogro-CHO
culture medium (Biogro Technologies, Inc., Manitoba,
Canada) supplemented with 7.5 mg/L phenol red, 3.5 mM
glutamine, and 2.7 mM glucose.
Chondrocytes Isolation and Culture

Cells were isolated from the femoropatellar groove of a
1–2 months calf knee, obtained from a local butcher within
24 h of slaughter. Briefly, cartilage was sequentially digested,
first for 90 min by protease Type XIV (Sigma–Aldrich
Canada) 56 U/mL at 378C in DMEM high glucose
(Invitrogen) supplemented with 22 mM sodium bicar-
bonate and 1X penicillin/streptomycin, and then for 3 h by
collagenase CLS2 (Worthington, Lakewood, NJ) 752 U/mL
at 378C in DMEM high glucose supplemented with 22 mM
sodium bicarbonate, penicillin/streptomycin and 5% FBS.
Released cells were then filtered through a 200 mm mesh
(using an autoclaved 200 mm screen mounted on a screen
cup, Sigma–Aldrich Canada), centrifuged (190g, 10 min
at 48C) and filtered again through two serial 20 mm filters
using a Swinnex filter holder (Fisher Scientific, Quebec,
Canada) containing a 20 mm Spectra/Mesh Nylon Macro-
porous Filter (Spectrum Laboratories, Rancho Dominguez,
CA). Cells were then cultured in monolayer inoculated at
2� 106 cells per 100 mm Petri dish with 10 mL of SCM. The
SCM was used to sustain rapid cell proliferation in
monolayer and to obtain enough cells for all experiments.
Cells were harvested at confluence and passaged 1:4 by
Trypsin/EDTA digestion (0.25% Tryspin and 0.38 g/L
EDTA 4 Na in Calcium/Magnesium free HBSS, Invitrogen).
No more than four passages were done. All suspension
cultures were performed using the SFM which was
previously optimized for suspension culture to enable
phenotype maintenance and limit cell aggregation (Gigout
et al., 2005).

CHO Cells Culture

CHO (Chinese Hamster Ovaries) cells (ATCC, CRL9606)
adapted to serum-free suspension culture were kindly
provided by Dr. Michael Butler (University of Manitoba).
Cells were cultured in monolayer, harvested at confluence
and passaged 1:4 by Trypsin/EDTA digestion.

Cell Staining and Confocal Microscopy

106 cells/mL were incubated for different times (1.5 h, 18 h,
3 or 7 days) at different concentrations of labeled PF-68
(from 0.01% to 0.2%, w/v). To maintain the cells in
suspension, BSA-coated 15 mm Petri dishes were used
(incubation overnight with 1% BSA in PBS). For longer
incubation times (3 and 7 days) and for chondrocytes
only, Petri dishes were coated with 2% SeaPlaque low-
melting-temperature agarose (Mandel, Quebec, Canada)
diluted in 1/1 (v/v) PBS and SFM without ITSþ,
b-mercaptoethanol, dexamethasone, growth factors and
ascorbate.

To stain endocytic compartments, cells were incubated
for at least 18 h with Dextran-Alexa 647, 50 mg/mL (10 kDa,
Molecular Probes) and Dextran was always left in the media
during the entire incubation time. Nucleus staining was
performed 1 h before observation, by adding Hoechst 33258
(Molecular Probes) at 4 mg/mL to the culture medium. All
incubations were done in Biogro-CHO for CHO cells, or in
SFM for chondrocytes. For each condition, a negative
control was systematically added, where labeled PF-68
was replaced by unlabeled PF-68. Extra controls were also
performed with CDC-Fluorescein alone or a mix of CDC-
Fluorescein and PF-68 in a ratio corresponding to the
100% labeled PF-68 experiments. No staining was detected
for all negative controls.

Before observation, cells were centrifuged (300g, 5 min)
and resuspended in the same medium without fluoro-
chrome, at the same (unlabeled) Pluronic F-68 concentra-
tion, unless indicated. Confocal-imaging was performed
using an Apochromat 63X/1.0 VIS-IR water immersion
objective mounted on an Axioplan 2 microscope equipped
with an LSM 510 META confocal laser scanning module
(Zeiss, Ontario, Canada). Labeled PF-68 was excited
with the 514 nm line from an argon laser, Dextran-Alexa
647 with a 633 nm Helium-Neon Laser and Hoechst 33258
was illuminated with two-photon excitation using a mode-
locked pulsed Ti-saphire laser (VerdiV10/Mira 900 from
Coherent, Inc., Santa Clara, CA) operating at 780 nm. Images
were recorded using a BP 535/590 IR bandpass filter for
labeled PF-68, a BP 644–687 meta filter for Dextran-Alexa
647 and a BP 435-485 IR bandpass filter for Hoechst 33258.
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Biotechnology and Bioengineering



PF-68 Quantification

The method has been previously described (Ghebeh et al.,
1998). Briefly, 100 mL of PF-68 standards (in PBS from
0.01% to 0.2%, w/v) or samples, 100 mL of cobalt
thiocyanate solution (0.3 g/L cobalt nitrate, 2 g/L of
ammonium thiocyanate in ddH2O) and 200 mL of ethyl
acetate were mixed. The solution was vortexed and
centrifuged at 11,500g for 3 min. A blue pellet appeared,
corresponding to the thiocyanate-Pluronic complex. The
supernatant was then discarded and the pellet resuspended
in 200 mL of ethyl acetate. The solution was centrifuged
again at 11,500g for 3 min. These washing steps were
repeated 6–8 times until the supernatant appeared clear and
colorless. After the last wash, the pellet was resuspended in
1 mL of acetone and the absorbance was read at 624 nm. To
quantify PF-68 in the presence of cells, 200 mL of standards
(from 0.005% to 0.4%, w/v, in culture medium) or samples
were mixed with 80 mL ethanol in addition to the 100 mL
cobalt thiocyanate solution and 200 mL ethyl acetate.
Doubling the sample volume lowered the detection limit to
0.005% (w/v). Quantification was found to be linear from
0.005% to 0.4%, w/v (R2¼ 0.999) when using 200 mL
of standards diluted in the media used for chondrocytes or
CHO cells. The calibration curve was repeated at different
days, systematically before each experiment, and the same
level of reproducibility has been observed (data not shown).
Pluronic Uptake Assays

CHO cells or chondrocytes were incubated in 300 mL
of Biogro-CHO medium or SFM respectively, at different cell
concentrations (from 1 to 4� 106 cells/mL), for different times
(from 1.5 h to 3 days) and with different PF-68 concentrations
(from 0.01% to 0.2%, w/v), in polypropylene 96-well plate.
Polypropylene was used because PF-68 absorbs to standard
polystyrene plates, leading to inconsistent results. Moreover,
the cells did not adhere to polypropylene and remained in
suspension. Incubations were done at 378C under 5% CO2.
Each experiment was performed in triplicate (n¼ 3). For each
condition, a negative control omitting cells was used to detect
any artifact due to PF-68 adsorption onto the tubes’ walls, or
evaporation. After the desired incubation time, cell suspensions
were centrifuged 5 min at 300g. PF-68 concentration was
evaluated in 200 mL samples of the supernatant (see PF-68
quantification). To calculate PF-68 uptake by the cells, the
results obtained for the control without cells were averaged
and the final PF-68 concentration in presence of cells was
subtracted, for each of the triplicates. Remaining media were
discarded and cell pellets were resuspended in 1/1 (v/v) PBS
and Trypan Blue (4%, w/v, in PBS) for cell counting and
viability estimation on a hemacytometer.
Statistical Analysis

Statistical analysis was performed with STATISTICA 6.1 (Stat-
Soft, Inc., Tulsa, OK). Significant effects (P< 0.05) of cells and
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PF-68 concentrations were tested following the general
linear model routine with a univariate test of significance
and a Tukey HSD post-hoc test, with PF-68 initial con-
centration or cell concentration as a continuous predictor
and absence/presence of cell as a categorical predictor. To
compare labeled and unlabeled PF-68 uptake, the categorical
predictor was the type of PF-68 used (labeled or unlabeled).
Results

PF-68 Labeling With Fluorescein

PF-68 was conjugated with CDC-Fluorescein as described
(Fig. 1A) in Materials and Methods Section. Reaction
products were analyzed by gel exclusion chromatography
and the collected fractions were analyzed for their content in
Pluronic and Fluorescein. Results showed that Pluronic and
Fluorescein were found within the same early fractions
(Fig. 1B). Since the only explanation for fluorescein to
be eluted rapidly is to be bound to Pluronic, it was thus
concluded that the majority of the fluorochrome was
conjugated to Pluronic and that the labeling reaction was
highly efficient. Finally, the four fractions with the highest
Pluronic content were pooled (represented by closed
symbols on Fig. 1B) and used in the following experiments.

Fluorescence spectra of CDC-Fluorescein and Fluorescein
bound to Pluronic were characterized. Interestingly, the
Fluorescein fluorescence spectrum was modified after
conjugation to Pluronic, which is consistent with previous
reports (Rapoport et al., 2002). Fluorescein exhibited a
maximum excitation at 505 nm and a maximum emission
at 535 nm (Fig. 1C), as specified by the manufacturer.
However, Fluorescein-PF-68 emission and excitation
maxima were shifted toward higher wavelengths to reach
525 and 550 nm, respectively (Fig. 1D). Consequently,
these latter wavelengths were used in the following study to
localize labeled PF-68 in cells.

PF-68 Cell Internalization and Localization

Labeled PF-68 was used to determine whether PF-68 enters
the cells and into which intracellular compartments. Most
of the internalization assays were performed at 0.1% (w/v)
PF-68 which is within the usual range used in animal cell
suspension cultures (from 0.05% to 0.2%, w/v, Chisti, 2000;
Xu et al., 1995). Chondrocytes or CHO cells were incubated
at 106 cells/mL, for 1.5 or 18 h with 0.1% (w/v) labeled PF-68
(Fig. 2). In parallel for the same cells, endocytic compart-
ments were stained with Dextran-Alexa 647 (red channel)
and the nucleus with Hoechst 33258 (blue channel).
A punctuate staining corresponding to labeled PF-68 was
observed after 1.5 h at the chondrocytes cell membrane
(Fig. 2A), and this staining was not co-localized with
Dextran-Alexa 647. On the contrary, after 18 h, labeled PF-
68 was observed to be intracellular and co-localized with
Dextran-Alexa 647 (Fig. 1B). For CHO cells, labeled PF-68



Figure 1. (A) Reaction scheme of PF-68 derivatization with CDC-Fluorescein. (B) Reaction products were analyzed by exclusion chromatography. In each fraction of 0.5 mL,

PF-68 was assayed as described in Material and Methods Section and presence of CDC-Fluorescein was assessed by absorbance at 530 nm. In the first fractions, CDC-Fluorescein

and PF-68 were detected, indicating that these two molecules are linked. Closed symbols represent fractions harvested for further experiments. (C) Excitation and Emission spectra

of free CDC-Fluorescein and (D) bound CDC-Fluorescein to PF-68. Spectrum of linked CDC-Fluorescein is shifted toward higher wavelength. Excitation/Emission maxima were

505/535 and 525/550 for free CDC-Fluorescein and CDC-Fluorescein linked to PF-68, respectively.
has been readily observed to be intracellular after 1.5 h,
co-localized with Dextran-Alexa 647 (Fig. 2C). Thereafter,
the staining distribution did not evolve from 1.5 to 18 h
but became more intense (Fig. 2D), meaning that cells have
continued to accumulate labeled PF-68. Longer incubation
times (3 and 7 days) with labeled PF-68 did not reveal any
evolution of the staining pattern. Even after 7 days, labeled
PF68 was still co-localized with Dextran-Alexa 647 in CHO
cells and chondrocytes (data not shown). Then, to assess
whether there was an effect of the culture medium content in
PF-68 on its uptake behavior, cells were incubated for 18 h at
different labeled PF-68 concentrations from 0.01 to 0.2%
(w/v), but no differences were observed (data not shown).

Quantification of PF-68 Uptake

Once it was confirmed that PF-68 enters the cells, PF-68
internalization was quantified. Commonly used PF-68 con-
centrations vary from 0.05% to 0.2% (w/v) (Chisti, 2000; Xu
et al., 1995) and thus this range of PF-68 concentration was
used with CHO cells. However, as the PF-68 may affect
cell phenotype, a critical parameter for chondrocytes, lower
PF-68 concentrations were used with chondrocytes (from
0.01% to 0.1%, w/v). All cells have been expanded in a PF-68
free medium and are thus devoid of Pluronic at the
beginning of each experiment. First, to estimate the uptake
of PF-68 by chondrocytes, cells were incubated at different
concentrations (from 1� 106 to 4� 106 cells/mL) with
0.05% (w/v) of PF-68 (Fig. 3A). After 18 h, cells were
removed by centrifugation and the remaining amount of
PF-68 in the medium was measured. The uptake of PF-68
was proportional to cell concentration, reaching 39.3% of
the initial amount, in the presence of 4� 106 cells/mL
(Fig. 3A) and was significantly different from the control at
all cell concentrations tested. The final cell content in PF-68
at 18 h was similar for all experiments (with 1� 106, 2� 106,
and 4� 106 cells/mL) with an average of 66.2� 5.8 (SEM)
mg of PF-68/106 cells (Fig. 3C). The effect of distinct PF-68
concentrations on its uptake by chondrocytes was then
characterized (Fig. 3B–D) by incubating 106 cells/mL with
0.01, 0.05, or 0.1% (w/v) of PF-68 for 18 h. Cell uptake
represented a decrease of 0.006% (w/v) of the different
initial PF-68 concentrations. For the lower polymer
concentration tested (0.01%, w/v), it means that the
cells have taken up 60% of the initial medium content
in Pluronic. This illustrates the impact of cell uptake on
Pluronic concentration in the culture medium when low
initial concentrations have to be used. As showed previously,
under all conditions tested, final PF-68 concentrations in the
presence of cells were found to be significantly lower than
Gigout et al.: PF-68 in Chondrocytes and CHO Cells 979
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Figure 2. Chondrocytes (A,B) or CHO cells (C,D) at 106 cells/mL were incubated with 0.1% (w/v) of labeled PF-68 for 1.5 h (A,C) or 18 h (B,D). Labeled PF-68 appears in green.

Endosomes/lysosomes were stained in red (Dextran-Alexa 647, incubated 18 h), and nucleus in blue (with Hoechst 33258, incubated 1 h). Scale bar¼ 10 mm. [Color figure can be

seen in the online version of this article, available at www.interscience.wiley.com.]
the controls (without cells). Finally, it was observed that the
uptake of chondrocytes was 57.8� 19.5 (SEM) mg Pluronic
F-68/106 cells (mean of all results showed in Fig. 3C and 3D)
independently of the initial PF-68 concentration involved.

The same experiments were performed with CHO
cells, but at higher PF-68 concentrations. In contrast
to chondrocytes, the presence of CHO cells only weakly
affected PF-68 concentration in the medium. Hence
statistical analysis revealed that the decrease in PF-68
concentration in presence of 1� 106 and 2� 106 cells/mL
was not significantly different than for the control (Fig. 4A).
However, the experiment with 4� 106 cells/mL showed a
significant decrease of 0.005% (w/v) which represented 2.4%
of the initial Pluronic concentration, after 18 h (Fig. 4A).
This decrease corresponded to an average cell uptake of
12.8� 11.6 (SEM) mg Pluronic F-68/106 cells (mean of all
results showed in Fig. 4C). Considering these results, it was
decided to use a cell density of 4� 106 cells/mL in the
following experiments with CHO cells. As for chondrocytes,
the effect of PF-68 concentration on its uptake was then
characterized and PF-68 concentrations of 0.05%, 0.1%, and
0.2% (w/v) were used (Fig. 4B). The uptake of PF-68 was
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similar in all the conditions tested, with a decrease in
polymer concentration of 0.0041%, 0.0044%, and 0.0058%
(w/v), respectively, after 18 h, for initial concentrations of
0.05%, 0.1%, and 0.2% (w/v) (Fig. 4B). These decreases
were found to be significant in comparison to controls
without cells. Finally, similarly to chondrocytes, CHO cells
showed an uptake at a constant amount of polymer with
11.9� 7.9 (SEM) mg PF-68/106 cells for all experimental
conditions tested (mean of all results showed in Fig. 4C and
D, obtained with a cell concentration of 4� 106 cells/mL).
Interestingly, CHO cells showed an uptake about 4 times less
PF-68 than chondrocytes.
Effect of Agitation on PF-68 Uptake

The effect of agitation on PF-68 uptake was investigated by
performing incubation assays on an orbital shaker at 80 rpm.
Experiments were performed with CHO cells and chon-
drocytes at the same initial Pluronic concentrations as the
previous experiments performed under static conditions
(Table II). Agitation did not modify the cells’ uptake in



Figure 3. (A) Chondrocytes at different concentrations were incubated with 0.05% (w/v) PF-68 or (B) chondrocytes at 106 cells/mL were incubated with different PF-68

concentrations. After an incubation of 18 h at 378C, final PF-68 concentration was measured in the medium. �Samples statistically different from the control without cells (see

Materials and Methods Section). (C,D) PF-68 uptake/106 cells were calculated for the different conditions. This uptake was found to be independent of cell densities and initial PF-68

concentration. Mean�SEM (n¼ 3) are shown.
PF-68, compared to static culture conditions. CHO cells
uptake of 11.6� 5.0 (SEM) mg and 11.5� 6.7 (SEM) mg
of PF-68/106 cells were observed in agitated and static
conditions respectively, and values of 44.0� 7.3 (SEM) mg
and 57.8� 19.5 (SEM) mg PF-68/106 cells were measured for
chondrocytes in agitated and static conditions, respectively.
For CHO cells and chondrocytes, uptake values obtained
in agitated and static conditions were not statistically
different. In parallel, to assess whether agitation affects PF-
68 distribution in cells, chondrocytes or CHO cells were
incubated at 106 cells/mL with 0.1% (w/v) of labeled PF-68
on an orbital shaker at 80 rpm for 18 h. The cell staining
distribution profile under agitated conditions were similar
to those observed in static conditions (Fig. 5).
PF-68 Accumulation in Cells

Remaining PF-68 concentration was measured in the culture
medium after 1.5, 18, and 72 h in order to cover a whole
cell passage. Chondrocytes (1� 106 cells/mL) or CHO cells
(4� 106 cells/mL) were incubated with 0.05% or 0.1% (w/v)
of PF-68, respectively, and evolution of PF-68 concentration
was evaluated with time (Fig. 6). The medium content in
PF-68 decreased readily after 1.5 h in both chondrocytes
and CHO cells cultures, reaching 93% and 95% of the
initial value, respectively. Then, cultures with chondrocytes
showed no further significant decrease in PF-68 medium
content. During that period (0–72 h) there was no cell
growth as previously reported (Gigout et al., 2005). CHO
cells cultures behaved differently than chondrocytes since
PF-68 concentration decreased and showed no signs of
stabilization for the time period assayed (0–72 h). The
specific decrease in the medium content in PF-68 can be
explained by cell growth from 4� 106 to 5.5� 106 cells/mL
in 3 days.

These results suggest that the cells have a maximum
accumulation capacity which differs with cell origin.
Tracking of Internalized Labeled PF-68

To examine if cells were able to discard intracellular labeled
PF-68, either by lysosomal degradation or by excretion,
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Figure 4. (A) CHO cells at different concentrations were incubated with 0.2% (w/v) PF-68 or (B) CHO cells at 4� 106 cells/mL were incubated with different PF-68

concentrations. After an incubation of 18 h at 378C, final PF-68 concentration was measured in the medium. �Samples statistically different from the control without cells (see

Materials and Methods Section). (C,D) PF-68 uptake/106 cells was calculated for the different conditions. This uptake was found to be independent of cell densities and initial PF-68

concentrations tested. Mean� SEM (n¼ 3) are shown. Negative values of uptake contained within the error bar range are due to uptake representing the difference in medium

PF-68 concentration without cells versus with cells and variability in these values.
1� 106 cells/mL were incubated 18 h with labeled PF-68,
then rinsed with fresh medium not containing PF-68 and
cultured 7 days without the polymer. After 7 days the
fluorescence due to labeled PF-68 was still intense in
Table II. Comparison of PF-68 uptake in agitated and static conditions

in mg PF-68 uptaken/106 cells� SEM.

CHO cells Chondrocytes

Agitated Static Agitated Static

11.6� 5.0 11.5� 6.7 44.0� 7.3 57.8� 19.5

CHO cells and chondrocytes were cultured at 4� 106 cells/mL and
1� 106 cells/mL, respectively, with 0.05%, 0.1%, and 0.2% (w/v) PF-68 fo
CHO cells and with 0.01%, 0.05%, and 0.1% (w/v) PF-68 for chondrocytes
Samples were incubated at 378C for 18 h under orbital agitation (80 rpm) o
under static conditions. PF-68 uptake in mg/106 cells for the three differen
initial PF-68 concentrations were averaged (n¼ 9). Difference between
agitated and static conditions, for both cell types, was not significantly
different, while chondrocytes took up significantly more PF-68 per cell than
for CHO cells.
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chondrocytes (Fig. 7A) whereas it was barely visible in CHO
cells (Fig. 7B). CHO cells exhibited a fast growth and were
passaged once during this experiment (after 3 days of
culture), meaning that labeled Pluronic might have been
partly diluted among daughter cells. Cells could have also
degraded or excreted the labeled polymer. In contrast to
CHO cells, chondrocytes cultured in suspension and in a
serum-free medium exhibited a slow growth, and labeled
PF-68 could not have been diluted by cell division.
Therefore, there was no clear sign of labeled PF-68
degradation or excretion in chondrocytes.
Comparing the Cell Uptake of Labeled or
Unlabeled PF-68

Finally, the influence of the fluorescein moiety of labeled
PF-68 on cell behavior was evaluated. The amount of
internalized Pluronic was found to be the same for labeled or
unlabeled Pluronic, and for both cell types over a 72 h time



Figure 5. (A) Chondrocytes or (B) CHO cells were incubated at 106 cells/mL with

0.1% (w/v) labeled PF-68 for 18 h under agitation. Green is PF-68, endosomes/

lysosomes are red and the nucleus blue (see Fig. 2 caption for details). Scale bar:

10 mm. [Color figure can be seen in the online version of this article, available at

www.interscience.wiley.com.]

Figure 6. (A) Chondrocytes at 106 cells/mL or (B) CHO cells at 4� 106 cells/mL

were incubated at 378C with 0.05% and 0.2% (w/v), respectively, of PF-68 or labeled

PF-68. After 1.5 h, 18 h, or 3 days of incubation, final PF-68 concentration was

measured in the medium, and the proportion of remaining PF-68 was calculated (Final

PF-68 concentration� 100/Initial PF-68 concentration). Mean�SEM (n¼ 3) are

shown. Uptake of labeled and unlabeled PF-68 were found to be not statistically

different.
period (Fig. 6A and B). Growth and cell viability of CHO
cells were found to be similar over a 3-day culture in the
presence of labeled or unlabeled PF-68 (data not shown).
For chondrocytes, there was no cell count because cells form
tryspin-resistant aggregates when grown in suspension.
Nevertheless, cells behavior and aggregation kinetics were
found to be similar using labeled or unlabeled PF-68 (data
not shown).
Discussion

PF-68 is a surfactant commonly used to protect cells from
shear stress. Some studies demonstrated that it interacts with
cell membranes but it was still unknown where the polymer
is able to enter the cells. This work shed light on cell-PF-68
interactions by combining the use of a fluorescent derivative
of PF-68 to track it in the cells and evaluation of cellular
Pluronic uptake.

We clearly demonstrated that PF-68 is taken up by the
mammalian cells studied and that its fluorescent derivative
is internalized in cells and transit in the endocytic pathway
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Figure 7. (A) Chondrocytes or (B) CHO cells at 106 cells/mL were incubated

with 0.1% (w/v) of labeled PF-68 for 18 h and then cultured 7 days in a medium without

PF-68. Green is PF-68, endosomes/lysosomes are red and the nucleus blue (see Fig. 2

caption for details). Scale bar: 20 mm. [Color figure can be seen in the online version of

this article, available at www.interscience.wiley.com.]
where it colocalized with Dextran-Alexa 647 (MW, 10 kDa),
a molecule commonly used to stain endosomes and
lysosomes (Berthiaume et al., 1995; Bright et al., 2005;
Lencer et al., 1990; Wang and Goren, 1987). The typical
endocytic pathway consists in the internalization of
endocytosed molecules in early endosomes at first, which
are localized just beneath the plasma membrane. Then,
molecules can be recycled back to the plasma membrane or,
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after 5–15 min are directed to late endosomes, which are
close to the Golgi apparatus and the nucleus. Finally,
endocytosed materials travel to lysosomes for degradation
or accumulation. Localization of Dextran molecules in
the cell depends on their MW and also on the time lap
between Dextran removal (after a pulse of Dextran) and cell
observation (chase period). For example, Bright et al. (2005)
observed an accumulation of fluorescent Dextran (10 kDa)
in late endosomes after a 5 min chase and in lysosomes after
a 20 h chase. In all experiments done in the present study,
Dextran-Alexa 647 was always incubated at least 18 h, and
was then left in the medium so that the whole endocytic
pathway was probably stained, that is, lysosomes and
endosomes. But as there was a delay between removal
of fluorochromes and microscopic observations (about
10 min), it can be estimated that only late endosomes and
lysosomes were stained by Dextran-Alexa 647 (i.e., not
early endosomes) at the time of observation. Thus, the
co-localization of labeled PF-68 with Dextran-Alexa
647 shows that labeled Pluronic accumulates in late
endosomes and lysosomes. Labeled PF-68 did not accumu-
late in the cytoplasm or in the nucleus as previously
observed with PP-85 and PL-121 (Batrakova et al., 2003). It
may seem surprising that fluorescein-labeled Pluronic can
be detected in acidic compartments as lysosomes. Fluore-
scein is known to be pH-sensitive, and its fluorescence
is greatly reduced at low pH (Leonhardt et al., 1971).
The labeled PF-68 also exhibits pH sensitivity but the
fluorescence intensity decreases by only 37% from pH 7–5
(data not shown). Thus, the fluorescence intensity of labeled
PF-68 in lysosomes remained high enough to be detected.

In the case of chondrocytes, fluorescent PF-68 after 1.5 h
seemed to be accumulated near to the membrane at defined
areas but was not co-localized with Dextran-Alexa 647. It
is difficult to determine if the staining was extracellular
(accumulation on the outer surface of the membrane), at
the membrane (accumulation within the membrane) or
intracellular (in early endosomes). The latter is the more
probable hypothesis considering the punctuate staining
observed. This two-steps process was not observed in CHO
cells, where the polymer was already co-localized with
Dextran after 1.5 h. Thus, the labeled Pluronic trafficking
was faster in CHO cells since the polymer arrived in late
endosomes/lysosomes earlier.

We expected to observe a continuous membrane staining,
at any incubation time, as the shear protectant effect of PF-
68 is supposed to be due to its interaction with the plasma
membrane. For instance, it has been reported that PF-68
decreased the PMF (Ramirez and Mutharasan, 1990), and
increase membrane strength (in TB/C3 hybridoma, Zhang
et al., 1992). Moreover, Pluronic polymers PL-61 and PP-85
are known to induce drastic changes in the microviscosity of
cell membranes, especially in tumor cells (Melik-Nubarov
et al., 1999). The authors attributed these changes to the
alterations in the structure of the lipid bilayer as a result of
adsorption of the block copolymer on the membrane. In
some of our samples, the cell periphery was faintly stained



with labeled PF-68, but it was difficult to distinguish
this staining from auto-fluorescence, whereas concentration
in intracellular vesicles was detectable and distinct from
autofluorescence. For instance, this accumulation of PF-68
in chondrocytes corresponded to a significant level at about
8 times cellular DNA content (7 pg/cell, Kim et al., 1988) for
example. Thus, shear protection conferred by PF-68 may be
partly due to alteration and stiffening of cytoplasmic cell
mechanical properties by the high PF-68 concentration in
intracellular vesicles.

Another interesting finding arising from this study is that
PF-68 uptake in cells was found to be cell-type dependant.
CHO cells absorbed 11.7� 6.7 (SEM) mg PF-68/106

cells and chondrocytes 56� 10.9 (SEM) mg/106 cells. This
dependence can rely on differences in cell surface com-
position, but also from differences in the endocytic pathway.
As the shear protective effect of PF-68 has been reported to
be proportional to its concentration (Ma et al., 2004; Zhang
et al., 1992), it is important to know if this uptake
phenomenon can significantly affect the Pluronic content in
the culture medium. For CHO cells, a 0.2% (w/v) PF-68
concentration is commonly used (Keane et al., 2003;
Schroder et al., 2004) and we showed that the presence of
cells only slightly affects this concentration. At 0.2% (w/v)
with 4� 106 cells/mL, only a 2.4% decrease of the initial
concentration was observed, after 18 h. At the end of a
classical bioreactor culture, cell densities can reach up to
10� 106 cells. Since PF-68 concentration decrease in the
medium is proportional to the cell density, it can result in a
decrease of 6% of the initial Pluronic concentration, strictly
from cell uptake. In the case of chondrocytes the changes in
PF-68 concentration can be problematic as these cells uptake
more Pluronic. When an initial PF-68 concentration of
0.01% (w/v) was used, up to 60% of the Pluronic content
was taken up by the cells after 18 h, in presence of 1� 106

cells/mL. This result means that if cell density doubles, there
will be no PF-68 remaining in the medium. Finally, PF-68
uptake by CHO cells and chondrocytes on a per cell basis
was found to be independent of initial Pluronic or cell
concentration, and was similar for agitated or static culture
conditions.

Subsequently, it was observed that CHO cells but
not chondrocytes were able to diminish the intracellular
labeled PF-68 content to a point it can barely be detected
after 7 days. This can be explained either by labeled
PF-68 dilution by cell division, and/or by exocytosis
which is known to occur in CHO cells (Adams et al.,
1982; Buckmaster et al., 1987). On the contrary, results
seemed to indicate the inability of chondrocytes to eliminate
Pluronic, hence the use of these chondrocytes cultured in
the presence of PF-68 for cartilage repair therapy needs to be
evaluated. PF-68 has already been studied in clinical trials
for its hemorheological properties as a treatment for sickle
cell disease (patient where hemoglobin molecules tend to
aggregate and block blood vessels) and is known to be
well tolerated (Adams-Graves et al., 1997; Orringer et al.,
2001). These clinical studies infused of several 100 mg/kg
of PF-68. By comparison, in the case of cartilage repair, 5�
106 cells are used for 1.6–6.5 cm2 defects (Brittberg et al.,
1994), corresponding to about 75 mg of PF-68 carried
by these cells. From this point of view, culture of
mammalian cells in PF-68 prior to transplantation may
not present an obvious risk. However, the effect of this
polymer on cell phenotype is still not known and need to be
characterized.

One limitation of this study was that the stability of
labeled PF-68 in the cell is unknown. Lysosomes are the
principal sites of intracellular digestion and are filled
with hydrolytic enzymes. In these compartments, the bond
linking fluorescein to PF-68 could have been hydrolyzed,
resulting in two independent molecules. However, a lot
of studies have been done with labeled polymer as dextran
or other Pluronics to study the endocytic pathway and
lysosomes, without noticing a separation of the dye and the
polymer. For instance, Dextran-FITC has been shown to be
stable in vivo and in vitro (Schröder et al., 1976). Another
uncertainty lies in the unknown effect of the fluorescein
moiety on PF-68 trafficking in cells. However, it is believed
that the effect of fluorescein is weak or absent. First, the
uptake of unlabeled PF-68 and labeled PF-68 by CHO
cells and chondrocytes were compared (Fig. 6) and were
not found to be different. Secondly, in a previous
study (Batrakova et al., 2003) using a similar approach,
the intracellular localization of four different Pluronics
(F108, P85, L35, and L121) labeled with fluorescein was
compared. Depending on the Pluronic used, some cells
were not stained, or shown a cytoplasmic or an endocytic
staining. In can then be concluded that the distribution
of Pluronic in cells is unlikely to be driven by the
fluorochrome. On the contrary, Berthiaume et al. (1995)
studied endocytosis with similar dextran but conjugated
to fluorescein or Texas Red and they observed similar
dextran uptake and localization in cells, for both dyes.
Once again it is an indication that the fluorochrome
has no or little influence in the polymer localization in the
cells.
Conclusion

In this study, it was clearly demonstrated for the first time
that PF-68 enters mammalian cells, and strong evidences
indicate that it accumulates in the endocytic pathway. PF-68
uptake was also found to be cell-type dependant, but to
be cell concentration independent as well as initial PF-68
concentration independent. Finally, it was established
that cellular uptake of PF-68 was similar for agitated and
static culture conditions. In the light of these results, one
should keep in mind that PF-68 concentration can be
significantly affected by the cells in culture, especially when
high cell density cultures are performed. This study also
suggests cell inability to eliminate PF-68, which is a concern
in biomedical issues when cells have to be implanted in a
patient.
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