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Abstract

A series of diblock copolymers based on methoxypolyethylene glycol-block-poly(caprolactone) (MePEG-b-PCL) was synthesized and

evaluated for enhancing the cellular accumulation of a P-glycoprotein (P-gp) substrate, rhodamine-123 (R-123), into caco-2 cells. Altering

MePEG:caprolactone feed weight ratio allowed diblocks with varying PCL lengths to be synthesized onto MePEG of molecular weight 750 or

2000. The critical micelle concentration (CMC) and the hydrophilic-lipophilic balance all decreased with increasing degree of polymerization

of PCL. R-123 accumulation by caco-2 cells increased to a maximum in the presence of increasing concentrations of MePEG-b-PCL diblock

copolymers (compared to R-123 alone) beginning at concentrations at or above the CMC, with little or no R-123 accumulation enhancement

observed below the CMC. Further increases in MePEG-b-PCL concentration resulted in a decrease in R-123 uptake back to baseline levels. It is

suggested that the higher concentrations of diblock above the CMC were required to serve as a ‘depot’ for free unimer partitioning into the cell

membrane in order to obtain a critical concentration of diblock in the membrane for P-gp modulation. Alternatively, MePEG-b-PCL micelles

may increase R-123 accumulation via endocytosis of micellized R-123. q 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The action of intestinal efflux transport proteins, namely P-

glycoprotein (P-gp), can serve as an absorption barrier to

limit the oral availability of hydrophobic drugs from the

gastrointestinal tract [1,2]. Inhibition of P-gp can be achieved

using modulators or chemosensitizers that inhibit drug efflux

from inside the cell leading to increased drug permeability. A

group of compounds found to inhibit P-gp mediated drug

efflux and improve intestinal permeation are natural or

synthetic fatty acid ester based surfactants. Non-ionic poly-

ethoxylated surfactants such as the polysorbates, solutol,

polyethylene glycol – fatty acid diesters, and others have

demonstrated reversal of P-gp mediated drug efflux [3–6].

The majority of these compounds are pharmaceutically

acceptable components in many parenteral and enteral

formulations, utilized as solubilizing or stabilizing excipi-

ents. Several groups have demonstrated the potential of

using surfactants to block the efflux of drugs susceptible to

P-gp in the intestine. Lo et al. demonstrated greater intracel-

lular uptake of epirubicin by caco-2 monolayers in the

presence of acacia or polysorbate surfactants compared to

either epirubicin alone or with the P-gp inhibitors verapamil

and trifluoperizine [7]. Dintaman et al. showed that an amphi-

philic derivative of d-a-tocopheryl with polyethylene glycol

inhibited P-gp mediated efflux of paclitaxel and the fluores-

cent probe rhodamine-123 (R-123) from caco-2 cells [8].

Another group of compounds called amphiphilic block

copolymers have been increasingly utilized in drug delivery.

Typical amphiphilic block copolymers have an A-B diblock

or A-B-A/B-A-B triblock structure, where the A is the

hydrophilic block such as polyethylene glycol and the B is

the hydrophobic block such as poly(d,l-lactide). In an

aqueous environment, amphiphilic block copolymers can

form micelles with the hydrophobic block forming the

core surrounded by a shell of hydrophilic polymer. Poly-

meric micelles have been utilized for the solubilization and

delivery of drugs such as paclitaxel, indomethacin, ampho-

tericin B, adriamycin, and dihydrotestosterone [9–14].

When used for drug delivery, the core forming block is
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generally composed of biodegradable polymers such as

polycaprolactone, poly(b-benzyl l-asparate) and poly(d,l-

lactide). Compared to conventional fatty acid ester surfac-

tant based micelles, polymeric surfactant micelles have

lower critical micelle concentrations (CMC) and slowly

dissociate into unimers when diluted below the CMC

[15,16]. This enhanced thermodynamic and kinetic stability

of the micelles is a function of the glass transition tempera-

ture of the core forming block, the hydrophobic-hydrophilic

block ratio, the block architecture, and the presence of solu-

bilizates in the core [17]. Recently A-B-A type amphiphilic

block copolymers of poly(ethylene oxide)-b-poly(propylene

oxide)-b-poly(ethylene oxide) also known as Pluronic block

copolymers, have been shown to enhance cellular accumu-

lation, membrane permeability, and to modulate multidrug

resistance of numerous P-gp substrates [18–24]. Using R-

123 as a P-gp substrate, Batrakova et al. demonstrated that

Pluronic block copolymers could enhance caco-2 cell accu-

mulation of R-123 at concentrations below the CMC of the

Pluronics [20]. In contrast, at concentrations above the

CMC, the Pluronic block copolymers were found to cause

an increased efflux of R-123 from caco-2 cells [20]. The

activity of Pluronics was also shown to be dependent on

the hydrophilic-lipophilic balance (HLB), with the most

potent Pluronics being those with intermediate hydrophobi-

city [23]. This limited concentration range (below the CMC)

in which Pluronics modulate P-gp efflux may potentially be

a disadvantage in terms of formulating and solubilizing

hydrophobic drugs.

Several groups have reported the synthesis and character-

ization of amphiphilic diblock copolymers based on meth-

oxypolyethylene glycol (MePEG) with the polyester,

polycaprolactone (PCL) abbreviated MePEG-b-PCL

[11,12,25,26]. These groups developed diblocks based on

high mw MePEG (2000–5000) with large blocks of PCL in

the range of 2000–15 000. Larger hydrophobic blocks of

PCL form larger micelles with greater drug solubilization

capability and slower drug release [11]. To extend this

molecular weight (MW) range we have synthesized a series

of low molecular weight MePEG-b-PCL diblock copoly-

mers. To our knowledge, no studies have been carried out

to determine whether amphiphilic diblock copolymers, such

as MePEG-b-PCL, possess an ability to modulate P-gp

mediated efflux of drugs. The objective of this work was

to synthesize and characterize a series of low molecular

weight MePEG-b-PCL diblock copolymers and evaluate

their effect on the cellular accumulation of the model P-gp

substrate, R-123, in caco-2 cells.

2. Materials and methods

2.1. Materials

MePEG of MW 750 and 2000 and stannous octoate were

from Sigma-Aldrich (St. Louis, MO). e-Caprolactone was

obtained from Aldrich (Milwaukee, WI). HPLC grade

chloroform and dichloromethane (DCM) were from Fisher

Scientific (Nepean, ON).

Cell culture media, supplements and Hank’s balanced salt

solution without phenol red (HBSS) were from Life Tech-

nologies (Grand Island, NY). Culture flasks and plates were

from Corning-Costar (Cambridge, MA). R-123, N-(2-

hydroxyethyl)piperazine-N 0-2-ethanesulfonate (Hepes),

verapamil, cyclosporin A (CSA), 1,6-diphenyl-1,3,5-hexa-

triene (DPH), and Triton X-100 were obtained from Sigma-

Aldrich (St. Louis, MO). Pluronic P85 was provided by

BASF (Parispany, NJ).

2.2. Synthesis of MePEG-b-PCL diblock copolymers

Copolymers of MePEG and PCL were prepared as

follows. MePEG with MWs of 750 and 2000 were

combined with e-caprolactone in varying weight ratios to

control the final MW of the copolymer. The total weight of

the two reagents was 50 g. The reagents were placed in a

round bottom flask sealed with a ground glass stopper and

immersed in a heavy mineral oil bath heated to 1408C. The

temperature was controlled using a Dyna-Sense MK-1

controller (Scientific Instruments Inc., Skokie, IL). The

reagents were stirred using a teflon coated magnetic stir

bar. After the reagents were mixed for 30 min to produce

a homogeneous liquid, 0.15 ml of stannous octoate was

added to the flask. The polymerization reaction was allowed

to proceed for 6 h. Cooling the polymer to room temperature

terminated the reaction and no further purification steps

were performed on the product since nuclear magnetic reso-

nance (NMR) and gel permeation chromatography (GPC)

analysis demonstrated no detectable unreacted monomers or

NMR homopolymer.

2.3. Characterization of diblock copolymers

Proton NMR spectra of copolymers were obtained using a

10% w/v solution of copolymer in deuterated chloroform

from Cambridge Isotope Laboratories (Andover, MD) with

a frequency of 200 MHz on a Bruker AC-200 NMR instru-

ment. The spectral data were analyzed in terms of peak

position and integrated area using PC-compatible Nuts

Lite software (version 19990728).

Copolymer MW was measured by GPC against polyethy-

lene glycol standards in the range of 670–118 400 g/mol.

The mobile phase was HPLC grade chloroform flowing at 1

ml/min through two PLgel 103 Å columns (Agilent). Sample

elution was detected by an HP model 1047 A refractive

index detector with a cell temperature of 408C.

The HLB was calculated based on the Griffin equation for

a series of polyethoxylated amphiphilic compounds [25]:

HLB ¼ 20
MH

ML 1 MH

� �
ð1Þ

Where, MH ¼ MW of the hydrophilic block (MePEG) and

ML ¼ MW of the lipophilic block (PCL).
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The CMC for each diblock copolymer was determined by

fluorescence spectroscopy using the hydrophobic probe

DPH, as previously described [27]. Increasing diblock copo-

lymer concentrations in HBSS containing 10 mM hepes

were incubated at 378C with 10 mM DPH for 24 h. Aliquots

(200 ml) of each sample were then placed into a 96 well flat

bottom plate and the fluorescence intensity measured at

lEX ¼ 360/40 and lEM ¼ 460/40 (CytoFluor 4000, PerSep-

tive Biosystems, Framingham, MA). The CMC was deter-

mined to be the intercept from the linear regression of the

upper and lower asymptotes of the curve.

2.4. Preparation of diblock copolymer solutions

Thin film hydration was used to prepare diblock copoly-

mer solutions. A known amount of diblock copolymer was

placed into a glass test tube and dissolved in 1–2 ml of

DCM. The test tube was placed in an evaporation apparatus

at 458C with a N2 purge for 30 min. The sample was then

placed in a vacuum oven operating at 25 inHg vacuum at

room temperature overnight to remove residual DCM. The

resulting diblock copolymer film was hydrated with pre-

warmed (378C) HBSS containing 10 mM hepes (assay

buffer). Diblock copolymer solutions were serially diluted

and incubated with R-123 for 1 h at 378C prior to their use in

cell culture or fraction bound experiments.

2.5. Caco-2 cell culture

The human colon adenocarcinoma cell line, caco-2, was

obtained from ATCC (Rockville, MD) as passage 17. Cells

were grown in a humidified atmosphere of 5% CO2 at 378C

and maintained in Dulbecco’s modified eagle’s medium

supplemented with 10% heat inactivated fetal bovine

serum, 1% non-essential amino acids, 1% l-glutamine,

and 100 U/ml penicillin and 100 mg/ml streptomycin.

Upon 80–90% confluency, cells were split using 0.25%

trypsin plus 1 mM EDTA. Cells were seeded into 48 or

96 well flat bottom plates at a density of 40 000 cells/cm2

and grown in the plates for a minimum of 14 days and used

for experimentation between days 14 and 21. Media was

changed every 2nd day and only passages 25–45 were

used for experiments.

2.6. Cellular accumulation of rhodamine-123

Caco-2 cells grown in 48 well flat bottom plates were

washed with HBSS containing 10 mM hepes (assay buffer)

and pre-incubated in assay buffer at 378C for 15 min. The

buffer was then removed and cells exposed to 5.0 mM R-123

in either assay buffer alone or in solutions of diblock copo-

lymers. Standard P-gp inhibitors verapamil and cyclosporin

A were used as positive controls and the optimum P-gp

inhibition concentrations were found to be 50 and 4.0

mM, respectively, similar to other reports [20,28]. The

cells were incubated for various times at 378C, and the

plate then placed on ice. The cells were washed with ice

cold phosphate buffered saline followed by the addition of

1% Triton X-100 to solubilize the cells. Cellular debris was

removed by centrifugation at high speed for 5 min. Aliquots

(50 ml) of the supernatant were used for determining the

cellular fluorescent intensity of R-123 using a fluorescence

microplate reader (CytoFluor 4000, PerSeptive Biosystems,

Framingham, MA) with lEX ¼ 485/20 and lEM ¼ 530/25. R-

123 cellular accumulation was normalized with respect to

total protein content using 10 ml aliquots of the supernatant

for quantitation of total protein using the BCA method

(BCA protein assay kit, Pierce, Rockford, IL).

2.7. LDH release

Lactate dehydrogenase (LDH) release was measured

using an LDH assay kit (CytoTox 96, Promega, Madison,

WI). Briefly, caco-2 cells grown in flat bottom 96 well plates

were washed with assay buffer and pre-incubated for 15 min

at 378C. Serially diluted concentrations of MePEG-b-PCL

diblock copolymers or Pluronic P85 in assay buffer were

added to wells with assay buffer alone used for control and

maximum release groups. Plates were incubated at 378C for

90 min. Triton X-100 was added to provide maximum LDH

release. The plate was spun at 1500 rpm at 48C and an

aliquot of supernatant taken to analyze for LDH using

reagents and methods provided by the kit manufacturer.

2.8. Association of R-123 with MePEG-b-PCL micelles

In a micellar solution a solute can partition into the hydro-

phobic core and can equilibrate between the micelle core

and the aqueous milieu. The total amount of solute (St) in

the system is therefore given by:

St ¼ Sf 1 Sm ð2Þ

Where Sf is amount free or unbound and Sm is the amount

micellized or bound. The unbound fraction of solute (Fu) is

given by:

Fu ¼
Sf

Sm 1 Sf
ð3Þ

Equilibrium dialysis was performed to evaluate the frac-

tion of R-123 bound within MePEG-b-PCL micelles. A 5 ml

equilibrium dialysis cell from Bel-Art Products (Pequan-

nock, NJ) was used with a Spectra/Por membrane with

MW cut off of 1000 obtained from Spectrum Laboratories

(Rancho Dominguez, CA). Initial experimentation evalu-

ated the time to equilibrium using 5.0 mM R-123 in assay

buffer placed in the donor compartment with an equal

volume of assay buffer placed in receiver side. The dialysis

cell was placed at 378C in an Innova 4000 incubator shaker

(New Brunswick Scientific, Edison, NJ) set at 100 rpm.

Aliquots where taken from both the donor and receiver

side at various time points. The fluorescent intensity of R-

123 was measured using a fluorescence microplate reader

(CytoFluor 4000, PerSeptive Biosystems, Framingham,

MA) with lEX ¼ 485/20 and lEM ¼ 530/25 and R-123 was
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quantified using a standard curve. Once the time to equili-

brium was determined for R-123 alone, all sampling for

MePEG-b-PCL with R-123 was done after this point to

ensure equilibrium had been attained. All experimental

procedures for 5.0 mM R-123 with diblock copolymer solu-

tions were carried out as described above and the samples

were prepared as described in Section 2.4.

3. Results

3.1. Synthesis and characterization of MePEG-b-PCL

diblock copolymers

A series of diblock copolymers based on MePEG with

MWs of 750 and 2000 were synthesized by ring opening

polymerization. The basic structure of the synthesized

MePEG-b-PCL diblock copolymers and a representative
1H-NMR spectrum with the proton assignments is shown

in Fig. 1. The peaks used to establish the degree of poly-

merization for the PCL block are the peaks at 3.6 ppm (B)

from the methylene protons of the oxyethylene group of

MePEG and the triplet at 2.2 (C) from the methylene

protons of the caprolactone repeat unit. A shift in the cyclic

caprolactone monomer peaks to positions C, D, and E was

observed by comparing the NMR of the caprolactone mono-

mer to the reacted MePEG-b-PCL diblocks supporting poly-

merization of the caprolactone monomer. The appearance of

the B 0 peak in the diblock NMR demonstrates that polyca-

prolactone is attached to the MePEG. The copolymer

nomenclature used describes the degree of polymerization

(DPN) in subscript behind each block, where MePEG17-b-

PCL5 has 17 repeat units of ethylene glycol and 5 units of

caprolactone. Altering feed weight ratios of MePEG to

caprolactone monomer produced diblock copolymers with

varying PCL lengths (Table 1) with the monomer to initiator

(M/I) ratio determined by NMR agreeing closely with the

theoretical M/I ratio.

GPC results demonstrated a single peak for each diblock

synthesized which shifted away from the MePEG monomer

suggesting an increase in MW. No peaks were seen for

caprolactone monomer or homopolymer. The MW deter-

mined by GPC was very close to the calculated theoretical

MW. Furthermore, the polydispersity index (PDI) was close

to 1, signifying a narrow polymer MW distribution. The

HLB of the diblocks decreased with increasing PCL length

and increased from 12 to 18 by changing MePEG 750 to

2000 with a similar PCL length. Higher HLB values indicate

more hydrophilic amphiphiles and lower HLB values indi-

cate more lipophilic amphiphiles. The CMC were deter-
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Fig. 1. Structure of methoxypolyethylene glycol-block-poly(e-caprolactone) (MePEG-b-PCL) diblock copolymers and a representative 1H-NMR spectrum.

n ¼ number of ethylene groups, being 17 and 45 for MePEG 750 and 2000, respectively. m ¼ number of caprolactone repeat units.



mined by fluorescence intensity using DPH as a probe. The

fluorescence intensity of DPH increased rapidly above the

CMC of the copolymers (Fig. 2). The CMC values for the

MePEG 750 series and MePEG 2000 diblock copolymers

are given in Table 1. The CMC of the MePEG 750 series

decreased with increasing PCL chain length.

3.2. Effect of diblock copolymer composition and

concentration on R-123 accumulation in caco-2 cells

As shown in Figs. 3A–D, for all diblock copolymers, as

the concentration of MePEG-b-PCL increased, R-123 accu-

mulation increased up to a critical concentration, after

which the accumulation began to decrease. Furthermore,

the accumulation was greater than or equal to the standard

P-gp inhibitors, verapamil and CSA over a wide range of

diblock concentrations. All four MePEG-b-PCL diblock

copolymers showed peak effects at concentrations 4–100

times higher than their respective CMC. Table 2 lists the

accumulation enhancement factor (AEF) at the peak effect

for the four MePEG-b-PCL diblock copolymers. The AEF

describes the relative increase in R-123 accumulation and is

determined from the ratio of R-123 accumulation with

diblock or P-gp inhibitors to R-123 alone. AEF values for
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Fig. 2. Determination of critical micelle concentration (CMC) by fluorescence intensity at 378C after incubating with DPH for 24 h. MePEG17-b-PCL2 (W),

MePEG17-b-PCL5 (X), MePEG17-b-PCL10 (K), and MePEG45-b-PCL4 (O).

Table 1

Characterization data for synthesized methoxypolyethylene glycol-block-poly(caprolactone) (MePEG-b-PCL) diblock copolymers based on MePEG of MW

750 and 2000

Series Feed ratioa Theo. M/Ib NMR M/Ic DPNd Theo. MWe MWf PDIg HLB CMC (% w/v)

MePEG 750 80:20 1.64 1.75 MePEG17-b-PCL2 937 951 1.09 16.6 0.29–0.32

60:40 4.38 4.65 MePEG17-b-PCL5 1250 1225 1.10 12.2 0.028–0.034

40:60 9.86 10.1 MePEG17-b-PCL10 1875 1887 1.10 8.4 0.0009–0.0011

MePEG 2000 80:20 4.38 4.47 MePEG45-b-PCL4 2500 2400 1.11 18.3 0.06–0.072

a Feed weight ratio of MePEG:caprolactone.
b Theoretical monomer:initiator (M/I) based on feed weight ratio. Where M ¼ mols of caprolactone and I ¼ mols of MePEG.
c Monomer:initiator ratio determined by NMR. Calculated by comparing the relative peak areas of caprolactone at 2.2 ppm (equivalent to two protons) to the

MePEG peak at 3.6 ppm (equivalent to 68 protons).
d DPN of MePEG ¼ MWMepeg/44, DPN of PCL ¼ rounded off M/I determined by NMR.
e Theoretical MW based on the feed weight ratio, e.g. MePEG 750 at a feed ratio of 80:20 will have 80% of the final MW ¼ 750 g/mol. Therefore, 100/

80 ¼ X/750 X ¼ 937 g/mol.
f Average number MW (Mn) determined by GPC.
g Polydispersity index, determined from GPC. PDI ¼ Mw/Mn.



verapamil and CSA were 1.5 and 1.7, respectively,

compared to MePEG-b-PCL diblock copolymers, which

ranged from 1.7 to 3.8. For the MePEG 750 series, an

increase in the PCL chain length from 2 to 5 repeat units

had no effect on the AEF (Table 2). But an increase in the

length of the PCL block from 5 to 10 markedly reduced the

AEF from 3.8 to 1.9. Furthermore, increasing the MW of

MePEG from 750 to 2000 (with similar PCL length)

resulted in a decrease from 3.8 to 1.7. As a control, R-123

accumulation was evaluated with MePEG 750 to determine

whether the observed AEF was a function of MePEG effects

alone. MePEG 750 as high as 3% w/v had no effect on R-

123 accumulation (data not shown).

3.3. Time dependent accumulation of R-123

The time dependence of R-123 accumulation was

assessed over 3 h with or without diblock copolymers at

peak effect concentrations (Fig. 4). For MePEG17-b-PCL2

and MePEG17-b-PCL5 diblock copolymers, there was a

large and rapid increase in R-123 accumulation compared

to R-123 alone over the first 15 min, which then increased at

a slower rate over the next 2–3 h.

3.4. Cytotoxicity of MePEG-b-PCL diblock copolymers

The release of cytoplasmic LDH induced by MePEG-b-

PCL diblock copolymers and pluronic P85 from caco-2 cells

is shown in Fig. 5. Pluronic P85 caused lysis and subsequent
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Fig. 3. Effect of MePEG-b-PCL composition and concentration on cellular accumulation of R-123 by caco-2 cells at 370C for 90 min. (A) MePEG17-b-PCL2;

(B) MePEG17-b-PCL5; (C) MePEG17-b-PCL10; and (D) MePEG45-b-PCL4. Data expressed as the mean ^ SEM of three independent experiments (N ¼ 3).

Table 2

Accumulation enhancement factor (AEF) of MePEG-b-PCL diblock copo-

lymers at concentrations producing maximum R-123 accumulation by

caco-2 cells after 90 min incubation at 378C

Enhancer Peak Conc. (% w/v) AEFa

Verapamil N/a 1.5

Cyclosporin A N/a 1.7

Mepeg17-b-PCL2 2.00 3.4

Mepeg17-b-PCL5 0.25 3.8

Mepeg17-b-PCL10 0.10 1.9

Mepeg45-b-PCL4 1.00 1.7

a AEF determined as the ratio of R-123 accumulation with MePEG-b-

PCL diblocks or P-gp inhibitors to R-123 alone.
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Fig. 4. The time dependent accumulation of R-123 by caco-2 cells. Caco-2 were incubated at 378C with 5.0 mM R-123 as control (V), 50 mM verapamil (S),

4.0 mM CSA (B), 2.0% w/v MePEG17-b-PCL2 (A), 0.25% w/v MePEG17-b-PCL5 (X), 0.1% w/v MePEG17-b-PCL10 (W), and 1.0% w/v MePEG45-b-PCL4 (K).

Data expressed as the mean ^ SEM of three independent experiments (N ¼ 3).

Fig. 5. LDH release from caco-2 cells induced by varying concentrations of pluronic P85 (X), MePEG17-b-PCL2 (W), MePEG17-b-PCL5 (P), MePEG17-b-

PCL10 (L), and MePEG45-b-PCL4 (B). Incubation was for 1.5 h at 378C. Data expressed as the mean ^ SEM of three independent experiments (N ¼ 3).



release of LDH from caco-2 at concentrations above 0.1%

w/v. MePEG-b-PCL diblock copolymers caused LDH

release at concentrations above 0.5% w/v for MePEG17-b-

PCL5 and MePEG17-b-PCL10. However, MePEG45-b-PCL4

did not induce LDH release up to 2.0% w/v and MePEG17-b-

PCL2 resulted in less than 10% release at 2.0% w/v, but

caused 60% release at 3.0% w/v.

3.5. The fraction of R-123 unbound in MePEG-b-PCL

micelle solutions

Using equilibrium dialysis, the unbound R-123 fraction

(Fu) with increasing concentrations of MePEG-b-PCL

diblock copolymer was determined (Fig. 6). A decrease in

the R-123 unbound fraction was observed with increasing

diblock concentration for all three diblocks tested. Approxi-

mately 80% of the R-123 in solution was not associated with

micelles at diblock concentrations of 2.0, 0.25, and 0.1% for

MePEG17-b-PCL2, MePEG17-b-PCL5, and MePEG17-b-

PCL10, respectively which corresponded to the peak in R-

123 accumulation concentration (Figs. 3a–c). Further

decreases in the unbound fraction were observed as the

diblock concentration was increased, correlating with the

drop in R-123 accumulation as the diblock concentration

was increased beyond the peak activity concentrations.

4. Discussion

MePEG-b-PCL diblock copolymers were synthesized by

ring opening polymerization of e-caprolactone, initiated by

the free hydroxyl on MePEG with stannous octoate used as a

catalyst to increase the rate of polymerization. This type of

ring opening polymerization to form MePEG-polyester

diblock copolymers typically goes almost to completion

and gives high yields [9,10]. The DPN of PCL as deter-

mined by NMR closely corresponded to the theoretical M/

I ratio (Table 1). Increasing PCL length resulted in more

hydrophobic amphiphiles as seen with decreasing HLB

values for the MePEG 750 series. MePEG-b-PCL diblock

copolymers could be dissolved in water using the thin film

hydration method. MePEG17-b-PCL2 and MePEG45-b-PCL4

were the most hydrophilic copolymers and could be

dissolved up to concentrations of 3 and 2% w/v, respec-

tively. MePEG17-b-PCL5 and MePEG17-b-PCL10 were

significantly more hydrophobic and could not be dissolved

at concentrations greater than approximately 1% w/v. The

CMC for the MePEG 750 series decreased as the DPN of

PCL increased and the hydrophobicity of the diblock

increased. The CMC inflexion points in Fig. 2 were not

well defined since the reported DPN is an average and the

copolymer may contain larger or smaller PCL blocks

attached to MePEG. Therefore, linear regression was

performed with varying points to provide a range of CMC

values.

As seen in Fig. 3, MePEG-b-PCL diblock copolymers

increased R-123 accumulation in caco-2 cells at concentra-

tions above the CMC. For all diblock copolymers, R-123

accumulation enhancement began close to the CMC and

increased to a maximum above the CMC, after which accu-

mulation decreased with further increases in copolymer
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Fig. 6. Unbound fraction of R-123 with increasing concentrations of (X) MePEG17-b-PCL2 (A) MePEG17-b-PCL5 and (O) MePEG17-b-PCL10. Data expressed

as the mean ^ SD with N ¼ 3.



concentration. R-123 accumulation in caco-2 cells in the

presence of pluronic triblock copolymers, showed a similar

pattern of increasing R-123 uptake up to a maximum

followed by a decrease [20]. However, for all pluronics

studied, accumulation of R-123 reached maximum levels

in the proximity of the CMC and higher pluronic concentra-

tions resulted in a drop in accumulation [20,23]. Similarly,

work by Nerurkar et al demonstrated that the apical to baso-

lateral (AP ! BL) transport of a model peptide susceptible

to P-gp efflux could be enhanced using polysorbate 80 or

cremophor EL [6,29]. The AP ! BL transport increased at

concentrations of polysorbate 80 or cremophor EL below

the CMC and reached a maximum in the vicinity of the

CMC, after which AP ! BL transport decreased with

further increases in concentration [6,29]. Nerurkar et al

concluded that since the transport increased up to and

reached a maximum at the CMC, that the free unimers

were responsible for inhibiting P-gp efflux transport [29].

Interestingly, the characteristics of R-123 accumulation

in the presence of MePEG-b-PCL diblock copolymers in

this work differed from the pattern of R-123 accumulation

with triblock copolymers, and fatty acid based amphiphiles

[20,29]. Maximum accumulation of R-123 for MePEG-b-

PCL copolymers occurred at concentrations 4–100-fold

higher than the corresponding CMC of the diblock copoly-

mers, with almost no R-123 uptake below the CMC. If, as

other groups have suggested, the free unimers are responsi-

ble for P-gp modulation, then partitioning of unimers into

the cell membrane and the concentration of unimers in the

membrane will be important parameters governing the

modulation of P-gp activity. It is possible that below the

CMC the MePEG-b-PCL diblock unimers may not have

partitioned into the membrane at sufficient concentrations

to inhibit P-gp activity. Recent work by Xia and Onyuksel

demonstrated that for uptake into, and permeabilization of

cell membranes, a surfactant must exhibit a surface pressure

greater than 25 dyne/cm and surfactants with surface pres-

sures lower than this threshold may not accumulate into the

membrane at sufficient concentrations [30]. Surfactants

were shown to achieve this threshold value below the

CMC suggesting that micelles were not required to perme-

ate or solubilize membranes [30]. Xia and Onyuksel

concluded that penetration enhancement resulted from

partitioning of the free surfactant unimers into membranes

and that micelles were acting as a ‘depot’ for free unimer

and maintaining the micelle/unimer equilibrium, as unimer

is partitioned into the cell membrane [30].

Nerurkar et al. further suggested that the decrease in

accumulation seen at high surfactant concentrations was

due to a decreasing free drug fraction (bound drug being

solubilized within micelles) as the concentration of surfac-

tant increased above the CMC. Hence the amount of avail-

able drug for absorption (free fraction) decreased, resulting

in a decrease in the cellular accumulation [29]. Since the

concentration of R-123 is held constant and assuming that

only the free or unbound R-123 fraction is able to enter the

cell, then as the concentration of MePEG-b-PCL diblocks

are increased, the bound fraction within the micelles will

increase and the amount of R-123 available to enter the cell

will decrease. Fig. 6 demonstrated that the R-123 unbound

fraction decreased at high diblock concentrations along with

a decrease in R-123 accumulation (Fig. 3). This suggests

that a reduction in the free R-123 fraction available for

absorption may be a significant factor in the decrease in

cellular accumulation.

Cytotoxicity may further compound the decrease in R-

123 accumulation observed after the peak R-123 accumula-

tion concentrations, since all concentrations beyond peak R-

123 accumulation concentrations induced LDH release (Fig.

5).

If free amphiphile unimers are responsible for attenuating

P-gp drug efflux, how they accomplish this is not clearly

understood. Recent work has shown that membrane fluidi-

zation by non-ionic surfactants and other fluidizers can

reduce P-gp ATPase activity by altering the lipid order

around P-gp [31,32]. Furthermore, amphiphiles have been

shown to fluidize membranes resulting in enhanced passive

diffusion and an increase membrane permeability of P-gp

substrates [31,33]. This suggests that amphiphiles act on P-

gp in a non-specific manner. Principally, surfactants are

commonly used and evaluated as permeation enhancers to

improve oral drug absorption by altering membrane integ-

rity and facilitating increased drug transcellular and para-

cellular diffusion [34,35]. The alteration of P-gp ATPase

activity may then be a secondary consequence of the

membrane disorder facilitated by the amphiphiles and not

the primary mechanism for enhanced permeability. Fig. 4

shows a first order rate of R-123 accumulation into caco-2

cells with or without diblock copolymers. Also, up to 15 min

there is a rapid increase in R-123 accumulation using

MePEG17-b-PCL2 and MePEG17-b-PCL5 diblock copoly-

mers. This rapid influx rate may be due to initial membrane

permeabilization causing increased R-123 diffusion that

continues to follow a first order rate since R-123 concentra-

tion gradient is decreasing with time.

Non-P-gp substrate analogs such as Rhodamine 110 (R-

110) have been used to assess the role of non-specific

permeation enhancement [20]. R-110 accumulation was

also evaluated in our model system and no enhancement

was seen in the presence of the MePEG-b-PCL amphiphiles

(data not shown). If increased probe accumulation were due

at least in part to enhanced membrane permeability, then R-

110 might be expected to result in an increase in accumula-

tion, assuming a permeation enhancement effects of the

amphiphiles. Since the structure of R-110 contains a

quaternary nitrogen and an ionizable carboxylic acid

group, at pH ¼ 7.4, R-110 will carry two charges and has

a reported octanol/water partition coefficient of 0.8 [36]. It

has been suggested that these charges may hinder the trans-

membrane diffusion of R-110 compared to R-123 [36], even

in the presence of membrane perturbation induced by the

amphiphiles.
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In summary, we have presented the first evidence demon-

strating the utility of MePEG-b-PCL diblock copolymers to

increase the cellular accumulation of a P-gp substrate into

caco-2 cells. R-123 accumulation was enhanced at concen-

trations of MePEG-b-PCL diblock copolymers above their

CMC with little activity below the CMC and several

mechanisms have been proposed and summarized in Fig.

7. Firstly, micelles may be acting as a ‘depot’ for free

unimer partitioning into the membrane, such that a threshold

concentration is reached for P-gp modulation (pathway E).

Secondly, R-123 loaded micelles maybe be taken up via an

endocytic pathway into the cells (pathway C) as demon-

strated by Allen et al. [37] and Kabanov and coworkers

[22]. Thirdly, fluidization of membranes mediated by free

amphiphilic unimer may result in enhanced permeability of

a P-gp substrate via enhanced transcellular and paracellular

diffusion (pathway D). At high diblock copolymer concen-

trations R-123 accumulation decreased and is suggested to

be most likely due to substantial partitioning of R-123 into

micelles reducing free R-123 fraction available for cellular

uptake. Cytotoxicity may further reduce R-123 accumula-

tion at high diblock copolymer concentrations. Work is

currently underway to assess the contributions of non-speci-

fic permeation and endocytosis of MePEG-b-PCL diblock

copolymer accumulation enhancement of R-123.
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