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Abstract: This study reports on the cellular uptake of folate tethered micelles using a
branched skeleton of poly(ethylene glycol) and poly(e-caprolactone). The chemical
structures of the copolymers were characterized by proton nuclear magnetic resonance
spectroscopy, and Fourier transform infrared spectroscopy. Doxorubicin (DOX) was utilized
as an anticancer drug. The highest drug loading efficiencies of DOX in the folate decorated
micelle (DMCF) and folate-free micelle (DMC) were found to be 88.5% and 88.2%,
respectively, depending on the segment length of the poly(e-caprolactone) in the copolymers.
A comparison of fluorescent microscopic images of the endocytosis pathway in two cell
lines, human breast cancer cells (MCF-7) and human oral cavity carcinoma cells (KB),
revealed that the micelles were engulfed by KB and MCF-7 cells following in vitro
incubation for one hour. Flow cytometric analysis revealed that free folic acid can inhibit the
uptake of DOX by 48%—57% and 26%-39% in KB cells and MCF-7 cells, respectively.
These results prove that KB cells are relatively sensitive to folate-tethered micelles. Upon
administering methyl-B-cyclodextrin, an inhibitor of the caveolaec-mediated endocytosis
pathway, the uptake of DOX by KB cells was reduced by 69% and that by MCF-7 cells
was reduced by 56%. This finding suggests that DMCF enters cells via multiple pathways,
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thus implying that the folate receptor is not the only target of tumor therapeutics.
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1. Introduction

Conventional nanocarriers are associated with systemic toxicity and poor bioavailability of anti-tumor
drugs because they have undesired specificity. The active targeting of tumor therapeutics has been
shown to improve drug accumulation at tumor sites [1,2]. The plasma surface of cancer cells is
expressed with various receptors depending on the physiological functions of the cells. Folate receptor
(FR) is a membrane-bound protein with high affinity for binding and transporting physiological levels
of folate into cells. FR is over-expressed in the apical membrane surface of certain cancer cells including
ovary, kidney, uterus, colon, and lung, making a potential target for tumor therapeutics [2—4]. Cellular
uptake of folate is increased by a reduced folate carrier and/or the proton-coupled folate transporter or
the glycosylphosphatidylinositol-linked folate receptor [S]. To exploit these effects, folic acid was
conjugated with macromolecules [6], liposomes [7] or nanoparticles [8,9] to target malignant cells
with the drug molecules. For example, folic acid was conjugated with poly (D,L-lactic-co-glycolic
acid)-poly(ethylene glycol), poly(L-histidine-co-L-phenlyalanine-b-PEG and poly(L-lactic acid)-b-
PEG-folate [10], and such conjugation was demonstrated to enhance doxorubicin and paclitaxel delivery
to folate receptor-expressing cancer cells in vitro and in vivo. Particularly interesting, the tumor
distribution of irinotecan-loaded FR-targeted liposomes was greater than that of unmodified liposome
which might contribute to folate-mediated targeting uptake by the folate receptor on the surface of the
tumor cells [11]. The nanoparticles are internalized into cells via several endocytic pathways: such as
phagocytosis, pinocytosis, and caveolae-dependent or clathrin-mediated endocytosis [12—-14]. FR is
known to be able to transport folic-decorated nanoparticles into cells via receptor-mediated
endocytosis. Moreover, caveolae-dependent endocytosis was reported to be involved in the uptake of
FA in some cases [15,16]. The complete mechanism is complex and under debate [12]. More detailed
knowledge of the cellular uptake and cell internalization mechanism is required because each pathway
has its own characteristics, which should be taken into account in the optimization of drug delivery
systems. Understanding the detailed mechanism of cellular uptake is an important step towards
understanding the biological fate of nanoparticles, both adverse and favorable aspects.

The authors recently described the preparation of triblock, star-shaped micelles and folate-decorated
micelles and their cytotoxic effects on human breast cancer cell lines (MCF-7) [17-19,20]. These
formulations have been demonstrated to have potential applications in anti-cancer drug delivery
because drug-micelles are internalized into cells via endocytosis pathways. In contrast, free drugs are
internalized into cells by a diffusion mechanism, and so have a higher cytotoxicity against cancer cells.
The two broad endocytic pathways are phagocytosis (uptake of large particles) and pinocytosis (uptake
of endocytosis fluids and solutes by clathrin-dependent and non-clathrin-dependent pathways). The
purpose of this work is to synthesize and characterize a new class of doxorubicin (DOX)-loaded
micelles using folate-decorated star-shaped copolymer. The drug loading content of doxorubicin-loaded
micelles, its drug loading efficiency and the release of DOX from the micelle were measured.
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Furthermore, the cellular uptake mechanism and potential endocytosis pathways of FA-decorated
micelles in carcinoma cells (KB) cells and MCF-7 cells were further examined using specific inhibitors
of the various endocytic pathways.

2. Materials and Methods
2.1. Materials

Pentaerythritol ethoxylate (EO/OH 15/4), e-caprolactone, doxorubicin hydrochloride (DOX-HCI),
2-diphenyl-1,3,5-hexatriene (DPH), and dimethylsulfoxide (DMSQO) were obtained from Sigma-Aldrich
Chem. Co. Inc. (St. Louis, MO, USA). Stannous octoate (Sn(Oct),) was obtained from MP Biomedicals
Inc., (Santa Ana, CA, USA). The polyethylene glycol (PEG) polymer with a terminal hydroxyl and
carboxylic acid functional groups (OH-—PEG340—~COOH) was custom synthesized by Biomatrik
(Zhejiang, China). 4-Dimethylaminopyridine (DMAP) and N,N'-dicyclohexylcarbodiimide (DCC) were
purchased from Alfa Aesar, A Johnson Matthey Company, (Ward Hill, MA, USA). Tetrahydrofuran
(THF) was distilled from metallic sodium and benzophenone. Triethylamine (TEA), dichloromethane
(DCM), hexane and diethyl ether were purchased from Echo Chemicals (Miaoli, Taiwan) and used as
received. Cystamine dihydrochloride (Cystamine-2HCI, >98%), p-nitrophenyl chloroformate (NPC) and
N-hydroxysuccinimide (NHS) were obtained from Acros Organics (Geel, Belgium).

A human breast cancer cell line: drug-sensitive cell (MCF-7) and a human oral carcinoma cell line
(KB) were kindly donated by Dr. Chen of School of Pharmacy, College of Medicine National Taiwan
University, Taipei, Taiwan for use in the cell culture experiments. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) was obtained from Sigma-Aldrich Chem. Co. Inc (St. Louis,
MO, USA). Dulbecco’s Modified Eagle’s Medium (DMEM) and antibiotic antimycotic were
purchased from Invitrogen Corporation (Grand Island, NY, USA). Fetal bovine serum (FBS) was
obtained from HyClone Thermo Fisher Scientific Inc (Waltham, MA, USA). Methyl-B-cyclodextrin,
chlorpromazine and cytochalasin D were obtained from Sigma-Aldrich Chem. Co. Inc.

2.2. Synthesis of Folic-Tethered Star-Shaped Poly(e-Caprolactone)-Poly(Ethylene Glycol) Block
Copolymer 4SPCL-PEG-Folic

4SPCL-PEG and 4SPCL-PEG-Folic were prepared elsewhere [17]. Each preparation consisted of
four steps, where the synthesis of star-shaped poly(e-caprolactone) polymers (PCL) begins by an open
ring polymerization reaction, activation of 4SPCL with NPC, conversion of a terminal carboxylic acid
group of OH-PEG3400—COOH into an amino functional group (NH,—~PEG-OH), coupling of activated
4SPCL with NH,~PEG—OH and conjugation with folic acid via carbodiimide chemistry. Figure 1
displays the reaction schemes for preparing 4SPCL-PEG and 4SPCL-PEG-Folic copolymers. Briefly,
in a nitrogen atmosphere, a DCM solution (5 mL) of OH-PEG-NH; (240 mg, 0.07 mmol), star-shaped
polymer PCL-NPC (105 mg, 0.017 mmol), and 10 uL TEA were stirred at room temperature for 48 h.
Folic acid (0.05 mmol, 22 mg) and DCC (0.06 mmol, 12.4 mg) were dissolved in DMSO (3 mL). The
mixture was stirred at room temperature for 24 h. The folic acid in DMSO was mixed with the above
solution with the addition of DMAP (0.006 mmol, 1.0 mg) and stirred for 24 h. The precipitated
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product was removed using a centrifuge. The supernatant was dialyzed against DMSO for 24 h and
DD water for 24 h, before being lyophilized.

2.3. Preparation and Characteristic of 4SPCL-PEG-Folic Micelles

To prepare the DOX-unloaded micelles, a micellar solution was prepared by dissolving 5 mg of
copolymer in 1.0 mL of a mixture of THF and DMSO (1:1, v/v) and then 1.0 mL of deionized water
(18.2 mQ-cm resistivity) was added with stirring. The resulting solution was placed at room
temperature for 3 h and then was transferred to a dialysis bag before being dialyzed against 1 L of
deionized water for 24 h (MWCO: 8000 Da, Spectrum Laboratories, Rancho Dominguez, CA, USA).
The water was replaced hourly for the first 3 h. The micellar solution was diluted to 0.5 mg/mL for the
sizes of the particles to be measured.

To prepare the DOX-loaded micelles, 2.0 mg of DOX was neutralized with an excess amount of
TEA in 1.0 mL of THF/DMSO (1:1, v/v). The DOX solution was then added to the 1.0 mL
THF/DMSO (1:1, v/v) solution, which contained 20 mg copolymer. This solution was added to 1.0 mL
deionized water with stirring for 3 h. The mixture was transferred for dialysis against 1 L of deionized
water for 24 h to produce the DOX-loaded micelles. The water was replaced hourly for the first 3 h,
and then refreshed once every three hours until no red color of DOX was observed in the dialysate.
The drug loading efficiency (DLE) is defined as the weight of DOX in the micelles as a percentage of
the initial feed amount weight of DOX. The drug loading content (DLC) is estimated from the mass of
incorporated DOX into the micelles divided by the mass of the copolymer. The amount of DOX-loaded
in the micelles was determined using a JASCO UV-530 UV-Vis spectrometer (JASCO, Inc., Easton,
MD, USA) at 485 nm [21].

Particle size and zeta potential measurements: The distribution of particle sizes was determined by
dynamic light scattering (DLS) using a Zetasizer 3000HSA instrument (Malvern, UK) at a fixed angle
of 90° and a laser wavelength of 633.0 nm at 25 °C. The mean diameter calculated from ten
measurements. The zeta potential was measured using an aqueous dip cell in automatic mode using a
Zetasizer 3000HSA instrument from Malvern (Malvern, UK).

2.4. Experiment on in Vitro Release of DOX from 4SPCL-PEG-Folic Micelles

An experiment was carried out following a procedure that was described elsewhere [17]. Briefly,
1.0 mL of DOX-loaded micellar solution was dissolved in 1.0 mL phosphate buffer solution (PBS)
(0.1 M, pH 7.4) and acetate buffer solution (0.1 M, pH 5.4), and each was separately transferred into a
dialysis tube (MWCO: 8000 Da). The tube was immersed into 50 mL of phosphate or acetate buffer
solution, which was maintained at 37 °C. At various times, 1.0 mL of the buffer solution outside the
dialysis bag was withdrawn for UV-Vis analysis and replaced with 1 mL of fresh buffer solution. The
DOX concentration was calculated from the absorbance at 485 nm.

2.5. In Vitro Cytotoxicity of DOX-Loaded Micelle in KB and MCF-7 Cell Lines

KB and MCF-7 cells were seeded in 96-well plates at a density of 2 x 10° cells/well and were incubated
at 37 °C in a humidified atmosphere that contained 5% CO, for 24 h before assay. Thereafter, the cells
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were further incubated in a cell medium with 10% fetal bovine serum (Gibco, Grand Island, NY, USA)
that contained free DOX, DMC,oy or DMCoF of various DOX concentrations (0.01-20 pg/mL) for 48 h.
A solution of medium with unloaded micelles (placebo) was used as a control to yield results that
could be compared with those obtained from the DOX-loaded micelle. The same experiment was
conducted using media that contained 100 pg/mL free folic acid to determine the effect of the FR
blockade. At various times, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
solution was added to each well, and the contents were incubated at 37 °C for 4 h. Thereafter, the
medium was removed and violet crystals were solubilized with DMSO. The absorbance of each well
was determined using a Multiskan Spectrum spectrophotometer (Thermo Electron Corporation,
Waltham, MA, USA) at 570 nm and 630 nm. The cell viability (%) was calculated as the ratio of the
number of surviving cells in drug-treated samples to that in the control.

2.6. Cellular Uptake of DOX-Loaded Micelles in the MCF-7 and KB Cell Lines
2.6.1. Flow Cytometry

The intracellular uptake of doxorubicin was evaluated by flow cytometry, using a FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA, USA). Then 2 x 10’ cells (KB and MCE-7 cell lines)
were incubated in the culture medium for two days and afterwards separately treated with free DOX,
DMC, o9 and DMCF, in a medium that contained DOX at a concentration at 5 pg/mL and 10 ug/mL
DOX equivalents for 2 h. The medium was removed after 2 h and washed twice with PBS, and then
trypsin was added and left to stand for 2 min. The cells were harvested and centrifuged at 1500 rpm.
Cells in 12 x 75 Falcon tubes were placed on the FACSCalibur. The fluorescence intensity of DOX
was measured at 488 nm excitation using a 575 nm band pass filter.

2.6.2. Cellular Uptake of DOX

To evaluate the intracellular uptake of the drug into the cells, the uptakes of DOX-loaded micelles
and free DOX by KB and MCF-7 cell lines were tested. The cells were seeded on coverslip glass
(3 x 10° cells/dish) and incubated for two days. The cells were then incubated with DMCq and
DMC,oF in a medium that contained DOX at a concentration of 5 pg/mL. After 3 h, the medium was
removed and the cells were washed twice using cold PBS. Fluorescence images of the cells were obtained
using a confocal laser scanning microscope (A1R-A1, Nikon Instruments Inc., Melville, NY, USA).

2.6.3. Pathways of Endocytosis

KB and MCF-7 cell lines were seeded in a six-well plate with a density of 2 x 10> cells/well and
incubated for two days. The cells had been pre-incubated with inhibitors (methyl-B-cyclodextrin,
chlorpromazine and cytochalasin D) for 1 h. The inhibitor solutions were removed and fresh
DOX-loaded 4SPCL-PEG-FOL micelles in a medium that contained inhibitors were added and the
system was incubated for 2 h. The DOX concentration was 10 pg/mL. The concentrations of
chlorpromazine, methyl-pB-cyclodextrin and cytochalasin D were 10 ug/mL, 10 mM and 10 pg/mL,
respectively. The cells were collected and analyzed using a flow cytometer. The medium and
DOX-micelles without inhibitors were used as controls.
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3. Results and Discussion
3.1. Preparation and Micellization Behavior of 4SPCL-PEG-Folic Copolymer

Figure 1 displays the synthesis of 4SPCL-PEG-Folic copolymer. The star-shaped block polymers
PCL, with various molecular weights were activated with NPC. HO-PEG—COOH was activated with
NHS and reacted with the cystamine to yield OH-PEG-NH,. Coupling of the activated PCL with
OH-PEG-NH; yielded star-shaped PCL-PEG—OH. These star-shaped copolymers were conjugated
with folic acid using DMAP and DCC. As presented in Table 1, 4SPCL-PEG and folate-conjugated
4SPCL-PEG copolymers with various molecular weights of the PCL were synthesized. The structures
of 4SPCL-PEG-Folic copolymers were obtained by '"H NMR and FT-IR in our earlier study [17].
Doxorubicin, an anthracycline drug, is commonly administered for treating breast cancer as well as
ovarian, prostate, brain, cervix and lung cancer. However, DOX was found to have cardiac toxicity, a
short half life-time, and a low solubility in an aqueous solution [22]. To overcome the limitations,
DOX micelles were prepared using copolymer with and without folic conjugation following
evaporation of the solvent, resulting in the formation of DOX encapsulated in micelles. The diameters
of DOX micelles with and without folic conjugation were in the range 97-209 nm, as verified using
dynamic light scattering. As presented in Table 2, the particle size of the micelles increased with the
molecular weight of the PCL segments. Note that the micelles are abbreviated as DMC,,, or DMC,,,F
where xxx represent the segment length of PCL in this study. Additionally, the atomic force
microscopy (AFM, JPK Instruments AG, Berlin, Germany) image showed a spherical shape of
DMC,ooF micelles having an average hydrodynamic diameter of approximately 100 nm. As compared
with the results of DLS measurements, the smaller size of the micelle is due to the AFM being measured
in a dry state in comparison with the aqueous state of DLS [17]. Furthermore, the zeta potential of the
micelles decreased following DOX loading and folic conjugation. The negative zeta potential of folic
acid-tethered micelles has also been reported in a previous investigation [17,23]. The anti-cancer drug
hydrophobic DOX was physically entrapped in the core of the micelles of the star-shaped copolymer.
The drug loading efficiency of the DOX-incorporating micelles increased with the molecular weight of
the poly(e-caprolactone), because an increase in the hydrophobic chain length of the block copolymer
improves the interaction between hydrophobic DOX and poly(e-caprolactone) [24]. The conjugation of
folic acid with 4SPCL-PEG did not significantly change the drug loading efficiency or drug loading
content. The drug loading efficiency and drug loading content of 4SPCL-PEG-Folic micelle and
4SPCL-PEG micelle were 88.5% and 88.2%, respectively. The in vitro release profiles of DOX from
4SPCL-PEG-Folic micelle and 4SPCL-PEG micelle were obtained in PBS (0.1 M, pH 7.4) and acetate
buffer solutions (0.1 M, pH 5.4) at 37 °C. The results reveal an initial burst release of DOX for
approximately 10 h, followed by a sustained and slow release for over 60 h (Figure S1). The initial
burst release of DOX from micelles is attributable to the diffusion of DOX that was located close to
the surface of particles or within the hydrophilic shell, by the rapid degradation of the micelles [25].
Most of the DOX was released within a period of 60 h at pH 5.4 and just less than 30% of the drug is
released for both the DMC,o9 and DMC,ooF at pH 7.4. The release of DOX from 4SPCL-PEG micelles
at a pH value of 5.4 was faster than that of 4SPCL-PEG-Folic micelles. These results could be attributed
to the re-protonation of the amino group of DOX and the faster degradation of the micelle core at
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lower pH values. This pH-dependent release profile is of particular interest. It is expected that the
greater part of DOX-loaded micelles will remain in the micelle cores for a period of time in plasma
after intravenous administration and have the potential for prolonged DOX retention time in the blood
circulation. However, a faster release may occur at low local pH surrounding the tumor site or by the
more acidic environment inside the endosome and lysosome of tumor cells after cellular uptake of

micelles through endocytosis.

Figure 1. Synthetic scheme of 4SPCL-PEG-FOL copolymer.
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Table 1. Properties of prepared copolymer with various feed weight ratios of star-shaped PCL.

Sample M, (theory) MmNMR Sample M, (theory) MmNMR

4SPCLs,-PEG 19,613 17,049  4SPCL5,-PEG-Folic 21,521 17,168
4SPCL,4-PEG 25,313 23,398 4SPCL,-PEG-Folic 27,221 23,570
4SPCL;5-PEG 31,013 28,253  4SPCL;50-PEG-Folic 30,161 28,680
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Table 2. The properties of doxorubicin (DOX)-loaded star-shaped micelle.

Empty micelles Drug loading micelles
Sample .Particle Zeta pote;ltial Poly Index  Sample Particle size ~ Zeta poteztial Poly DLC* DLE ¢

size (nm) * (mV) (nm) “ (mV) Index (%)
4SPCLs,-PEG 136977 -1.8+0.7 0.29 DMCs,  96.9+9.7 —2.8+0.7 021 75 75
4SPCL,¢-PEG 1723 +1.5 -14+£0.5 0.25 DMC,oy 142.1£14.9 —-2.1+£0.6 0.19 8.8 88
4SPCL5-PEG 209.3 +8.8 -1.3+0.3 0.27 DMC5, 1452+ 14.1 -1.9+0.6 025 6.6 66
4SPCLsp-PEG-Folic 1253 +2.6 -1.9+0.1 0.48 DMCsF 1262+ 1.1 —-3.4£0.15 0.1 7.6 76
4SPCL,-PEG-Folic  133.4+7.4 -23+£09 0.05 DMC,ooF 128.7+8.9 -3.9+£0.15 0.35 89 &9
4SPCL;5-PEG-Folic 1742+ 1.9 -2.0+0.5 0.37 DMC;5F  123.1+7.9 -2.4+0.19 008 34 34

® Particle size was collected by ten measurements; ° Value was collected by five measurements; © DLC and DLE were drug loading

content and drug loading efficiency, respectively.

3.2. In Vitro Cytotoxicity of DOX-Loaded Micelles

In this investigation, to elucidate the effect of the lethal dose and co-culturing time of DOX-loaded
micelles on KB and MCF-7 cells, the cells were incubated with various concentrations of DOX
equivalent from 0.01 to 20 pg/mL for various periods (3, 24 and 48 h). Figure 2 plots the cell viability
of MCF-7 and KB cells that had been treated with DOX, DOX-loaded 4SPCL-PEG micelles and
DOX-loaded 4SPCL-PEG-Folic micelles. The cell viabilities decreased significantly as the treatment
time (3—48 h) or the DOX dose increased. The cell viabilities of MCF-7 and KB exceeded 80% after 3 h
of treatment (Figure 2a,b). Free DOX and DOX-loaded micelles did not exhibit cytotoxicity after 3 h
of incubation because of the lag phase of DOX [26]. Similar results were obtained after the incubation
of DOX in other formulations for 3 h [20,27]. However, significant cytotoxicities were observed at 24 h
and 48 h. As shown in Figure 2, the cell viabilities decreased from 80% at 3 h to 40% and 15% at 24 h
and 48 h, respectively for KB and MCF-7 cells. The DOX-loaded micelles and free DOX exhibited
almost the same effect to MCF-7 cells when the cells were incubated for 24 h (Figure 2c). However,
free DOX had a stronger effect on KB cells than did DOX-loaded 4SPCL-PEG micelles or
DOX-loaded 4SPCL-PEG-Folic micelles (Figure 2d). When KB and MCF-7 cells were incubated with
DOX micelles and free DOX for 48 h, the greater toxicity of free DOX was observed at DOX
concentrations of under 5 pg/mL than those of DOX micelles and similar effects were observed when
the DOX concentration exceeded 5 pg/mL (Figure 2e,f).

Additionally, we found that over 20% of DOX was released from DMC,o and DMC,oF micelles in
the first 5 h of release experiment at pH 5.0 (shown in the supporting information). In contrary, DOX
in the micelles showed no burst release in the neutral medium (pH 7.4). To correlate with cell viability
for short incubation time (Figure 2a), the micelles and free DOX showed similar toxicity to MCF-7
cells. This can be attributed to the effect of burst release of DOX from the micelles. It is coincident to a
report by Ostacolo ef al. [28] that 4-arm star-PEG-PCL micelles displayed limited burst release of
docetaxel, a potent chemotherapeutic agent for prostate cancer and breast cancer. The burst-released
docetaxel behaving like free docetaxel can diffuse into the cancer cells.
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Figure 2. Cytotoxicities of human breast cancer cells (MCF-7)and human oral cavity
carcinoma cells (KB) cells, when cells were incubated with DOX-loaded micelle (DMCg
and DMC,yF) and free DOX: MCF-7 cells: (a) 3 h; (¢) 24 h; and (e) 48 h. KB cells: (b) 3 h;

(d) 24 h; and (f) 48 h.
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To elucidate further the role of folate in the cellular uptake of DOX-loaded 4SPCL-PEG-Folic

micelles, the KB and MCF-7 cells were incubated with the micelles in a medium that contained free
folic acid as an inhibitor of the folate receptor. As displayed in Figure 3, the cell viabilities of both cell
lines in the presence of DOX-loaded 4SPCL-PEG-Folic micelles (No. 4) were lower than those in the
presence of DOX-loaded 4SPCL-PEG-micelles (No. 3). The cell viabilities of KB cells were 37.4%
and 28.9% in the presence of nonfolic micelles and folic micelles, respectively; the cell viabilities of
MCEF-7 cells were similar. Moreover, the effect of pre-treatment of free folic acid on the intracellular
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uptake of either DOX-4SPCL-PEG-Folic micelle or DOX-4SPCL-PEG micelle was pronounced; The
cell viability of DOX-loaded 4SPCL-PEG-Folic micelles in the presence of folic acid (No. 5) was
higher than that in the presence of DOX-loaded 4SPCL-PEG-Folic micelle without a folic acid
inhibitor (No. 4). Apparently the uptake of DOX in both of KB and MCF-7 cells was inhibited by free
folic acid indicating that the folic micelles (DMC,F) can specifically target to MCF-7 and KB cells
via folate receptor-mediated endocytosis [6,17,29].

Figure 3. Effect of free FA on the cell viabilities of MCF-7 and KB cells incubated with
various DOX formulations for 24 h (DOX concentration: 10 pg/mL).
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3.3. Cellular Uptake of DOX-Loaded Micelles
3.3.1. Flow Cytometry

To elucidate the relationships between the intracellular accumulations of DOX-micelles, and free
DOX with incubation time and dose of DOX, the MCF-7 and KB cells were incubated with either free
DOX or DOX-4SPCL-PEG-Folic micelles at DOX concentrations of 5 and 10 pg/mL for 3, 8 and 24 h.
The results thus reveal that the fluorescent intensities increased from 3 to 8 h of incubation, but the
cellular uptake slightly increased from 8 to 24 h of incubation. Free DOX exhibited a more intense
fluorescence in KB and MCF-7 cells than did DOX-loaded 4SPCL-PEG-Folic micelles or DOX-loaded
4SPCL-PEG-micelles after 8 or 24 h of incubation. Interestingly, the uptake by KB cells of DOX-loaded
4SPCL-PEG-Folic micelles was higher than that of DOX-loaded 4SPCL-PEG-micelles but was similar
to that of free DOX after 3 h of incubation. Additionally, the DOX-loaded 4SPCL-PEG-Folic micelles
were associated with a much lower cellular uptake of DOX by both cell lines than were the micelles
without folic acid conjugation. The presence of folic acid in the culture medium did not affect the
cellular uptake of DOX by MCF-7 cells following 24 h of incubation. However, the results of flow
cytometry revealed that, after 24 h of incubation, a greater fraction of DOX was accumulated in KB
cells when the micelles were conjugated with folate than when they were not conjugated with folate
(Figures 4 and 5). These results suggest that the presence of folic acid in the culture medium competitively
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inhibited the binding of DOX-4SPCL-PEG-Folic micelles to folate receptor-positive KB cells, but that its
effect on the binding to MCF-7 cells was very limited. These results suggest that DOX-4SPCL-PEG-Folic
micelles were internalized by cells via a folate receptor-mediated endocytosis process. Note that the
interpretation of flow cytometric data should be supplemented with the direct evidence of DOX
fluorescence images. This is because fluorescence quench of DOX was reported from two origins:
1. When DOX binds to DNA in the nucleus [30]; 2. The shell of liposome and micelles [31]. As a
result, the cellular uptake of DOX for relatively low nuclear DOX localization is under-estimated.

Therefore, the following paragraph focuses on the confocal microscopy of endocytosis pathway of the
free DOX and DOX-loaded micelles.

Figure 4. Flow cytometry histogram profile of KB cells that were incubated with free DOX,
DOX-4SPCL-PEG-Folic micelle (DMC,yF) and DOX-4SPCL-PEG micelle (DMC¢y) for 3,
8 and 24 h with DOX concentration of Spg/mL (a, ¢, e) and 10 pg/mL (b, d, f). (Pink: control,
Blue line: DMC, 0, Red: DMC,oF, Black: free DOX, Green: free folic acid + DMCoF). The
y-axis indicates the counts of the fluorescence intensity.
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Figure 5. Flow cytometry histogram profile of MCF-7 cells that were incubated with free
DOX, DOX-4SPCL-PEG-Folic micelle (DMC,oF) and DOX-4SPCL-PEG micelle (DMCip)
for 3, 8 and 24 h with DOX concentration of 5 pug/mL (a,c,e) and 10 pg/mL (b,d.f). (Pink:
control, Blue line: DMC;q, Red: DMC;nF, Black: free DOX, Green: free folic
acid + DMC,F). The y-axis indicates the counts of the fluorescence intensity.
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3.3.2. Confocal Image of DOX-Loaded Micelles in KB and MCF-7 Cell Lines

The cellular uptake and internalization of DOX-loaded 4SPCL-PEG-Folic micelles and DOX-loaded
4SPCL-PEG micelles in KB and MCF-7 cells were further examined using confocal microscopy. As
presented in Figure 6, KB cells that were exposed to DOX-loaded 4SPCL-PEG-Folic micelles
exhibited a higher fluorescence intensity of DOX than did MCF-7 cells. Strong DOX fluorescence was
observed in the cytoplasm, revealing that the DOX-loaded micelles were internalized by the cells via
endocytosis and that DOX was distributed throughout the cytoplasm after escaping from the endosome
and/or the lysosome [3,32]. Furthermore, the DOX-loaded 4SPCL-PEG-Folic micelles had a greater
fluorescence intensity than the DOX-loaded 4SPCL-PEG micelles in KB and MCF-7 cells. This result
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clearly reveals that the presence of folic acid on the surface of micelles increased the cellular uptake of
DOX into the cells.

Figure 6. Confocal laser images of MCF-7 cells incubated with (a) DOX-4SPCL-PEG
micelle; (b) DOX-4SPCL-PEG-Folic micelle; (¢) KB cells incubated with DOX-4SPCL-PEG
micelle; and (d) DOX-4SPCL-PEG-Folic micelle for 3 h with DOX concentration of
5 pg/mL (scale bar 50 um).
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3.3.3. Endocytosis Pathway

Endocytosis is a basic cellular process that is exhibited by all cell types to internalize various
molecules. It involves specialized proteins—clathrin and caveolin [13,14]. To identify the endocytic
pathway that is involved in the uptake of 4SPCL-PEG-Folic micelles, cells were incubated with
chlorpromazine to inhibit clathrin-mediated endocytosis; with MBCD to inhibit caveolae/lipid-raft
mediated endocytosis; Cytochalasin D to inhibit macropinocytosis, and with phagocytosis and folic
acid to inhibit FR-mediated endocytosis [13,14,33]. From the results thus obtained, Cytochalasin D did
not influence the uptake of 4SPCL-PEG-Folic micelles by either KB or MCF-7 cells. The cellular
uptakes were 99.23% and 99.7% for KB and MCF-7 cells, respectively. However, the inhibition by
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chlorpromazine of the uptake of the 4SPCL-PEG-Folic micelles in KB cells was higher than that in
MCEF-7 cells. MBCD and folic acid markedly inhibited the uptake of 4SPCL-PEG-Folic micelles in
both cell lines. When the cells were pretreated with MBCD, 69% and 56% inhibition were observed for
KB and MCF-7 cells, respectively, after 2 h of incubation. Hence, caveolin-dependent endocytosis
mediates the uptake of 4SPCL-PEG-Folic micelles. Moreover, folic acid is an inhibitor of
FR-mediated endocytosis. Consequently, the reduction in internalization of DOX-loaded-micelles in
cells that had had pretreatment with folic acid was 57% and 26% for KB and MCF-7, respectively
(Figure 7). These results demonstrate that caveolin-dependent endocytosis and folate receptor-mediated
endocytosis mediate the uptake of 4SPCL-PEG-Folic micelles. Similar results have been obtained
elsewhere [9,17], suggesting that the DOX-loaded micelles were herein mainly internalized via
caveolae/lipid-raft-mediated endocytosis and clathrin-mediated endocytosis in 2 h, and that the latter
process consists of FR-mediated endocytosis and caveolae/lipid-raft mediated endocytosis. It was
reported that MCF-7 cells could uptake paclitaxel-loaded C,s-hyaluronic acid micelles conjugated with
folate mainly via caveolae-mediated endocytosis while other pathways were also contributing to the
drug uptake, e.g., multiple endocytosis pathway [34]. Hence the design of new polymeric micelles can
follow this finding in order to engineer the drug carriers for quantitative drug delivery technology.

Figure 7. Effects of inhibitors on the internalization of DOX-loaded 4SPCL-PEG-Folic
micelle (a) KB cell; and (b) MCF-7 cell.
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4. Conclusions

In this study, 4SPCL-PEG-Folic copolymer was synthesized using various feeding ratios of PCL. The
copolymer structures were verified by '"H NMR and FT-IR. The micelles that comprised the prepared
4SPCL-PEG-Folic copolymer were 97-209 nm in diameter. The in vitro drug release profiles from the
micelles depended on pH. The release of DOX from 4SPCL-PEG micelles at a pH value of 5.4 was
faster than that from 4SPCL-PEG-Folic micelles. When DOX was loaded into 4SPCL-PEG-Folic
micelles, the cytotoxicity and cellular uptake of the DOX-loaded folate micelles in KB and MCF-7 cells
were greater than those of DOX-loaded micelles without the folate ligand. Finally, the folate micelles
can deliver DOX into cells via FR-mediated endocytosis and caveolae/lipid-raft mediated endocytosis.
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