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Abstract
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Abstract:

Over expression of cell-membrane transporters is one of the major mechanism of multidrug
resistant ( MDR) phenomenon which is associated with failure of cancer treatment. Therefore,
inhibition of drug transporter function is challenge in cancer therapy. Two flavonoid glycosides;
quercetrin (QRT) and rutin (RUT) as well as their aglycone, quercetin (QCT) are inhibitors of the P-
glycoprotein (P-gp) which is overexpressed in cancer cells and is one of the mechanism for the
resistance towards cytostatic drugs. However, their pharmaceutical application is limited according to
their low aqueous solubility. In this study, the polymeric micelles of benzoylated methoxy-
poly(ethylene glycol)-b-oligo( E-caprolactone) or mPEG-b-OCL-Bz loading with the flavonoids were
prepared to solve these problems. The flavonoid-loaded micelles showed average size of 13-20 nm
and maximum loading capacity of 35% (w/w). The release of QCT (21%, 3 h) was lower than QTR
(51% , 3 h) and RUT (58% , 3 h). QCT (free and micelle forms) exhibited significantly higher
cytotoxicity against P-glycoprotein overexpressing leukemia (K562/ADR) cells than QTR and RUT
(p<0.05). The results demonstrated that QCT-loaded micelles effectively reversed cytotoxicity of both
doxorubicin (multidrug resistant reversing ((S) values up to 0.71) and daunorubicin (5 values up to
0.74) on K562/ADR cells. It was found that QCT-loaded micelles as well as empty polymeric
micelles inhibited P-gp efflux of tetrahydropyranyl adriamycin. Besides, mitochondrial membrane
potential was decreased by QCT (in its free form and micellar formation). Our results suggested that
a combination effects of polymeric micelles (inhibiting P-gp efflux) and QCT (interfering mitochondrial
membrane potential) might be critical factors contributing to the reversing multidrug resistant of
K562/ADR cells by QCT-loaded micelles. We concluded that QCT-loaded mPEG-b-OCL-Bz micelles

are the attractive systems for overcoming multidrug-resistant cancer cells.
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1. Executive Summary
Multidrug resistance (MDR), among others, caused by over expression of cell-membrane
transporters, is a major factor for the clinical failure of chemotherapy for many types of cancer.
Therefore, inhibition of these drug transporters is an attractive modality in cancer therapy to
enhance the therapeutic potential of cytotoxic drugs. It has been reported that flavonoids which

are quercetin (QCT) quercetrin (QTR) and rutin (RUT), inhibit MDR efflux proteins. However, the

solubility of QCT and also its glycoside derivatives, QTR and RUT, is very low (0.1-500 LLM)
which limits their use in clinical oncology. Polymeric micelles consist of a hydrophobic core that
can improve solubility of hydrophobic drugs. Additionally, a recent study reported that polymeric
micelles can inhibit P-gp (cell-membrane transporters) function. In this study, we aimed to
encapsulate QCT, QTR and RUT into mPEG750-b- OCL-Bz micelles to improve their solubility
and evaluate the MDR-reversing effect.

The results show that flavonoid-loaded mPEG-b-OCL-Bz micelles were successfully
prepared by film hydration method with the particle size around 13-20 nm and zeta potential of -
1.99 to -8.86 mV. The flavonoid loaded polymeric micelles exhibited a regular spherical shape
as determined by TEM. The highest entrapment efficiency was found from QTR (91.1£1.1%),
followed by QCT (73.1+£5.0%) and RUT (71.7+1.9%). Besides, QTR had the maximum loading
capacity, followed by RUT and QCT with LC values of 36.4+0.4%, 11.5+0.3% and 7.310.5%,
respectively. These results present that the efficiency of incorporation of flavonoids into polymeric

micelles was influenced by the balance between the hydrophobicity and the hydrophilicity.

Moreover, the studied flavonoid-incorporated polymeric micelles were stable for 14 days at 37OC
in the absence of BSA. The in vitro release study exhibited that QCT was significantly slower

than that of QTR and RUT at releasing time of 15 min to 6 h. The interaction between the drug

and the micellar core effected the drug release. The TI- TT interaction between QCT (aglycone)
and the micellar core of mPEG-b-OCL-Bz micelles was stronger than that of QCT glycosides.
The cytotoxicity results present that QCT in its free form or micellar formulation had higher
cytotoxicity activity than QTR and RUT. The cytotoxicity results also reveal that free QCT and
QCT-loaded micelles might not be substrates of P-gp. Interestingly, empty mPEG-b- OCL-Bz
micelles had MDR-reversing effect. A stronger MDR-reversing effect to both doxorubicin (DOX)

and daunorubicin (DAU)of K562/ ADR cells was observed from QCT-loaded micelles (at QCT



concentration of 1-3 LLM) with maximum MDR-reversing values around 70%. In order to study
the mode of action by which QCT-loaded micelles increased the efﬁcacy of DOX or DAU in P-
gp overexpressing cells, the modulation of QCT-loaded micelles in the kinetics of P-gp-mediated
pumping and mitochondrial membrane potential were investigated. For the assessment of kinetics
of P-gp-mediated pumping, it was found that P-gp pump was inhibited by QCT-loaded micelles
and empty mPEG750-b-OCL-Bz micelles with maximum P-gp inhibiting effect of 70% and 18%,
respectively. The ratio of C,;/Cy of QCT-loaded micelles and empty polymeric micelle
continuously increased in dose dependent manner. For the assessment of mitochondrial
membrane potential, it found that QCT (in its free form and micellar formation) had an effect on
mitochondrial membrane potential. The deceasing of JC-1 R/G ratio in resistant cells treated with
free QCT and QCT loaded polymeric micelles for 15 min was 30% and 36% of cell control,
respectively. This decreasing did not change in time dependent manner. Taken together, the
potential mechanisms of reversing multidrug resistant of K562/ ADR cells by QCT loaded
polymeric micelles might be the combination effects of polymeric micelles and QCT, interfering

with P-gp function and mitochondrial membrane potential, respectively.

2. Objectives

2.1. To improve the solubility of QCT glycosides by incorporation these compounds into
mPEG750-b-OCL-Bz micelles

2.2. To evaluate the MDR-reversing effect of interesting flavonoid-loaded mPEG750-b-
OCL-Bz micelles for anticancer drugs (doxorubicin (DOX) and daunorubicin (DAU))

2.3. To determine mechanism of cancer cell death of interesting flavonoid- loaded
mPEG750-b-OCL-Bz micelles

2.4 To investigate mechanism of sensitization of MDR cancer cells by interesting

flavonoid-loaded mPEG750-b-OCL-Bz micelles



3. Methodology

3.1 Preparation flavonoid-loaded mPEG750-b-OCL-Bz micelles

The film hydration method was used to prepare flavonoid-loaded amphiphilic block

oligomers, mPEG750-b-OCL-Bz.

Stock solution of flavonoids (quercetrin, rutin and quercetin) and oligomer was
dissolved in ethanol and/or dichloromethane.

Stock flavonoid solution and oligomer solution were mixed into round bottom flask
to achieve flavonoid/oligomer ratios of 2.5%, 5%, 10%, 20%, and 40% (w/w).
The solvent of this mixture was evaporated under N, stream for 1 h.

Micellization was induced by hydration of the obtained film with DI water.

The micellar suspension (size around 20 nm) was filtered through a 0.45 Lm filter

to eliminate non entrapped (precipitated) flavonoids.
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Fig. 1. The chemical structures of quercetin, quercetrin, rutin

Fig. 2. The chemical structures of mMPEG750-b-OCL-Bz



3.2 Loading efficiency
- The amount of flavonoid loaded micelles in the filirate was determined by diluting
the micelles with suitable solvent and measured the absorbance using UV-vis
spectrophotometer.
- The entrapment efficiency (EE) and loading capacity (LC) were calculated by the
following formula:

Amount of measured flavonoid
% EE = x 100%

Amount of added flavonoid

Amount of measured flavonoid
% LC = x 100%
Amount of added polymer

3.3 Dynamic light scattering

The particle size and zeta potential of loaded and unloaded polymeric micelles
was measured by dynamic light scattering (DLS), using a Malvern system (Malvern Ltd.,
U.K.) which consisting of auto-titrate and a computer with DLS software. Scattering of the
micellar solutions was measured at room temperature in an optical quality concentration
thereby giving the average diameter of the micelles (Zave).
3.4 Transmission electron microscopy

Transmission electron microscopy ( TEM, JEM 2010) was used to examine
morphology and particle size of flavonoid loaded micelles. TEM samples were prepared
by dropping the micelles onto copper grid, followed by air drying. TEM images of flavonoid
load polymeric micelles were subsequently examined.
3.5 Release study

The in vitro release of flavonoid from flavonoid-loaded micelles was determined
by dialysis method.

- Flavonoid- loaded micelles obtained from fresh preparation were added into pre-

swollen dialysis bag with molecular weight cut-off at 3,500 daltons.



- The dialysis bag then was tightly closed and immersed into suitable receiving

medium with gentle stirring.

- The received medium was sampling periodically and the fresh medium was

replaced.

- The amount of flavonoid released was measured spectroscopy using UV-vis

spectrophotometer.

3.6 Cell culture

Human erythromyelogenous leukemic (K562) cells and their corresponding DOX-

resistant cells (K562/ADR; a cell line that overexpresses P-gp ) were used in this study.

- The cells were cultured in RPMI 1640 supplemented with 10% FBS, 100 U/ml of

penicillin, and 0.1 mg/ml of streptomycin, and grown in a humidified atmosphere

at 37°C in 5% CO.,.

- The trypan-blue dye exclusion method was used to evaluate cell viability.

- The cells were seeded at a density of 5X10° cells/ml and allowed to grow for 24

h in order to let them get into the exponential growth phase before starting the

experiments.

3.7 Cytotoxicity

Cancer cells were seeded into 24-well plates for mono-treatment.
The media contained doxorubicin, daunorubicin, free interesting flavonoid, empty
mPEG750-b-OCL-Bz micelles and interesting flavonoid-loaded mPEG750-b-OCL-
Bz micelles was added.
The cells were consecutively incubated for 72 h.
To evaluate the inhibition of cell growth, the number of cell was counted using a
flow cytometer (Coulter® Epics® XL™).
The cell growth inhibition was calculated.

Cc-72 h — Cs-72 h

% Cell growth inhibition = X 100%
Cc—72 h— Cc—O h

where C.7,, and C. 4, represent the number of viable cells in the control cells at

72 h and 0 h, respectively, and C4_,, represents the number of viable cells in the samples



at 72 h. The drug concentration that inhibits 50% of the cell growth (ICs;) was obtained
from the dose-response curves of the percentages of cell growth inhibition versus drug
concentration.
3.8 Co-treatment assay

The potential MDR-reversing action of free interesting flavonoid or interesting flavonoid-
loaded micelles was investigated by the co- treatment assays using conventional
chemotherapeutic drugs (doxorubicin or daunorubicin) in combination with free flavonoid or

flavonoid-loaded micelles as P-gp modulators.

The cells were incubated with medium containing both interesting flavonoid (in its free

form or micellar formulation) and doxorubicin or daunorubicin

The inhibition of cell growth was investigated after 72 h of incubation at 37°C.

The number of cell was counted using a flow cytometer (Coulter® Epics® XL™)

The efficacy (5) of interesting flavonoid in increasing the cytotoxicity effect of the used

chemotherapeutic drugs on MDR cells was calculated.

IC50(RD) — IC50(RM)

MDR reversing (5) value =
IC50(RD) — IC5,(SD)

where IC5,(RD) is the 50% inhibitory drug concentration of MDR cell (K562/ADR)
growth, IC5o(RM) is the 50% inhibitory drug concentration of MDR cell growth in the
presence of QCT (in its free form or as micellar formulation) and ICs4(SD) is the 50%
inhibitory drug concentration of drug-sensitive cell (K562) growth. O = 0 when IC5, (RD)
= 1Cso (RM). This means that there is no effect of QCT; in the other words, QCT does
not act as inhibitor of Pgp. O = 1 when ICs0 (RM) = IC5, (SD). This means that QCT fully
inhibits P-gp.

3.9 Determination of kinetics of P- gp- mediated efflux of tetrahydropyranyl
adriamycin (THP) modulated by free flavonoids and flavonoid-loaded micelles
The kinetics of the active efflux of P-gp-mediated THP in cells were studied based

on quenching of the fluorescence of THP after its intercalation in DNA.

- A 1 cm quartz cuvette was filled with 2 ml of HEPES-Na" buffer solutions pH 7.25

with vigorous stirring at 37°C.



- The cancer cells were incubated in the HEPES-Na" buffer in the presence of 10
mM NaN; for 30 min.

- Then, 20 pyl THP was added to the cell suspension.

- The fluorescence intensity of THP was recorded as a function of time (using
excitation and emission wavelengths of 480 nm and 590 mm, respectively). When
THP is taken up by cells and subsequently intercalates in DNA, its fluorescence
is quenched (Fig 1). The kinetics of the quenching of the THP fluorescence is a
measure for the rate of cellular uptake of THP.

- Then, free interesting flavonoids and interesting flavonoid-loaded micelles were
added.

- Glucose was added.

- The rate of THP efflux was calculated from the slope of the tangent to the curve.

- The cell membranes were permeabilized by the addition of 0.01% Triton X-100.

THP
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Fig. 3. Determination of the active kinetic efflux of THP mediated by P-gp in the presence
of free interesting flavonoid, empty polymeric micelles or interesting flavonoid-loaded

micelles.



3.10 Annexin V-FITC apoptosis assay

Annexin V-Fluorescein isothiocyanate (Annexin V-FITC) assay was performed for

apoptosis detection.

- The cells were treated with QCT (in its free form or micellar formulation, at
concentrations of 25 yM) and empty polymeric micelles.

- The cells were washed with PBS and subsequently fixed with 70% ethanol
overnight.

- The cells were washed with PBS and subsequently added binding buffer.

- Then Annexin V-FITC and Pl were added.

- The prepared cells were incubated at room temperature with light protection for
10 min.

- The fluorescence of the cells was determined immediately with a flow cytometer.

- The flow cytometer was set excitation at 488 nm and emission at 530 nm. Pl and
FITC fluorescence intensity were collected on FL2 and FL1, respectively.

- The apoptosis analyzed was done by Flowing Software.

3.11ATP content assay

- K562/ADR cells were treated with with QCT (in its free form or micellar formulation,
at concentrations of 25 yM) and empty polymeric micelles.

- The cells were washed twice with ice-cold PBS and solubilized into cell lysates

- The mixture was centrifuged (12000 x g) at 4 °C for 10 min.

- The supernatant was collected to quantify the ATP concentrations using a
luciferin/ luciferase assay kit. The ATP content was normalized to the protein
content in each sample, as determined using a BCA Kkit.

- Blank medium was used as a control.

3.12 Assessment of mitochondrial membrane potential
Mitochondrial membrane potential ( Al.|Jm) was assessed by tetraethyl
benzimidazolyl carbocyanine iodide (JC-1), according to the manufacturer’s instructions.

- K562/ADR cells at a density of 1.5X10" cells/well were seeded into 96-well plates

and incubated overnight.



- Next, the cells were washed once with buffer.

- These cells were then stained with 20 uM JC-1 for 10 min at 37°C in the dark
and were washed twice with buffer.

- Subsequently, the cells were treated with QCT (in its free form or micellar
formulation, at concentrations of 25 yM) and empty polymeric micelles for 15, 30
and 60 min.

- The treated cells were measured using a microplate reader at A ex (475 nm)/)\
em (590 nm) for red fluorescence or A ex (475 nm)/)\ em (530 nm) for green
fluorescence.

- The obtained values were then expressed as JC-1 Red/Green fluorescent intensity

(JC-1 R/G) ratio.

4. Results and Discussion

4.1 Formulations and characterizations

Table 1 reveals that the average particle size of flavonoid-loaded mPEG-b-OCL-
Bz micelles was around 13-20 nm. There was no difference in the particle sizes between
the different molecular structures of the loaded flavonoids. Besides, the zeta potential
was range of -1.99 to -8.86 mV as shown in Table 2. The less negatively charge surfaces
prevent clearance by mononuclear phagocytic cells [ Levchenko et al. , 2002] .
Morphological investigation of flavonoid loaded polymeric micelles was observed by TEM.
All flavonoid loaded polymeric micelles exhibited a regular spherical shape with the
particle size around 14 nm (Fig. 4A-C). The particle size determined by TEM was similar
to that determined by DLS and there was no significant difference in the particle size

between the micelles loaded with the different flavonoids.
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Table 1 Average particle sizes of quercetin (QCT), quercetrin (QTR) and rutin (RUT) incorporated

MPEG-b-OCL-Bz micelles

Polymer: conpound QCT QTR RUT

ratio

(wiw) Z,e (M) PDI Zae (nm)  PDI Z,e (NmM) PDI

10:0 15.85+0.46 0.259+0.04 - - - -

40:1 14.3640.32 0.143+0.03 13.9+0.4  0.16+£0.03 17.74+2.29 0.381%0.12
20:1 15.02¢0.60 0.165+0.06 14.0+0.2  0.17+0.01 13.10+0.41 0.114%0.05
10:1 14.84+0.22 0.117+0.03 14.2+1.4  0.19+0.09 13.68+0.28 0.162+0.05
10:2 15.66+1.14 0.215+0.08 13.3+0.3  0.20+0.03 13.00+0.19 0.109+0.00
10:4 20.00+0.69 0.402+0.03 15.4+1.3 0.33+0.06 12.86+0.24 0.111+0.01

Table 2 Zeta potential of quercetin (QCT), quercetrin (QTR) and rutin (RUT) loaded mPEG-b-

OCL-Bz micelles. The values are presented as meanS.D. (n=3).

Flavonoid:Oligomer  Zeta (mV)

(%) QCT QTR RUT

(0 -1.9942.17 - -

25 -2.56+0.28 -3.8910.48 -2.8110.15
5 -2.26+0.12 -2.71+£2.03 -2.31+0.62
10 -4.18+0.25 -4.51+1.15 -2.27+0.15
20 -6.2840.40 -2.00+1.24 -6.05+0.98
40 -8.86+2.03 -2.25+0.14 -5.63+2.80

* = Empty micelles
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Fig. 4. TEM images of mPEG-b-OCL-Bz micelles loading with QCT (a), QTR (b), and
RUT (c)

The loading efficiency values of the polymeric micelles loading quercetin with
different sugar moieties are shown in Fig. 5 and Fig. 6. The y-axis shows the flavonoid
entrapment efficiency (Fig. 5) and the loading capacity (Fig. 6), and the x-axis reveals
the initial amounts of the flavonoid/ polymer ratios used in the formulation. The loading
efficiency of quercetin was about the same as that of the quercetin glycosides, at 10% of
the flavonoid/polymer ratio. On a decrease in the flavonoid/polymer ratio, the entrapment
efficiency of QCT was around the same as that of RUT but lower than that of QTR. On
an increase in the flavonoid/polymer ratio, the incorporation efficiency of QCT was found
to be higher than that of RUT but lower than that of QTR. Fig. 5 shows that the highest
entrapment efficiency was found from QTR (91.1+1.1%), followed by QCT (73.11£5.0%)
and RUT (71.7+1.9%). Fig. 6 presents, in line with the result illustrated in Fig. 5, that
QTR had the maximum loading capacity, followed by RUT and QCT with LC values of
36.4+0.4%, 11.5£0.3% and 7.310.5%, respectively. Fig. 6 also demonstrates that the
loading capacity of QTR increased when an increase in the QTR/polymer ratio was
affected. However, a reduction in the loading capacity of QCT and RUT was observed at
40% of the flavonoid/polymer ratio. This characteristic is probably due to the limited
capacity to incorporate flavonoids into the hydrophobic core of MPEG-b-OCL-Bz micelles.
So, for that season, the optimal loading ratio of QCT and RUT was 30%, while QTR was
40%.
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Fig. 5. The entrapment efficiency of quercetin (QCT), quercetrin (QTR) and rutin (RUT)

incorporated mMPEG-b-OCL-Bz micelles
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Fig. 6. The loading capacity of quercetin (QCT), quercetrin (QTR) and rutin (RUT)

incorporated mMPEG-b-OCL-Bz micelles

4.2. In vitro stability

Fig. 7 presents that all the studied flavonoid-incorporated polymeric micelles were

stable for 14 days at 37OC in the absence of BSA. In contrast, the incorporation stability
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was interestingly different between the loaded QCT and QCT glycosides in the presence
of BSA. The contents of QTR and RUT remained constant during at least 4 days (Fig 8),
which suggests that the QCT glycoside loaded mPEG-b-OCL-Bz micelles was stable and
that the release of the QCT glycosides was not affected by the presence of BSA. On the
other hand, QCT slowly leaked from the polymeric micelles. The QCT content was

observed todecrease to 83% on the first day and to 76% on the fourth day of incubation.

Relative Conc (%)
[o)]
o

40
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Fig. 7. The stability of quercetin (QCT), quercetrin (QTR) and rutin (RUT) incorporated

MPEG-b-OCL-Bz micelles by incubation at 37OC in PBS in the absence of BSA
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Fig. 8. The stability of quercetin (QCT), quercetrin (QTR) and rutin (RUT) incorporated

mPEG-b-OCL-Bz micelles by incubation at 37OC in PBS in the presence of BSA
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4.3 In vitro release

The in vitro release was analyzed to determine the release behavior of flavonoids
(aglycone and glycoside of flavonoid) from polymeric micelles and to confirm the degree
of the flavonoid-polymer interaction. In our previous studies, a method based on dialysis
of a micellar dispersion against a Tween micellar was developed and this method was
validated to maintain the sink condition. The destabilization of polymeric micelles like
mPEG- b- p(HPMAm-Lac2) micelles, PEG- HPMA-Bz micelles and mPEG-b- OCL-Bz
micelles is not affected by adding surfactants to the receiving medium, as determined by
the DLS analysis [Khonkarn et al., 2011; Khonkarn et al., 2012]. Phosphate buffer (pH
7.4) with Tween 20 (0.2% ) was then used in this study as the release medium of the
aqueous insoluble compounds (QCT, QTR and RUT). It was found that approximately
30% of the loaded QTR and RUT was released within the first hour of the release study.
This observed burst release was considered to be the relatively high water soluble of the
glycosidic form of both QTR and RUT located in the region near the PEG outer shells.
However, the burst release was not observed from QCT-loaded mPEG- b- OCL- Bz
micelles. When the releasing time was 3 h, the amount of QCT, QTR and RUT released
from mPEG-b- OCL-Bz micelles was approximately 21%, 51%, and 58%, respectively,
and they were subsequently released to a maximum of approximately 80% in 24 h. In the
releasing time between 15 min to 6 h, it was observed that the release rate of QCT was
significantly slower than that of QTR and RUT approximately 21% and 26%, respectively
(p<0.05). However, the amount of released QCT was not statistically significant difference

from the amount of released QTR and RUT at releasing time of 8 h, 12 h and 24 h.
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Fig. 9. The release study of of quercetin (QCT), quercetrin (QTR) and rutin (RUT)

incorporated mPEG-b-OCL-Bz micelles

4.4. Cytotoxicity of anthracyclines, free QCT and QCT-loaded micelles

The cytotoxicity results of sensitive K562 and resistant K562/ ADR cells treated
with anthracycline anticancer drugs (DOX and DAU), free QCT, and QCT-loaded mPEG-
b-OCL-Bz micelles are demonstrated by the concentrations of compound causing 50% of
cell growth inhibition (ICs, values) and resistance factor (RF), as summarized in Table 3.
DOX and DAU inhibited the growth of sensitive K562 cells, with IC5, values of 19.1+0.6
nM and 17.5+0.9 nM, respectively. In resistant K562/ ADR cells, the IC5, values were
higher than those for their sensitive cells, with the values of 678.4+137.2 nM for DOX and
387.5+75.2 nM for DAU. As expected, it was found that the cytotoxic effect of DOX and
DAU in the resistant cells was less than their cytotoxic effect in the sensitive cells, with
the resistant factor values of 35.5 and 22.1, respectively. These data demonstrate a
decrease in the cytotoxic effect of the anthracyclines that were pumped out from the
K562/ ADR cells. This result, therefore, confirmed the P-gp phenotype of the K562/ ADR

cell line.



16

Even both QTR and RUT in its free form or micellar formulation had low
cytotoxicity activity (ICsy values >100 yM). Free QCT and QCT-loaded micelles strongly

exhibited anticancer properties against K562 and K562/ADR, with the IC5, values ranged

from 6.95+2.58 LM to 14.98+4.00 LUIM. The RF values of free QCT (0.70+ 0.23) and
QCT-loaded micelles (0.78+ 0.15) were a bit lower than 1, indicating similar cytotoxic
efﬁcacy in P-gp overexpressing cells and their corresponding sensitive cell lines. Similar
to the finding of a previous study, quercetin was observed to exhibit cytotoxic effect on
both human T lymphoblastoid leukemia MOLT-4/DNR and DNR-resistant cells [Ishii et
al., 2010]. These results suggested that free QCT and QCT-loaded micelles might not be

substrates of P-gp.

Table 3 ICs, values of various compounds against K562 and K562/ ADR cells. The values are

presented as meantS.D. (n=3).

IC,, value (uM)

Compounds RF
K562 K562/ADR

DOX 0.019+0.001 0.678+0.137 35.5

DAU 0.018+0.001 0.38810.075 22.1

Free QCT 15.0£4.0 10.010.7 0.7

QCT-loaded mMPEG-b-OCL-Bz micelles 8.7t1.6 7026 0.8

Empty mPEG-b-OCL-Bz micelles ND ND -

Abbreviations: DOX, doxorubicin; DAU, daunorubicin; QCT, quercetin; mPEG-b- OCL- Bz,
( poly[ ethylene glycol] - b- oligo[ e- caprolactone] ) with benzoyl end groups; ICs, half maximal

inhibitory concentration; RF, resistance factor; ND, Not detectable.

4.5 Co-treatment assay
The efficacy of free QCT or QCT- loaded micelles in reversing the MDR

phenomenon and/or re-sensitizing the MDR cells to DOX or DAU was demonstrated in

cell growth curves as indicated in Fig. 10 - Fig. 13 and the MDR-reversing values (5) are
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also summarized in Table 4. The cytotoxicity in K562/ ADR of both DOX and DAU in
combination with verapamil (2 pM), a well-known inhibitor of P-gp, was recovered by
93%. Free QCT (1-3 uM) had no effect in sensitizing K562/ADR cells to DOX (Fig. 10)
or DAU (Fig. 11). Interestingly, QCT-loaded micelles clearly improved the cytotoxicity of
both doxorubicin (Fig. 12) and daunorubicin (Fig. 13) when a similar series of experiments
was carried out with drug-resistant K562/ ADR cell lines in a dose-dependent manner.
From this finding, it can be suggested that QCT-loaded micelles can efﬁciently increase
the cytotoxicity of DOX (5 ranged from 0.39 + 0.19 to 0.71 + 0.15) and DAU (5 ranged
from 0.29 + 0.21 to 0.74 £ 0.20). This results show that P-gp pump was inhibited by
QCT-loaded micelles around 30-40% at QCT concentration of 1 uM and around 70% at
QCT concentration of 3 pM. Interestingly, empty mPEG750- b- OCL- Bz micelles
(concentrations of 10-30 pg/mL) also exhibited MDR-reversing effect to DOX with 0
values ranged from 0.11%0.04 to 0.18+0. 05, resulting in maximum P-gp inhibiting effect

of 18% at empty micelles concentration of 30 pg/mL.
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Fig. 10. The P-gp reversing effect of free QCT with various concentrations of DOX

against K562/ADR. The cell viability assay was conducted by counting the cell numbers

using a flow cytometer after 72 h of incubation.
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Fig. 11. The P-gp reversing effect of free QCT with various concentrations of DAU

against K562/ADR. The cell viability assay was conducted by counting the cell numbers

using a flow cytometer after 72 h of incubation.

= Control
® 1uM QCT-loaded mPEG-b-OCL-Bz
100 A 2 ,M QCT-loaded mPEG-b-OCL-Bz
v 3 uMQCT-loaded mPEG-b-OCL-Bz
80
2
= 60
Q2
©
S
= 4041
[\
(8]
S 20
0+ o
0 1000 2000 3000 4000 5000
[Doxorubicin], nM
Fig. 12. The P-gp reversing effect of QCT-loaded mPEG-b-OCL-Bz micelles with

various concentrations of DOX against K562/ADR. The cell viability assay was conducted

by counting the cell numbers using a flow cytometer after 72 h of incubation.
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Fig. 13.The P-gp reversing effect of QCT-loaded mPEG-b-OCL-Bz micelles with various
concentrations of DAU against K562/ ADR. The cell viability assay was conducted by

counting the cell numbers using a flow cytometer after 72 h of incubation.

Table 4 The MDR-reversing efficacy of QCT-loaded mPEG- b- OCL-Bz micelles in increasing
cytotoxicity effect of DOX and DAU on P-gp expressing K562 (K562/ADR) cells. The values are

presented as meantS.D. (n=3).

MDR reversing efficacy (5)
Test Compound

DOX DAU
1 UM QCT loaded mPEG-b-OCL-Bz micelles 0.39+0.19 0.29+0.21
2 uyM QCT loaded mPEG-b-OCL-Bz micelles 0.54+0.05 0.63+0.19
3 UM QCT loaded mPEG-b-OCL-Bz micelles 0.71+0.15 0.74+0.20
10 yg/mL mPEG-b-OCL-Bz micelles 0.11+0.04 ND
20 pg/mL mPEG-b-OCL-Bz micelles 0.13+0.06 ND
30 pug/mL mPEG-b-OCL-Bz micelles 0.18+0.05 ND
2 uM VER 0.93+0.03 0.93+0.07

* Not determine
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4.6 Determination of kinetics of P-gp- mediated efflux of THP modulated by free
QCT and QCT-loaded micelles

In order to understand the direct interaction of QCT-loaded micelle with P-gp, the
spectrofluorometric method was used to study the P-gp -mediated efflux. THP is a good
substrate of P-gp with fluorescence property. It is therefore suitable to use as a molecular
probe to measure P-gp function [Laochariyakul et al., 2003]. The results are presented in
Fig. 14-17. The typical kinetic uptake of THP in K562/ADR cell lines in the presence of
VER, well known P-gp inhibitor, was shown in Fig. 14. The quenching of THP
fluorescence intensity referred to the accumulation of THP within the cells. The THP
accumulation was low because of the function of P-gp pump. The fluorescent intensity of
THP was continued decreased when VER was added. This result presents the pattern of
P-gp inhibition by P-gp inhibitor. The low THP quenching was observed after adding free
quercetin (Fig. 15). Whereas, QCT loaded polymeric micelles revealed the high THP
quenching (Fig. 16). This results indicated that QCT loaded polymeric micelles had much
stronger P-gp inhibition than free QCT. Interestingly, empty polymeric micelles also had
inhibition effect on P-gp function (Fig. 17).

The ability of P-gp inhibitor to inhibit the P-gp function was present in the ratio of
Cni/Cn as shown in Fig. 18-19. The efficacy of VER to inhibit the P-gp function increased
as a function of concentration (Fig. 18). Interestingly, the ratio of C,;/Cy of QCT-loaded
micelles and empty polymeric micelle continuously increased in dose dependent manner
(Fig. 19). However, it was found that the ratio of C,;/Cy of free QCT did not changed in
dose dependent manner. Taken together, QCT loaded polymeric micelles had excellent

ability to inhibit the function of P-gp.
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Fig. 14. Typical kinetic uptake of pirarubicin (THP) in K562/ADR in the presence of 2.5

MM verapamil (VER)
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Fig. 15. Typical kinetic uptake of pirarubicin (THP) in K562/ADR in the presence of 2.5

MM free quercetin (QCT)
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Fig. 16. Typical kinetic uptake of pirarubicin (THP) in K562/ADR in the presence of 2.5

MM quercetin-loaded micelles (QM)
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Fig. 17. Typical kinetic uptake of pirarubicin (THP) in K562/ADR in the presence of 2.5

MM micelles (EM)
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Fig. 18. The effect of verapamil on the drug accumulation in K562/ADR. The values of
Cn(i)/Cy are plotted as a function of the concentration of molecules. Each value

represents meanzS.D.

- = QM
1.2 e
; * A QCT
0.9-
S
= ¢
= 0.6
&) ik 5
0.3- )\
AL
0.0+— . ——

0 2 4 6 8 10 12

[Inhibitor], pM
Fig. 19. The effect of free quercetin (free QCT), quercetin-loaded micelles (QM) and
micelles (EM) on the drug accumulation in K562/ADR. The values of Cn(i)/Cy are plotted

as a function of the concentration of molecules. Each value represents mean+S.D.
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4.7 Annexin V-FITC apoptosis assay
The apoptotic cell death induced by QCT (in its free form or micellar formulation)

and empty polymeric micelles was not clearly found by Annexin V-FITC-PI assay

4.8 ATP content assay
The effect of QCT (in its free form or micellar formulation) and empty polymeric

micelles on ATP content of K562/ADR cells was not clearly observed.

4.9 Assessment of mitochondrial membrane potential

JC-1 was used to evaluate mitochondrial membrane potential. JC-1 yields red
fluorescence at high mitochondrial membrane potential while JC- 1 yields green
fluorescence at low mitochondrial membrane potential. A decrease in the JC-1 R/G ratio
is indicative of mitochondrial depolarization (non-functional mitochondria). The JC-1 R/G
ratio in K562/ ADR cells treated with empty polymeric micelles was not significantly
different from cell control (p<0.05). Whereas, The JC-1 R/G ratio in resistant cells treated
with free QCT for 15 min, decreased to 36% of cell control. This decreasing did not
change in time dependent manner as shown in Fig. 20. Moreover, the deceasing of JC-
1 R/ G ratio in resistant cells treated with QCT loaded polymeric micelles (decreased to
30% of the cell control) was not significantly different from free QCT, suggesting that QCT
(in its free form and micellar formation) had an effect on mitochondrial membrane

potential.
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Fig. 20. The effect of quercetin (QCT), quercetin-loaded polymeric micelles (QM)

and empty polymeric micelles (EM) on mitochondrial membrane potential of K562/ ADR

cells.

5. Discussion

Quercetin glycosides incorporated mPEG-b-OCL-Bz micelles were successfully prepared
using film hydration method, with the particle size around 13-18 nm. The sugar moieties of
quercetin did not show any effect on the particle size of flavonoid-loaded mPEG-b- OCL-Bz
micelles, but a different in the loading efficiency was found. Many recently studies reported that
compatibility optimization between the micellar hydrophobic segment and the incorporated drug
improved the drug-loading efficiency and its retention, resulting in a long circulation time in the
biological system [Liu et al., 2004; Yamamoto et al., 2007]. The hydrophobic interaction between
the hydrophobic moieties of polymer and the entrapped hydrophobic drugs was successful in
improving the efficiency of loading drug into polymeric micelles [Yokoyama et al., 2004].
However, the results from this study demonstrated that the loading content of QTR loaded into
the mPEG-b- OCL- Bz micelles was significantly higher than that of both QCT and RUT. This
may be due to the optimum affinity between the aglycone (non-polar) and the glycone (polar)
groups of QTR and the amphiphilic molecules of the mPEG-b- OCL-Bz oligomers. QTR is a

molecules that is more hydrophilic than QCT but more hydrophobic than RUT. These results
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present that the efficiency of incorporation of flavonoids into polymeric micelles was influenced
by the balance between the hydrophobicity and the hydrophilicity.

Long circulation of the incorporated drugs in the bloodstream is a necessary condition for
the passive targeting property of polymeric micelles based on the EPR effect. To provide a
long circulation time, protection of the loaded component from the interaction with the serum
protein by a potential hydrophilic shield is also a prerequisite so that the clearance at the reticulo-
endothelial system can be avoided. Moreover, the drug release from the polymeric micelles
may be accelerated by the blood components [Opanasopit et al., 2005]. In this study, the

stability as regards flavonoid incorporation was therefore observed by the incubation of
flavonoid- loaded polymeric micelles with or without BSA at 37OC. It was discovered that both

the QCT glycosides-loaded polymeric micelles were stable under condition of 37OC in PBS with
or without BSA. It has been reported that there was neither BSA adsorption nor destabilization

of mPEG-b-OCL-Bz micelles and that paclitaxel (at 5% w/w loading) was not extracted from
this micellar core by BSA [16]. Even quercetin-incorporated micelles were stable at 37OC in the

absence of BSA, but there was some leaking quercetin (less than 25%) at 37OC in the presence
of BSA. This result demonstrates that the presented serum protein extracted QCT from the
micelle core which was probably due to the higher protein affinity of QCT.

On the other hand, the release study by a dialysis bag using 0.2% Tween in PBS as the
received medium revealed that QCT had a better interaction in the mPEG-b-OCL-Bz micelles.
The difference in the release rate between aglycone and the glycosides of the flavonoids
contributed to the degree of interaction between the flavonoids and the mPEG-b- OCL-Bz

polymer. The interaction between the drug and the micellar core effected the drug release. The
TT-TU interaction between QCT (aglycone) and the micellar core of mPEG-b-OCL-Bz micelles

was stronger than that of QCT glycosides. The less TT-TU interaction, which was found from the
QCT glycosides, was probably due to steric factor of the sugar moieties of the QCT glycosides.
Besides, the released quercetin glycosides were easier driven to the receiving medium than its
aglycone by Tween as the assistance in solubilization, based on the amphiphilic characteristic
of the QCT glycosides and considering the “like dissolves like” theory, thus leding to the higher

release rate. In contrast with the release result, the QCT glycosides-loaded polymeric micelles
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presented higher loading content and stability as regards incorporation in the presence of the

protein serum than in the presence of quercetin. The QCT glucosides had better compatibility

with the mPEG-b-OCL-Bz micelles. It is not only the TT- TU interaction of the micellar core that
affects the loading efficiency, the incorporation stability and the drug release rate. Other factors
such as the hydrophobicity-hydrophobicity balance, the hydrogen bonding, and the steric factor
of the polymeric micelles can contribute to these micellar characteristics.

Chemotherapy is the most frequently used approach in the treatment of cancer.
Unfortunately, multidrug resistance (MDR) leads to the limitation in the success of cancer
chemotherapy. The most common established mechanism of MDR is overexpression of ATP
Binding-Cassette ((ABC) membrane. These membrane transporters pump anticancer drugs out
of the cells by ATP consumption; therefore, only a small proportion of the administered drug
reaches its intended target sites, leading to therapeutic failure. One of the main investigated
efflux pump is P-gp, a 170 k- Da transport protein, which is known to limit the distribution of a
broad spectrum of drugs. Strategies to overcome the P-gp protein have been extensively
studied, including silencing MDR- related miRNAs, combinative drug strategy, applying
monoclonal antibodies against P-gp and designing novel agents that are not recognized as P-
gp substrate. Among these strategies, reversing drug resistance by inhibition of the drug efflux
of P-gp, including the use of MDR chemosensitizers, is a major challenge to overcome MDR in
cancer treatment. Moreover, nano drug delivery system is one of the novel strategies in the
approach to fight MDR.

Natural substances could be potent anticancer agent or MDR transporter inhibitors with
less cytotoxicity (Kuete et al., 2014; Michalak & Wesolowska, 2012.). The cytotoxicity results of
this study present that free QCT and QCT-loaded micelles had stronger anticancer activity
toward both sensitive and resistant leukemia cells than QTR and RUT (in its free form and
micellar formations). Furthermore, similar efficacies in drug-resistant phenotypes and their
corresponding sensitive cells (the low degree of the resistant factor) of both free QCT and QCT-
loaded micelles, was observed. This result suggests that free QCT and QCT-loaded micelles

were not transported by P-gp. Moreover, the result also showed that free QCT (at concentration

of 1-3 UM) had no MDR-reversing effect to DOX or DAU. This result is in agreement with

Choiprasert et al. [2010] who reported that MDR-reversing effect of QCT and QCT glycosides
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to DAU of K562/ ADR and GLC4/ADR cells, was not observed. Interestingly, empty mPEG- b-
OCL-Bz micelles had MDR-reversing effect. A stronger MDR-reversing effect to both DOX and

DAU of K562/ADR cells was observed from QCT-loaded micelles (at QCT concentration of 1-3

M) with maximum MDR-reversing values around 70%.

In order to study the mode of action by which QCT-loaded micelles increased the eff icacy
of DOX or DAU in P-gp overexpressing cells, the modulation of QCT-loaded micelles in the
kinetics of P-gp- mediated pumping and mitochondrial membrane potential were investigated.
For the assessment of kinetics of P-gp- mediated pumping, the THP was studied as a model
anticancer drug because its pKa is relatively low and it can move into the cells very rapidly
[ Mankhetkorn et al., 1996; Reungpatthanaphong & Mankhetkorn, 2002] In the present study,
the efflux of THP by P-gp was slightly inhibited by free QCT. Moreover, QCT loaded micelles
increased the inhibition of P-gp efflux of THP in dose-dependent manner. Interestingly, empty
polymeric micelles also had ability to inhibit P-gp function. This finding reveals that empty
mPEG750-b- OCL-Bz micelles could enhance the MDR reversal effects of the QCT loaded
mPEG750-b-OCL-Bz micelles by inhibition of P-gp efflux. Polymeric micelles are amphiphilic
molecules which may lead to membrane fluidization and enhance permeability of cell

membrane, resulting in P-gp interfering [Agarwal et al., 2009]. It has been reported that drug

resistance was altered by poly(ethylene oxide)—poly- (propylene oxide) copolymers (pIuronic®)
or poly(ethylene glycol)-poly(lactic acid) copolymers using several mechanisms such as affecting
the membrane microviscosity, decreasing the P-gp ATPase activity, loss of the mitochondrial
membrane potential, and a subsequent decrease in the ATP levels [Batrakova et al., 2000;
Batrakova et al., 2001]. Moreover, cellular drug accumulation was enhanced using nanocrystals
and nanotubes through bypassing P-gp via endocytosis [Li et al., 2010; Liu et al., 2010].

QCT has been recently recognized for use as an anticancer agent alone or in combination
therapy with conventional chemotherapeutic drugs. QCT was found to cause DNA
fragmentation, cell cycle arrest and apoptosis through the mitochondrial partway [Chou et al.,
2010; Granado-Serrano et al., 2006]. It has been reported that QCT was an effective inhibitor
towards P-gp by directly interaction with transporter protein [Limtrakul et al., 2005]. Whereas,
the less efficient inhibitor of P-gp by QCT glycosides was observed which might result from the

steric effect of their sugar moieties [Kitagawa et al., 2005]. In this study, the mitochondrial
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membrane potential was altered by both QCT and QCT loaded micelles. The main mechanism
of MDR proteins pumping the chemical agents uses the energy of ATP. Mitochondria play key
roles in the energy production. Mitochondrial dysfunction has been shown to participate in the
induction of apoptosis. Opening of the mitochondrial permeability transition pore induces
depolarization of mitochondrial membrane potential, inhibition of ATP synthesis, release of
apoptogenic factors and subsequent cell death [Vayssi'ere et al., 1994; Bernardi, 1996]. The
mitochondria targeting of MDR cancer cells and trigger cell apoptosis is one of the mechanisms
to overcome MDR. Taken together, the potential mechanisms of reversing multidrug resistant
of K662/ ADR cells by QCT loaded polymeric micelles might be the combination effects of
polymeric micelles and QCT, interfering with P-gp function and mitochondrial membrane

potential, respectively.

6. Conclusion

The results in this study exhibit that the potential anticancer flavonoids, QCT, QTR, and
RUT, were successfully incorporated into mPEG-b- OCL- Bz micelles. The particle size of the
flavonoid loaded mPEG-b- OCL-Bz micelles was not affected by the chemical structure of
flavonoids. However, the chemical structure of flavonoids plays important roles on incorporation
efficiency, and release behavior of the micelles. The study demonstrates that free QCT and
QCT-loaded micelles are not the substrates of P-gp. Moreover, the QCT-loaded micelles
possess potential MDR reversing action to the conventional chemotherapeutic drugs (DOX or
DAU). It was found that empty polymeric micelles had ability to inhibit P-gp function. A higher
inhibition of P-gp efflux of THP was found from QCT loaded micelles. On the other hand, the
mitochondrial membrane potential was altered by both QCT and QCT loaded micelles. The
combination effects of polymeric micelles, by interfering P-gp function, and QCT, by altering
mitochondrial membrane potential, might be the potential mechanisms of reversing multidrug
resistant of K562/ADR cells by QCT loaded polymeric micelles. Finally, it can be concluded that
mPEG750-b-OCL-Bz micelles are a promising carrier system of flavonoids for enhancing MDR

reversal effects.
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Abstract. Multidrug resistance is the major problem in cancer treatment nowadays.
Compounds from plants are the new targets to solve this problem. Quercetin (QCT),
quercetrin (QTR), and rutin (RUT) are potential anticancer flavonoids but their poor water
solubility leads to less efficacy. In this study, the polymeric micelles of benzoylated methoxy-
poly (ethylene glycol)-b-oligo(g-caprolactone) or mPEG-b-OCL-Bz loading with the
flavonoids were prepared to solve these problems. The flavonoid-loaded micelles showed
an average size of 13-20 nm and maximum loading capacity of 35% (w/w). The release of
QCT (21%, 3 h) was lower than that of QTR (51%, 3 h) and RUT (58%, 3 h). QCT (free
and micelle forms) exhibited significantly higher cytotoxicity against P-glycoprotein-
overexpressing leukemia (K562/ADR) cells than QTR and RUT (p <0.05). The results
demonstrated that QCT-loaded micelles effectively reversed cytotoxicity of both doxorubicin
(multidrug resistant reversing (d) values up to 0.71) and daunorubicin (6 values up to 0.74) on
K562/ADR cells. It was found that QCT-loaded micelles as well as empty polymeric micelles
inhibited P-gp efflux of tetrahydropyranyl Adriamycin. Besides, mitochondrial membrane
potential was decreased by QCT (in its free form and micellar formation). Our results
suggested that the combination effects of polymeric micelles (inhibiting P-gp efflux) and QCT
(interfering mitochondrial membrane potential) might be critical factors contributing to the
reversing multidrug resistance of K562/ADR cells by QCT-loaded micelles. We concluded
that QCT-loaded mPEG-b-OCL-Bz micelles are the attractive systems for overcoming
multidrug-resistant cancer cells.

KEY WORDS: flavonoid; polymeric micelle; resistance; cancer; P-gp.

INTRODUCTION

Multidrug resistance (MDR), among others, caused by
overexpression of cell membrane transporters, is a major
factor for the clinical failure of chemotherapy for many types
of cancer (1). ATP-dependent drug transporters such as the
P-glycoprotein (P-gp), the multidrug resistance protein
(MRP1), and the breast cancer resistance protein (BCRP)
can pump structurally unrelated chemotherapeutic drugs
from cancer cells, resulting in therapeutic ineffective intracel-
lular concentrations of cytostatic drugs. Therefore, inhibition
of these drug transporters is an attractive modality in cancer
therapy to enhance the therapeutic potential of cytotoxic
drugs (2,3).
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It has been shown that flavonoids play important roles in
the alterations of ROS signaling, cell cycle arrest, and
apoptosis of several cancer cells (4). Moreover, it has been
reported that flavonoids inhibit the growth of multidrug-
resistant cancer cells (in the absence of anticancer drug) and
MDR efflux proteins (in the presence of anticancer drug)
(5,6). In previous study, structure-activity relationships of
flavonoids to inhibit drug transporters in the MDR cells were
investigated and it was found that quercetin (QCT) and QCT
conjugated at the C’position of ring C by rhamnoside
(quercetrin; QTR) and rutinoside (rutin; RUT) as structures
shown in Fig. 1 reverse the MDR cells to tetrahydropyranyl
adriamycin (THP, anticancer drug) (7). For that reason, these
flavonoids are of interest in cancer therapy as MDR
inhibitors. However, the solubility of QCT and also its
glycoside derivatives, QTR and RUT, is very low (0.1-
500 uM, (8)) which limits their use in clinical oncology.

Polymeric micelles are under investigation as a drug delivery
system (9,10). They consist of a hydrophobic core that can
accommodate hydrophobic drugs and a hydrophilic shell that can
give them stealth-like properties resulting in disposition in tissue of
increased vascular permeability (e.g., tumors) after intravenous
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Fig. 1. The chemical structures of QCT, QTR, RUT (a), and mPEG750-b-OCL-Bz (b)

administration due to the so-called EPR effect (11). It has been also
shown that cytostatic drugs delivered to cancer cells by polymeric
micelles might overcome their MDR (12,13).

Because of its biodegradability and ease of synthesis,
PEGylated poly (caprolactone) (PEG-PCL) recently gained
attention as a micellar formulation for several chemotherapeutic
agents including paclitaxel, doxorubicin, cisplatin, ellipticin, and
rapamycin (14-16). It has been reported that m-7 stacking
interactions can be exploited to improve the drug loading and
retention of hydrophobic drug in PEG-PCL-based micelles. That
was accomplished by coupling aromatic functionalities (such as
chrysin, cinnamic acid, 7-carboxymethoxy coumarin, benzyl, and
napthyl) to the PCL. OH end group of PEG-PCL block copolymers
(17,18). Benzoylated methoxy-poly (ethylene glycol)-b-oligo(e-
caprolactone) (mPEG750-b-OCL-Bz) micelles are an interesting
drug carrier because of their small (sub-20 nm) (19,20). It has been
reported in a number of recent papers that these nanoparticles with
a size smaller than 30 nm have substantially better tumor
penetration properties than larger ones (21,22). In our previous
publication, we demonstrated that the water solubility of QCT was
successfully improved by loading QCT into mPEG750-b-OCL-Bz
micelles. Furthermore, QCT-loaded mPEG750-b-OCL-Bz micelles
had effective cytotoxicity on both sensitive and resistant cancer cells
via a cell cycle arrest mechanism of the G2/M phase (20). However,
mPEG750-b-OCL-Bz micelles with QCT glycosides encapsulation
have not been investigated thus far.

In this study, the encapsulation of QCT glycosides into
mPEG750-b-OCL-Bz micelles has been prepared by a film
hydration method. Cytotoxicity of the obtained micelles

toward human erythromyelogenous leukemic (K562) and
their corresponding P-gp-overexpressing (K562/ADR) cells
was investigated. The influence of the selected flavonoid-
loaded micelles on the P-gp reversing effect of K562/ADR
cells to certain important anticancer drugs such as doxorubi-
cin (DOX) and daunorubicin (DAU) was presented. Finally,
the effects of these micelles on P-gp function and mitochon-
drial membrane potential assay were also demonstrated.

MATERIALS AND METHODS

Materials

QCT, QTR, RUT, DOX, DAU, THP, and verapamil
hydrochloride (VER) were purchased from Sigma-Aldrich
(Saint Quentin Fallavier, France). RPMI 1640, trypsin—
EDTA, and penicillin-streptomycin were obtained from
GIBCO™ Invitrogen (Grand Island, NY, USA). Fetal bovine
serum (FBS) was purchased from Biochrom AG (Berlin,
Germany). Dichloromethane, ethanol, dimethylformamide,
and Tween 80 were obtained from Merck (Darmstadt,
Germany). All other chemicals were of the highest grade
available. mPEG-b-OCL-Bz was synthesized and character-
ized as described previously (18,19). Average degrees of
polymerization of mPEG and OCL were 17 and 4, respec-
tively. Critical micellar concentration (CMC) of the mPEG-b-
OCL-Bz polymer obtained with pyrene was 0.003-5 mg/mL
(19).
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Preparation of Flavonoid-Loaded Micelles

The polymeric micelles of mPEG750-b-OCL-Bz loading
with the flavonoids were prepared by a film hydration method
previously described by Carstens et al. (19). In brief, the
flavonoids (QCT, QTR, and RUT at 5 mg/mL) and the
oligomer (10 mg/mL) were dissolved in ethanol and dichlo-
romethane, respectively. A stock flavonoid solution (0.1-
1.6 mL) and oligomer solution (2 mL) were mixed in a round-
bottomed flask to achieve flavonoid/oligomer ratios of 2.5, 5,
10, 20, and 40% (w/w). Next, the solvents were evaporated
under an N, stream for 1 h. Micellization was induced by
hydration of the obtained film with 2 mL of DI water under
sonication. Finally, the dispersions were filtered through a
200-nm filter to remove non-entrapped (precipitated) flavo-
noids. The size and polydispersity and zeta potential of the
micelles were analyzed by dynamic light scattering (Malvern
Instruments, Ltd., Malvern, UK.) comprising computerized
auto-titrate and DLS software. The measurement was made
at a fixed angle of 173°. Transmission electron microscopy
(TEM, JEM 2010) was used to examine the morphology and
particle size of flavonoid-loaded micelles. TEM samples were
prepared by dropping the micelles onto a copper grid,
followed by air-drying. TEM images of flavonoid-loaded
polymeric micelles were subsequently examined. The loading
flavonoid content of the micelles was determined by UV-Vis
spectroscopy at 372, 355, and 362 nm for QCT, QTR, and
RUT, respectively. This measurement was employed by the
addition of dimethylformamide (2 mL) to the micellar
dispersions (20 pL) to dissociate the micelles and solubilize
the flavonoids. The coefficients of linearity (r*) for QCT,
QTR, and RUT dissolved in dimethylformamide with a
concentration range of 1-50 pg/mL was >0.99. The loading
capacity (LC) and entrapment efficiency (EE) were calcu-
lated as the following equations.

%LC = (weight of loaded flavonoids
/total weight of copolymer used for loading)

x 100%

%EE = (weight of loaded flavonoids
/total weight of flavonoids used for loading)

x 100%

For stability study, flavonoid-loaded micelles were stored
at room temperature for 2 weeks. The physical appearance
and flavonoid content were used to check the stability of the
flavonoid-loaded micelles.

In Vitro Release

The release of QCT, QTR, and RUT from the micelles
was studied by a dialysis method previously described by
Khonkarn et al. (20). Briefly, 1 mL of micellar dispersion was
transferred into a pre-swollen dialysis bag (Cellu Sep®
Nominal T1, molecular weight cutoff 3500 Da, Membrane
Filtration Products, Inc.) and transferred into a glass
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container containing 100 mL of 0.2% Tween 80 in PBS.
Tween was added to solubilize the released flavonoids and to
ensure sink conditions. The glass container was gently stirred
at 37°C, and at different time points, 10-mL samples of the
receiving medium containing the released flavonoid were
taken and replaced by the same volume of fresh buffer. The
concentration of the released flavonoids in the different
samples was determined by means of UV-Vis spectroscopy
as described in the Preparation of Flavonoid-Loaded Micelles
section.

Cell Culture

Human erythromyelogenous leukemic (K562) cells and
their corresponding DOX-resistant cells (K562/ADR; the cell
lines that overexpresses P-gp) were used in this study. The
cells were cultured in RPMI 1640 supplemented with 10%
FBS, 100 U/mL of penicillin, and 0.1 mg/mL of streptomycin,
and grown in a humidified atmosphere at 37°C in 5% CO..
The trypan-blue dye exclusion method as described by
Tennant (23) was used to evaluate cell viability. The cells
were seeded at a density of 5x10° cells/mL and allowed to
grow for 24 h in order to let them get into the exponential
growth phase before starting the experiments.

Cytotoxicity Activity

To evaluate the inhibition of cell growth, the number of
cells was counted using a flow cytometer (Coulter® Epics®
XL™). For mono-treatment, cancer cells at a density of 5 x
10* cells/well were seeded into 24-well plates. The media
contained DOX and DAU (concentration range of 25-
1000 nM), and the flavonoids in its free form as well as
micellar formulation (concentration of flavonoids
(free/micelle forms) ranged from 2.5-200 pM) were added
and incubated for 72 h. The cancer cell growth upon
incubation with empty polymeric micelles (5-200 pg/mL)
was also determined as the vehicle control. The cell growth
inhibition was calculated as the following equation:

Cemn=Cymn

% Cell growth inhibition = x 100%

Ce1n=Ceon

where C.7, , and C.g ,, represent the number of viable cells
in the control cells at 72 h and 0 h, respectively, and C.7; 1,
represents the number of viable cells in the samples at 72 h.
The drug concentration that inhibits 50% of the cell growth
(ICsop) was obtained from the dose-response curves of the
percentages of cell growth inhibition versus drug
concentration.

P-gp Reversing Effect

This assay was carried out to investigate chemosensitivity
of resistant cancer cells with P-gp overexpression to conven-
tional chemotherapeutic drugs (substrates of P-gp) by free
QCT or QCT-loaded micelles (P-gp modulators). Therefore,
the influence of free QCT or QCT-loaded micelles on the
cytotoxicity of chemotherapeutic drugs (DOX or DAU) in
K562/ADR cells was evaluated. Briefly, the cells were
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incubated with medium containing both QCT (in its free form
or micellar formulation, at concentrations of 1, 2, or 3 pM)
and DOX or DAU (concentration range of 25-5000 nM and
25-1000 nM for DOX and DAU, respectively). The inhibition
of cell growth was investigated after 72 h of incubation at
37°C by counting the cell number using a flow cytometer. The
P-gp reversing effect of empty polymeric micelles (10-30 pg/
mL) was also evaluated. The efficacy of QCT, QCT-loaded
micelles, or empty polymeric micelles in increasing the
cytotoxicity effect of the used chemotherapeutic drugs on
MDR cells was calculated using the following equation:

ICs0(RD)-ICs0(RM)

MDR ing (9) value =
reversing () value ICso(RD)—-ICs(SD)

where ICso(RD) is the 50% inhibitory drug concentration of MDR
cell (K562/ADR) growth, ICso(RM) is the 50% inhibitory drug
concentration of MDR cell growth in the presence of QCT (in its
free form or as micellar formulation), and ICsy(SD) is the 50%
inhibitory drug concentration of drug-sensitive cell (K562) growth.
6=0 when ICsy (RD) = IC5o (RM). This means that there is no
effect of QCT; in other words, QCT does not act as an inhibitor of
Pgp. =1 when ICs, (RM) = ICs, (SD). This means that QCT fully
inhibits P-gp.

Effect on P-gp Function

The kinetics of the active efflux of P-gp-mediated THP
(fluorescent P-gp substrate) in cells were studied using an
assay previously described (24-26), based on the quenching
of the fluorescence of THP after its intercalation in DNA.
Briefly, a 1-cm quartz cuvette was filled with 2 mL of HEPES-
Na* buffer solutions pH 7.25 containing 20-mM HEPES, 132-
mM NaCl, 3.5-mM KCI, 1-mM CaCl,, and 0.5-mM MgCl,
with vigorous stirring at 37°C. Next, an exact amount of 2 mL
of cell suspension (2 x 10° cells/mL) was added and incubated
in the HEPES-Na™ buffer in the presence of 10-mM glucose.
Subsequently, 20 pL of a 100-uM THP was added to the cell
suspension. As seen in Fig. 2, at starting state (¢1=0), the
fluorescence intensity of free THP in the extracellular
medium (Cyr) was equal to 1-uM THP. The fluorescence
intensity was (using excitation and emission wavelengths of
480 nm and 590 mm, respectively) F,. When THP is taken up
by cells and subsequently intercalates in DNA, its fluores-
cence is quenched. The decrease fluorescence intensity of
THP was then recorded as a function of time. At the 1st
steady state (around 1000 s), the concentration of free THP in
the extracellular medium is the same as in the cytosol and
fluorescence intensity was equal to F,,. The concentration of
THP intercalated in the base pairs of DNA in the nucleus was
C, = Cr(Fy/F,)/Fy. At 1700 s, various concentrations of
inhibitor, i.e., free QCT (2-10 pM), QCT-loaded micelles
(0.25-5 uM), or verapamil (a well-known Pgp inhibitor, 0.25-
5 pM), were added, leading to a new steady. At the 2nd
steady state (around 2000 s), the fluorescence intensity was
equal to F,4 and the concentration of THP intercalated
between the base pairs of DNA in the nucleus was Cygy =
Cr(Fo/Fugy)/Fo. Next, the cell membranes were permeabilized
by the addition of 0.01% Triton X-100 to yield the equilib-
rium state which resulted in the fluorescence intensity of Fy.
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The overall concentration of THP intercalated in DNA was
Cn = Cr(Fy/FN)/Fy. P-gp function was evaluated by the ratio
value of Cy)/Cn (27). In case of completed inhibition of the
P-gp function, the ratio of C,)/Cy is equal to 1.

Assessment of Mitochondrial Membrane Potential

Mitochondrial membrane potential (Aym) was assessed
by tetraethyl benzimidazolyl carbocyanine iodide (JC-1),
according to the manufacturer’s instructions. Briefly, K562/
ADR cells at a density of 1.5 x 10* cells/well were seeded into
96-well plates and incubated overnight. Next, the cells were
washed once with buffer. These cells were then stained with
20-uM JC-1 for 10 min at 37°C in the dark and were washed
twice with buffer. Subsequently, the cells were treated with
QCT (in its free form or micellar formulation, at concentra-
tions of 25 uM) and empty polymeric micelles for 15, 30, and
60 min. The treated cells were measured using a microplate
reader at A ex (475 nm)/A em (590 nm) for red fluorescence or
A ex (475 nm)/A em (530 nm) for green fluorescence. The
obtained values were then expressed as JC-1 Red/Green
fluorescent intensity (JC-1 R/G) ratio.

Statistic Analysis

The data are presented as mean + standard deviation
(SD) from three independent experiments. The statistical
significance was assessed by a one-way ANOVA followed by
Tukey’s post-hoc test. Values of p <0.05 were considered as
statistically significant.

RESULTS

Formulations and Characterizations

After hydration of mPEG750-b-OCL-Bz films followed
by sonication and filtration, different flavonoid-loaded
mPEG-b-OCL-Bz micelles were obtained. The zeta potential
and average size of obtained micelles determined by DLS
were shown in Table I. The zeta potential ranged from —1.99
to —8.86 mV. The less negatively charge surfaces prevent
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Fig. 2. Uptake of pirarubicin by K562/ADR, P-gp overexpression
model, fluorescence intensity at 590 nm (Lex =480 nm) was recorded
as a function of time until the steady state
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Table 1. Average Particle Size and Zeta Potential of Quercetin (QCT)-, Quercetrin (QTR)-, and Rutin (RUT)-loaded mPEG-b-OCL-Bz
Micelles. The Values Are Presented as Mean + S.D. (n=3)

Flavonoid: oligomer QCT QTR RUT

(%) Zave (nm)  PDI Zeta (mV) Zave (nm)  PDI Zeta (mV)  Z, (nm) PDI Zeta (mV)
0* 159 +05 026+004 -199=+217 - - - - - -

2.5 144 +03 0.14+£003 -256+028 139+04 0.16+0.03 -3.89+048 17.7+23 038+0.12 -2.81+0.15
5 150+0.6 017 £0.06 -226+0.12 140+02 017+0.01 -271+2.03 13.1+041 011005 -231=x0.62
10 148 +02 012+003 -418+025 142+14 019+0.09 -451+115 13.7+028 0.16+0.05 -2.27+0.15
20 157+1.1 022+0.08 -628+040 133+03 020+0.03 -2.00+124 13.0+02 011000 -6.05+0.98
40 20.0 0.7 0.40+0.03 -886+2.03 154+13 033+0.06 —-225+0.14 129+02 011+0.01 -5.63+2.80

*Empty micelles

clearance by mononuclear phagocytic cells (28), whereas the
size was in the range of 13-20 nm which are in agreement
with previously published data on the same micelles loaded
with docetaxel and paclitaxel (18). Morphological investiga-
tion of flavonoid-loaded polymeric micelles was observed by
TEM. All flavonoid-loaded polymeric micelles exhibited a
regular spherical shape with the particle size around 14 nm
(Fig. 3a—c). The particle size determined by TEM was similar
to that determined by DLS, and there was no significant
difference in the particle size between the micelles loaded
with the different flavonoids. The loading efficiency and
capacity of the polymeric micelles for the different flavonoids
are quite different as shown in Fig. 3d, e. The loading
efficiency for the different flavonoids was around 60-80% at
a feed of 2.5-10%. At the feed of 20% and 40%, the
entrapment efficiency of RUT was found to be significantly
higher than that of QCT but lower than that of QTR (Fig.
3d). The micelles of QTR showed the highest entrapment
efficiency (88.0+6.8%), followed by that of RUT (72.4 +
6.9%) and QCT (69.9+6.4%). Figure 3 e presents, in line
with the results illustrated in Fig. 3d, that the micelles of QTR
had the maximum loading capacity (35.2 +2.7%), followed by
that of RUT (10.7+1.7%) and QCT (6.9 +0.6%). Figure 3 e
also demonstrates that a reduction in the loading capacity of
QCT and RUT was observed at 40% of the flavonoid feeding.
This characteristic is probably due to a lack of polymer
molecules available to encapsulate the flavonoids or the
limited capacity to incorporate flavonoids into the hydropho-
bic core of mPEG-b-OCL-Bz micelles. For this reason, the
optimal loading ratio of QCT and RUT was considered to be
30%, while QTR was 40%. For stability study, it was found
that the physical appearance of flavonoid-loaded micelles was
unchanged and precipitated flavonoids could not be observed
after keeping flavonoid-loaded micelles at room temperature
for 2 weeks. Moreover, the flavonoid content of the
flavonoid-loaded micelles was not different (as shown in
Fig. 4b).

In Vitro Release

The in vitro release of flavonoids (aglycone and glycoside
of flavonoid) from the polymeric micelles was analyzed to
investigate the release behavior and to confirm the degree of
flavonoid-polymer interaction. In our previous studies, a
method based on dialysis of micellar dispersion against the

Tween micelles was developed and this method was validated
to maintain the sink condition (20,29). From these reports, it
was shown that the destabilization of polymeric micelles like
mPEG-b-p (HPMAm-Lac2) micelles and mPEG-b-OCL-Bz
micelles is not affected by adding surfactants to the receiving
medium, as determined by the DLS analysis. Phosphate
buffer (pH 7.4) with Tween 20 (0.2%) was then used in this
study as the release medium of QCT, QTR, and RUT, which
are water practically insoluble compounds. Figure 4 a exhibits
the release profile of QCT, QTR, and RUT from the mPEG-
b-OCL-Bz micelles. It was found that approximately 30% of
the loaded QTR and RUT was released within the first hour
of the release study. This observed burst release was
considered to be the relatively high water solubility of the
glycosidic form of both QTR and RUT located in the region
near the PEG outer shells. However, the burst release was
not observed from QCT-loaded mPEG-b-OCL-Bz micelles.
When the releasing time was 3 h, the amount of QCT, QTR,
and RUT released from mPEG-b-OCL-Bz micelles was
approximately 21%, 51%, and 58%, respectively, and they
were subsequently released to a maximum of approximately
80% in 24 h. In the releasing time between 15 min to 6 h, it
was observed that the release rate of QCT was significantly
slower than that of QTR and RUT at approximately 21% and
26%, respectively (p <0.05). However, the amount of re-
leased QCT was not statistically significantly different from
the amount of released QTR and RUT at releasing time of
8 h, 12 h, and 24 h.

Cytotoxicity Activity

The cytotoxicity results of sensitive K562 and resistant
K562/ADR cells treated with anthracycline anticancer drugs
(DOX and DAU), free flavonoids (QCT, QTR, and RUT),
flavonoid-loaded mPEG-b-OCL-Bz micelles, and the empty
mPEG-b-OCL-Bz micelles are demonstrated by the concen-
trations of compound causing 50% of cell growth inhibition
(ICsp) and resistance factor (RF), as summarized in Table II.
DOX and DAU inhibited the growth of sensitive K562 cells,
with ICsy values of 19.1 +0.6 nM and 17.5 0.9 nM, respec-
tively. In resistant K562/ADR cells, the ICs, values were
significantly higher than those for their sensitive cells, with
the values of 678.4 +£137.2 nM for DOX and 387.5+75.2 nM
for DAU (p<0.05). As expected, it was found that the
cytotoxic effect of DOX and DAU in the resistant cells was
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Fig. 3. TEM images of mPEG-b-OCL-Bz micelles loading with QCT (a), QTR (b), and RUT (¢) and their entrapment

efficiency (d) as well as loading capacity (e)

less than that in their sensitive cells, with the resistant factor
values of 35.5 and 22.1, respectively. These data demonstrate
a decrease in the cytotoxic effect of the anthracyclines that
they were pumped out from the K562/ADR cells. This result
therefore confirmed the P-gp phenotype of the K562/ADR
cell line.

Even both QTR and RUT in its free form or micellar
formulation had low cytotoxicity activity (ICsy values >
100 uM). QCT and QCT-loaded micelles exhibited potent
anticancer properties against K562 and K562/ADR, with the
1Cs values ranging from 7.0 +2.6 uM to 15.0 £4.0 uM. The
RF values of free QCT (0.7) and QCT-loaded micelles (0.8)
were a bit lower than 1, indicating the similar cytotoxic
efficacy in P-gp-overexpressing cells and their corresponding
sensitive cells. Similar to the finding of a previous study, QCT
was observed to exhibit cytotoxic effect on both human T
lymphoblastoid leukemia MOLT-4/DNR and DNR-resistant
cells (30). These results suggested that free QCT and QCT-
loaded micelles might not be substrates of P-gp. Besides,
empty mPEG750-b-OCL-Bz micelles (up to 200 pg/mL)
showed good cytocompatibility on both K562 and K562/
ADR cells. Taken together, QCT-loaded micelles were
therefore selected for further studies on P-gp reversing effect
to anthracycline drugs of K562/ADR cells.

P-gp Reversing Effect

P-gp reversing effect of MDR cells to DOX or DAU
by free QCT, empty polymeric micelles, or QCT-loaded
micelles was demonstrated in cell growth curves as shown
in Fig. 5. The MDR-reversing (6) values were also
summarized in Table III. The cytotoxicity in K562/ADR
of both DOX and DAU in combination with VER (2 uM),
a well-known inhibitor of P-gp, was reversed with a ¢ value
of 0.93. Free QCT at concentrations of 1-3 uM, had no
effect in reversing K562/ADR cells to DOX (Fig. 5a) or

DAU (Fig. 5c). Interestingly, QCT-loaded micelles (at
QCT concentrations of 1-3 pM) clearly increase
chemosensitivity to DOX (Fig. 5b) and DAU (Fig. 5d) on
multidrug resistance of K562/ADR cells in a dose-
dependent manner. The ¢ values of QCT-loaded micelles
in increasing P-gp reversing effect to DOX ranged from
0.39+0.19 to 0.71+£0.15 and to DAU from 0.29+0.21 to
0.74 £0.20. These results show that P-gp pump was
inhibited by QCT-loaded micelles around 30-40% at QCT
concentration of 1 pM and around 70% at QCT concen-
tration of 3 uM. Interestingly, empty mPEG750-b-OCL-Bz
micelles (concentrations of 10-30 pg/mL) also exhibited
MDR-reversing effect to DOX with ¢ values ranging from
0.11+0.04 to 0.18+0.05, resulting in maximum P-gp
inhibiting effect of 18% at empty micelles concentration
of 30 pg/mL.

Effect on P-gp Function

In order to understand the direct interaction of QCT-
loaded micelle with P-gp, the spectrofluorometric method was
used to study the P-gp-mediated efflux. THP is a good
substrate of P-gp with fluorescence property. It is therefore
suitable to use as a molecular probe to measure P-gp function
(31). The results are presented in Fig. 6. The typical kinetic
uptake of THP in K562/ADR cell lines in the presence of
VER, a well-known P-gp inhibitor, was shown in Fig. 6a. The
quenching of THP fluorescence intensity referred to the
accumulation of THP within the cells. The THP accumulation
was low because of the function of P-gp pump. The
fluorescence intensity of THP continuously decreased when
VER was added. This result presents the pattern of P-gp
inhibition by P-gp inhibitor. The low THP quenching was
observed after adding free quercetin (Fig. 6b), whereas QCT-
loaded polymeric micelles revealed high THP quenching (Fig.
6¢c). These results indicated that QCT-loaded polymeric
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Fig. 4. The release profiles of QCT, QTR, and RUT from mPEG-b-OCL-Bz micelles (a) and the flavonoid
content of the flavonoid-loaded micelles kept at room temperature for 2 weeks (b)

micelles had much stronger P-gp inhibition than free QCT.
Interestingly, empty polymeric micelles also had an inhibition
effect on P-gp function (Fig. 6d).

The ability of the P-gp inhibitor to inhibit the P-gp
function was present in the ratio of C,;/Cn as shown in
Fig. 7. The efficacy of VER to inhibit the P-gp function
increased as a function of concentration (Fig. 7a). Interest-
ingly, the ratio of C,)/Cy of QCT-loaded micelles and empty
polymeric micelle continuously increased in a dose-dependent
manner (Fig. 7b). However, it was found that the ratio of
Ch)/Cn of free QCT did not change in a dose-dependent
manner. Taken together, QCT-loaded polymeric micelles had
an excellent ability to inhibit the function of P-gp.

Assessment of Mitochondrial Membrane Potential

JC-1 was used to evaluate mitochondrial membrane
potential. JC-1 yields red fluorescence at high mitochondrial
membrane potential while JC-1 yields green fluorescence at
low mitochondrial membrane potential. A decrease in the JC-
1 R/G ratio is indicative of mitochondrial depolarization
(non-functional mitochondria). The JC-1 R/G ratio in K562/
ADR cells treated with empty polymeric micelles was not
significantly different from cell control (p < 0.05), whereas the
JC-1 R/G ratio in resistant cells treated with free QCT for
15 min decreased to 36% of cell control. This decrease did
not change in a time-dependent manner as shown in Fig. 8.
Moreover, the decreasing of JC-1 R/G ratio in resistant cells
treated with QCT-loaded polymeric micelles (decreased to

30% of the cell control) was not significantly different from
free QCT, suggesting that QCT (in its free form and micellar
formation) had an effect on mitochondrial membrane
potential.

DISCUSSION

In the present study, QCT glycosides incorporated
mPEG-b-OCL-Bz micelles were successfully prepared using
a film hydration method. The particle size of the obtained
polymeric micelles was around 13-18 nm. The sugar moieties
of QCT did not show any effect on the particle size of
flavonoid-loaded mPEG-b-OCL-Bz micelles, but a difference
in the loading efficiency was found. Many recent studies
reported that compatibility optimization between the micellar
hydrophobic segment and the incorporated drug improved
the drug loading efficiency and its retention, resulting in long
circulation time in the biological system (32,33). The hydro-
phobic interaction between the hydrophobic moieties of
polymer and the entrapped hydrophobic drugs was successful
in improving the efficiency of loading drug into polymeric
micelles (34). However, the results from this study demon-
strated that the loading content of QTR into the mPEG-b-
OCL-Bz micelles was significantly higher than that of both
QCT and RUT (p <0.05). This may be due to the optimum
affinity between the aglycone (non-polar) and the glycone
(polar) groups of QTR and the amphiphilic molecules of the
mPEG-b-OCL-Bz oligomers. QTR is more hydrophilic than
QCT but more hydrophobic than RUT. These results present

Table II. 1Cs, Values of Various Compounds Against K562 and K562/ADR Cells. The Values Are Presented as Mean + S.D. (n=3)

Compounds 1C5¢ value (uM) RF
K562 K562/ADR

DOX 0.019 +0.001 0.678 £0.137 355

DAU 0.018 = 0.001 0.388 +0.075 22.1

Free QCT 15.0+£4.0 10.0+0.7 0.7

QCT-loaded mPEG-b-OCL-Bz micelles 8.7+1.6 7.0+2.6 0.8

Empty mPEG-b-OCL-Bz micelles ND ND -

DOX, doxorubicin; DAU, daunorubicin; QCT, quercetin; mPEG-b-OCL-Bz, (poly [ethylene glycol]-b-oligo [e-caprolactone]) with benzoyl end
groups; ICs, half maximal inhibitory concentration; RF, resistance factor; ND, not detectable
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Fig. 5. The P-gp reversing effect of free QCT (QCT: a, ¢) and QCT-loaded mPEG-b-OCL-Bz micelles
(QM: b, d) with various concentrations of DOX and DAU against K562/ADR. The cell viability assay was
conducted by counting the cell numbers using a flow cytometer after 72 h of incubation

that the efficiency of incorporation of flavonoids into poly-
meric micelles was influenced by the balance between
hydrophobicity and hydrophilicity.

In the release study, the interaction between the drug
and the micellar core affected the drug release. The
difference in the release rate between aglycone and the
glycosides of the flavonoids contributed to the degree of
interaction between the flavonoids and the mPEG-b-OCL-Bz
polymer. The n-r interaction between QCT (aglycone) and
the micellar core of mPEG-b-OCL-Bz micelles was stronger
than that of QCT glycosides. The less #-7 interaction, which
was found from the QCT glycosides, was probably due to the
steric factor of the sugar moieties of the QCT glycosides.
Besides, the released QCT glycosides were more easily driven
to the receiving medium than its aglycone (QCT) by Tween

as the assistance in solubilization, based on the amphiphilic
characteristic of the QCT glycosides and considering the “like
dissolves like” theory, thus leading to the higher release rate.

Chemotherapy is the most frequently used approach in
the treatment of cancer. Unfortunately, multidrug resistance
(MDR) leads to the limitation in the success of cancer
chemotherapy. The most common established mechanism of
MDR is the overexpression of ATP-binding cassette (ABC)
membrane (35,36). These membrane transporters pump
anticancer drugs out of the cells by ATP consumption;
therefore, only a small proportion of the administered drug
reaches its intended target sites, leading to therapeutic failure.
One of the main investigated efflux pumps is P-gp, a 170 kDa
transport protein, which is known to limit the distribution of a
broad spectrum of drugs. Strategies to overcome the P-gp

Table III. The MDR-Reversing Efficacy of QCT-Loaded mPEG-b-OCL-Bz Micelles in Increasing Cytotoxicity Effect of DOX and DAU on
P-gp Expressing K562 (K562/ADR) Cells. The Values Are Presented as Mean + S.D. (n=3)

Test compound

MDR reversing efficacy (9)

DOX DAU
1-uM QCT-loaded mPEG-b-OCL-Bz micelles 0.39 + 0.19 0.29+0.21
2-uM QCT-loaded mPEG-b-OCL-Bz micelles 0.54 + 0.05 0.63+0.19
3-uM QCT-loaded mPEG-b-OCL-Bz micelles 0.71 + 0.15 0.74+0.20
10 pg/mL mPEG-b-OCL-Bz micelles 0.11 + 0.04 ND
20 pg/mL mPEG-b-OCL-Bz micelles 0.13 + 0.06 ND
30 pg/mL mPEG-b-OCL-Bz micelles 0.18 = 0.05 ND
2-uM VER 0.93 +0.03 0.93 +0.07

*Not determine

MDR, multidrug resistance; DOX, doxorubicin; DAU, daunorubicin; QCT, quercetin; VER, verapamil hydrochloride; ND, not detectable
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free quercetin (QCT: b), 2.5 uM quercetin-loaded micelles (QM: ¢) and 2.5 M empty polymeric micelles

(EM: d)

protein have been extensively studied, including silencing
MDR-related miRNAs, combinative drug strategy, applying
monoclonal antibodies against P-gp, and designing novel
agents that are not recognized as P-gp substrate (2,3,37,38).
Among these strategies, reversing drug resistance by the
inhibition of the drug efflux of P-gp, including the use of
MDR chemosensitizers, is a major challenge to overcome
MDR in cancer treatment. Moreover, the nano drug delivery
system is one of the novel strategies in the approach to fight
MDR.

Natural substances could be a potent anticancer agent or
MDR transporter inhibitors with less cytotoxicity (39,40). The
cytotoxicity results of this study present that free QCT and
QCT-loaded micelles had stronger anticancer activity toward

.
(=

0.0 15 3.0 4.5 6.0

"[VER], uM

both sensitive and resistant leukemia cells than QTR and
RUT (in its free form and micellar formations). Furthermore,
similar efficacies in drug-resistant phenotypes and their
corresponding sensitive cells (the low degree of the resistant
factor) of both free QCT and QCT-loaded micelles were
observed. This result suggests that free QCT and QCT-loaded
micelles were not transported by P-gp. Moreover, the result
also showed that free QCT (at a concentration of 1-3 uM)
had no MDR-reversing effect on DOX or DAU. This result is
in agreement with Choiprasert et al. (7) who reported that the
MDR-reversing effect of QCT and QCT glycosides to DAU
of K562/ADR and GLC4/ADR cells was not observed.
Interestingly, empty mPEG-b-OCL-Bz micelles had MDR-
reversing effect. A stronger MDR-reversing effect to both
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» EM

s QCT
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Fig. 7. The effect of verapamil (VER) (a), free quercetin (QCT), quercetin-loaded micelles (QM), and
empty polymeric micelles (EM) (b) on the inhibition of P-gp function. The values of C,)/Cy are plotted as
a function of the concentration of molecules
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micelles (QM), and empty polymeric micelles (EM) on the mito-
chondrial membrane potential of K562/ADR cells

DOX and DAU of K562/ADR cells was observed from QCT-
loaded micelles (at QCT concentration of 1-3 pM) with
maximum MDR-reversing values around 70%.

In order to study the mode of action by which QCT-loaded
micelles increased the efficacy of DOX or DAU in P-gp-
overexpressing cells, the modulation of QCT-loaded micelles in
the kinetics of P-gp-mediated pumping and mitochondrial mem-
brane potential were investigated. For the assessment of the
kinetics of P-gp-mediated pumping, the THP was studied as a
model anticancer drug because its pKa is relatively low and it can
move into the cells very rapidly (24-27). In the present study, the
efflux of THP by P-gp was slightly inhibited by free QCT.
Moreover, QCT-loaded micelles increased the inhibition of P-gp
efflux of THP in a dose-dependent manner. Interestingly, empty
polymeric micelles also had the ability to inhibit P-gp function. This
finding reveals that empty mPEG750-b-OCL-Bz micelles could
enhance the MDR reversal effects of the QCT-loaded mPEG750-
b-OCL-Bz micelles by the inhibition of P-gp efflux. Polymeric
micelles are amphiphilic molecules which may lead to membrane
fluidization and enhanced permeability of cell membrane, resulting
in P-gp interfering (41). It has been reported that drug resistance
was altered by poly (ethylene oxide)-poly- (propylene oxide)
copolymers (pluronic®) or poly (ethylene glycol)-poly (lactic acid)
copolymers using several mechanisms such as affecting the
membrane microviscosity, decreasing the P-gp ATPase activity,
loss of the mitochondrial membrane potential, and a subsequent
decrease in the ATP levels (42-44). Moreover, cellular drug
accumulation was enhanced using nanocrystals and nanotubes
through bypassing P-gp via endocytosis (45,46).

QCT has been recently recognized for its use as an
anticancer agent alone or in combination therapy with
conventional chemotherapeutic drugs. QCT was found to
cause DNA fragmentation, cell cycle arrest, and apoptosis
through the mitochondrial pathway (47-49). It has been
reported that QCT was an effective inhibitor toward P-gp
by directly interacting with transporter protein (50), whereas
the less efficient inhibitor of P-gp by QCT glycosides was
observed which might result from the steric effect of their
sugar moieties (7,51). In this study, the mitochondrial
membrane potential was altered by both QCT and QCT-
loaded micelles. The main mechanism of MDR proteins
pumping the chemical agents uses the energy of ATP.
Mitochondria play key roles in energy production. Mitochon-
drial dysfunction has been shown to participate in the

AAPS PharmSciTech (2020) 21:121

induction of apoptosis. Opening of the mitochondrial perme-
ability transition pore induces depolarization of mitochon-
drial membrane potential, inhibition of ATP synthesis, release
of apoptogenic factors, and subsequent cell death (52,53).
The mitochondria targeting of MDR cancer cells and trigger
cell apoptosis is one of the mechanisms to overcome MDR.
Taken together, the potential mechanisms of reversing
multidrug resistance of K562/ADR cells by QCT-loaded
polymeric micelles might be the combination effects of
polymeric micelles and QCT, interfering with P-gp function
and mitochondrial membrane potential, respectively.

CONCLUSION

The results in this study exhibit that the potential
anticancer flavonoids, QCT, QTR, and RUT, were success-
fully incorporated into mPEG-b-OCL-Bz micelles. The
particle size of the flavonoid-loaded mPEG-b-OCL-Bz mi-
celles was not affected by the chemical structure of flavo-
noids. However, the chemical structure of flavonoids plays
important roles in the incorporation efficiency and release
behavior of the micelles. The study demonstrates that free
QCT and QCT-loaded micelles are not the substrates of P-gp.
Moreover, the QCT-loaded micelles possess potential MDR-
reversing action to the conventional chemotherapeutic drugs
(DOX or DAU). It was found that empty polymeric micelles
had the ability to inhibit P-gp function. A higher inhibition of
P-gp efflux of THP was found from QCT-loaded micelles. On
the other hand, the mitochondrial membrane potential was
altered by both QCT and QCT loaded micelles. The
combination effects of polymeric micelles, by interfering P-
gp function, and QCT, by altering mitochondrial membrane
potential, might be the potential mechanisms of reversing
multidrug resistance of K562/ADR cells by QCT-loaded
polymeric micelles. Finally, it can be concluded that
mPEG750-b-OCL-Bz micelles are a promising carrier system
of flavonoids for enhancing MDR reversal effects.
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ABSTRACT

The aim of this study is to develop co-encapsulation of quercetin (QCT) and superparamagnetic iron
oxide nanoparticles (SPIONs) into methoxy-poly(ethylene glycol)-b-oligo(e-caprolactone), mPEG750-b-
OCL-Bz micelles (QCT-SPION-loaded micelles) for inhibition of hepatitis B virus-transfected hepatocel-
lular carcinoma (HepG2.2.15) cell growth. QCT-SPION-loaded micelles were prepared using film
hydration method. They were spherical in shape with an average size of 22-55 nm. The best QCT-SPION-
loaded micelles showed entrapment efficiency and loading capacity of QCT at 70% and 3.5%, respectively,
and of SPIONs at 15% and 0.8%, respectively. Transverse (T>) relaxivity of SPIONs was 137 mM~'s~L. SPION
clusters present inside the core of QCT-SPION-loaded micelles increased T, relaxivity value (246
mM's™1) indicating the good magnetic resonance imaging sensitivity of QCT-SPION-loaded micelles in
comparison with SPIONs. QCT-SPION-loaded micelles could be taken up by HepG2.2.15 cells and showed
higher cytotoxicity than QCT. Furthermore, these cells were arrested by QCT-SPION-loaded micelles at
the GO/G1 phase of cell cycle. QCT-SPION-loaded micelles accumulated in the vicinity of Neodymium Iron
Boron (NdFeB) magnetic disc, resulting in the potent inhibition of cancer cell growth at the strong
magnetic field strength. In conclusion, mPEG750-b-OCL-Bz micelles are a promising multi-functional
vehicle for co-delivery of QCT and SPIONs for disease monitoring and therapies of hepatocellular
carcinoma.

© 2019 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.

Introduction

and low response rates (10%-15%).* Furthermore, multi-drug resis-
tance (MDR) plays a major role in the chemoresistance of HCC.?

Liver cancer is the second-ranked cause of cancer-related mor-
tality in the world, and is most prevalent in Southeast Asia, especially
in Thailand.”> Hepatocellular carcinoma (HCC), the major type of
liver cancer, is difficult to diagnose. Most HCC patients in the
advanced stage are not suitable for curative treatments such as
surgical resection, local ablation, and liver transplantation. There-
fore, chemotherapy is the only therapeutic option.”> However,
chemotherapy to liver cancer is associated with harmful side effects

This article contains supplementary material available from the authors by request
or via the Internet at https://doi.org/10.1016/j.xphs.2018.08.008.
* Correspondence to: Ruttiros Khonkarn (Telephone: +66-53-944-309).
E-mail address: pharrutty@gmail.com (R. Khonkarn).

https://doi.org/10.1016/j.xphs.2018.08.008

Quercetin (QCT) presents interesting anti-proliferative effects on a
variety of cancer cells such as colon, breast, and liver.® QCT also ex-
hibits high antioxidant effects, induces cell apoptosis, and reverses
cancer drug resistance.”® It has been shown that in HCC, QCT induces
cell apoptosis by activation of caspase-3 and caspase-9, regulation of
B-cell lymphoma 2, and suppression of specificity protein-1."'° Be-
sides, adenosine triphosphate-binding cassette transporters
including MDR-1, MDR-associated protein-1, and breast cancer
resistance protein, which control drug efflux process, are inhibited
by QCT.® Therefore, QCT is a potential drug candidate for HCC
treatment. However, the very low aqueous solubility of QCT limits its
therapeutic use.!!

The aqueous solubility of QCT can be improved using micro-
emulsions, liposomes, and polymeric micelles. Polymeric micelles

0022-3549/© 2019 American Pharmacists Association®. Published by Elsevier Inc. All rights reserved.
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are an interesting class of drug delivery systems for cancer therapy
on account of their capability to solubilize hydrophobic com-
pounds/drugs. Their small size leads to accumulation at the tumor
site through the enhanced permeability and retention (EPR) ef-
fect.!? In our previous study, methoxy-poly(ethylene glycol)-b-
oligo(e-caprolactone), mPEG750-b-OCL-Bz micelles increased the
water solubility of QCT to about 110-fold and these micelles
exhibited a higher cytotoxicity toward resistant human eryth-
romyelogenous leukemia (K562) and small lung carcinoma (GLC4)
cells than the parental sensitive cells."®

Drug targeting could decrease side effects and enhance thera-
peutic efficiency of anti-cancer drugs by reducing its systemic
concentration and increasing the concentration at the target site.
The EPR effect of nanoparticles can be improved by active targeting
(use of a cell-specific ligand) as a result of enhancing the specificity
to the target cells.'*

Superparamagnetic iron oxide nanoparticles (SPIONs), magnetic
resonance imaging (MRI) agents approved by the U.S. Food and Drug
Administration, are interesting particles for imaging the in vivo fate of
targeted nanomedicines.”” Recent studies have developed nano-
medicines loaded with SPIONs for targeted drug delivery to particu-
larly liver tumors using an external magnetic field."®!” Nanocarrier
platforms loaded with SPIONs and evodiamine have been developed
to enable magnetic targeting ability and high accumulation at the
target site.”” SPION-loaded polymeric micelles show prolonged blood
circulation times, increased MRI sensitivity, as well as improved
biocompatibility.'® This study aims to develop the magnetic nano-
carrier of QCT using polymeric micelles in order to improve disease
monitoring and therapy of HCC. The obtained polymeric micelles
were characterized for their particle size, morphology, and magnetic
properties. Finally, the micelles were evaluated for cytotoxicity,
cellular uptake, cell cycle analysis, and magnetic targeting potential in
hepatitis B virus-transfected HCC (HepG2.2.15) cells.

Methods
Materials

QCT and Dulbecco’s modified Eagle’s medium (DMEM) were
from Sigma-Aldrich (St. Louis, MO). Penicillin-streptomycin and
trypsin-ethylenediaminetetraacetic acid (EDTA) were from
GIBCO™ Invitrogen (Grand Island, NY). Ethanol, dichloromethane,
and dimethyl sulfoxide (DMSO) were from Merck (Darmstadt,
Germany). Fetal bovine serum was from Biochrom AG (Berlin,
Germany). The other chemicals were of the highest available grade.
mPEG750-b-OCL-Bz was prepared as previously reported.'” The
average degree of polymerization of mPEG750 and caprolactone
were 17 (av17) and 4 (av4), respectively.

Preparation of SPIONs

SPIONs were prepared using the co-precipitation method previ-
ously reported with some modification.”® Ferrous sulfate heptahy-
drate (FeSO4-7H20, 9.25 mM) and ferric chloride hexahydrate
(FeCl3-6H;0, 18.50 mM) were dissolved in deionized (DI) water. The
pH of the mixture was adjusted to 10 by 7% NH4OH at room tem-
perature and dark brown particles (Fe304) were formed. To avoid
SPION agglomeration, oleic acid (35 mM) was added resulting in the
coating of SPIONs. The mixture was heated to 90°C with vigorous
stirring for 1 h under nitrogen atmosphere and reflux condition.
SPIONs were separated using a Neodymium Iron Boron (NdFeB)
magnetic disc (0.3 cm x 2 cm) and washed with DI water (2 times)
and ethanol (2 times) by centrifugation at 4000 rpm for 10 min.
Finally, SPIONs were dried in a hot air oven (45°C) overnight and
kept at room temperature.

Preparation of QCT-SPION-Loaded mPEG750-b-OCL-Bz Micelles and
QCT-Loaded mPEG750-b-OCL-Bz Micelles

QCT and SPIONs were loaded into mPEG750-b-OCL-Bz micelles
by a film hydration method previously reported,”> with some
modifications. A solution of QCT (5 mg in 1 mL ethanol), dispersion
of SPIONs (1-15 mg in 5 mL tetrahydrofuran), and solution of
mPEG750-b-OCL-Bz (100 mg in 10 mL dichloromethane) were
mixed in a round-bottom flask. The organic solvents were removed
using a rotary evaporator to obtain a thin film. Subsequently, this
film was hydrated by DI water at room temperature and sonicated
for 30 min. Non-entrapped (precipitated) QCT or SPIONs were
removed using a microfilter (0.2-pm nylon syringe filter).

Characterization of SPIONs, QCT-SPION-Loaded Micelles, and
QCT-Loaded Micelles

Transmission electron microscopy (TEM) was performed on
SPIONs, empty mPEG750-b-OCL-Bz micelles, and QCT-SPION-loaded
mPEG750-b-OCL-Bz micelles to evaluate their morphology and par-
ticle size. Moreover, selected area electron diffraction patterns of
SPIONs were also obtained with TEM. TEM samples were prepared on
a copper grid, and the microscope (JEOL JEM-2200FS) was operated at
200 kV. Besides, magnetic property of the obtained SPIONs was
characterized by vibrating sample magnetometry (Lakeshore Model
7404 with 4-inch electromagnet). All samples were freeze-dried in
liquid nitrogen and lyophilized under vacuum. The magnetic field
was applied at 12 kOe. Experimental type was hysteresis with time
constant and total point values of 0.1 and 100, respectively. All mea-
surements were carried out at room temperature.

The amount of loaded QCT in QCT-SPION-loaded micelles was
determined by UV-Vis spectroscopy with absorbance wavelength of
375 nm. A sample of the QCT-SPION-loaded micelles dispersion (10
uL) was diluted with 2 mL DMSO before UV absorption measurement.
Calibration of QCT was carried out by dissolving QCT in DMSO at 1-20
pg/mL. On the other hand, the loaded amount of the SPIONs was
determined using a GBC/932 plus atomic absorption spectroscopy
with a hollow cathode lamp. A sample of QCT-SPION-loaded micelles
(100 pL) was added to 1 M HCI (5 mL). The instrumental parameters
were set up in agreement with the manufacturer’s recommendations.
The flame composition was air-acetylene with fuel flow and air flow
of 2 and 10 L/min, respectively. The lamp current was set at 7 mA and
absorbance wavelength of SPIONs was 248 nm. Loading capacity (LC)
and the entrapment efficiency (EE) were calculated by the following
formulas: LC (%w/w) = (quantity of loaded QCT or SPIONs/quantity of
initial polymer) x 100 and EE (%w/w) = (quantity of loaded QCT or
SPIONs/quantity of initial QCT or SPIONs) x 100.

The hydrodynamic size of micelles was measured by dynamic light
scattering (Zetasizer®; Malvern, Malvern, UK). FTIR spectroscopy of
QCT, SPIONs, mPEG750-b-OCL-Bz polymer, QCT-loaded micelles, and
QCT-SPION-loaded micelles were performed using a Nicolet Nexus
470 microscope in the transmission mode by the potassium bromide
pellet method, with the wave number ranging from 400 to 4000 cm-1.

QCT-SPION-loaded micelle dispersions were stored at room
temperature for 2 months. The particle size analyzer and HPLC (a
Hewlett Packard with UV-visible detector) were used to check the
stability of the QCT-SPION-loaded micelles. The HPLC column was
C-18 column (250 x 4.6 mm, 5 pm particle size, SB-C18; Hypersil®)
and the elution solvent was 85% methanol (15% water). Chro-
matograms were recorded at 254 nm.

Relaxivity Measurement

Transverse (T,) relaxivity of SPIONs and QCT-SPION-loaded mi-
celles were measured using a 1.5 T clinical magnetic resonance
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scanner at room temperature. Samples were prepared using tissue
equivalent phantom gel.>! SPIONs and QCT-SPION-loaded micelles
were mixed with acrylamide and bis-acrylamide to final concentra-
tion of 4% of both reagents. Subsequently, 0.05% ammonium persul-
fate and 0.05% tetramethylethylenediamine were added. The mixture
was kept at room temperature for 90 min to allow polymerization.
Subsequently, T,-weighted images of the different samples were ac-
quired using the following parameters: echo time (TE): 45-300 ms,
field of view (FOV): 120 mm, slice thickness: 2.0 mm, and flip angle:
90°. The signal intensity of To-weighted images was plotted against
TE. A fitting curve was obtained using OriginPro 2015 software to
determine the T, values. Relaxation rate (1/T,) versus SPION con-
centration was plotted to obtain a linear relationship. T relaxivity
value was calculated from the slope of the linear graph. High value of
T, relaxivity represents high sensitivity of SPIONs and QCT-SPION-
loaded micelles for negative contrast enhancement.?>

Cell Culture

HepG2.2.15 cells which are more resistant to anti-cancer drugs
than parental HCC (HepG2) cells®> were cultured using a standard
method for adherent cells. Briefly, the cells (2 x 10° cells) were
cultured in 10 mL DMEM with 10% fetal bovine serum, penicillin
(100 UI/mL), and streptomycin (100 pg/mL). The flask was kept in a
humidified incubator (5% CO, 37°C). The culture medium (DMEM)
was changed every 3 days to maintain the pH around 7.6-7.8.

Cellular Uptake of QCT-SPION-Loaded Micelles

This experiment was performed using HepG2.2.15 cells and
Prussian blue staining technique.’* HepG2.2.15 cells were seeded

a

into 6-well plates at a density of 1 x 10° cells/well in 2 mL of DMEM
and incubated for 24 h at 37°C. Subsequently, the cells were washed
with phosphate buffered saline (PBS) twice and replaced by fresh
medium containing QCT-SPION-loaded micelles (50 pM) and
incubated at 37°C for 5 h. The cells were then washed with PBS
twice and fixed with 10% paraformaldehyde for 20 min before
washing twice with PBS. The fixed cells were incubated with fresh
Pearl’s Prussian blue reagent (5% potassium ferrocyanide: 5% HCI,
1:1 v/v) for 60 min and washed 3 times with distilled water. After
that, eosin solution (1 mlL, 0.5% w/v eosin in 1% HCl and 80%
ethanol) was added and incubated for 1 min. The cells were sub-
sequently washed with distilled water and dehydrated with
ethanol in gradient concentrations from 30% to 100%. Finally, the
cells were observed under a microscope to visualize the uptake of
QCT-SPION-loaded micelles.

Inductively coupled plasma mass spectrometer (Agilent 7500 C,
Tokyo, Japan) was performed to quantify the iron uptake. The QCT-
SPION-loaded micelle-treated HepG2.2.15 cells were weighted and
digested in 65% HNOs for 2 h at 95°C. The final iron concentration was
calculated as weight percentage over the total weight of the cells.

Cellular Toxicity

The HepG2.2.15 cells (1 x 10° cells/well) were seeded into 6-
well plates. Next, 0-40 pL solutions/dispersions with different
concentrations were added (0-60 uM of QCT, 0-12 uM of SPIONS,
and 0-260 uM of the polymer) to 2 mL culture medium. QCT was
added using a stock solution in ethanol (the ethanol concentration
in the cell culture medium did not exceed 0.5%). Next, the cells were
incubated for 72 h in a humidified incubator (5% CO,, 37°C) and the
cells were analyzed using the 3-(4,5-dimethylthiazol-2-yl)-2,5-
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Figure 1. Characterizations of SPIONs: physical appearance (a), TEM image (b), SAED pattern (c), and hysteresis curve (d). SAED, selected area electron diffraction patterns.
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diphenyltetrazolium bromide assay to determine cell viability. The
ICs value (50% inhibitory concentration) was determined from the
graph plotted between % cell viability and sample concentrations.

Effect of QCT-SPION-Loaded Micelles on Cancer Cell Cycle
Progression

Propidium iodide (PI) is the most frequently used for DNA
binding in the experiment of cell cycle analysis determined by flow
cytometry. Nevertheless, PI also binds with RNA, thus the staining
process usually includes RNase to discard RNA and detergent (Triton
X-100) to wipe out the cell membrane and cytoplasm. The mea-
surements were performed in the same manner as described pre-
viously."® Briefly, HepG2.2.15 cells (5 x 10° cells) were seeded into 6-
well plates and then exposed to the tested samples in a humidified
incubator (5% CO,, 37°C) for 24 h. After incubation, the treated cells
were washed 2 times with PBS. Next, 0.05% trypsin containing 0.02%
EDTA was directly added. The detached cells were washed with PBS
and subsequently fixed with 70% ethanol overnight. After that, the
cells were stained by PI containing RNase (0.2 mg/mL) and 0.1%
Triton X-100 for 30 min at 37°C in the dark place. The cell cycle
progression was analyzed using a flow cytometer (Beckman Coulter

CyAn ADP). The experiment was carried out at a low flow rate for
optimal resolution of PI fluorescence. PI fluorescence intensity was
collected on FL2 of a flow cytometer. Flow cytometer was set at 488
nm laser illumination (excitation maximum = 493 nm; emission
maximum = 636 nm). OriginPro software was used to analyze the
DNA content of the cell cycle (phase GO/G1, S, G2/M).

Annexin V-fluorescein isothiocyanate (Annexin V-FITC) assay
was performed for apoptosis detection. The detached cells were
washed with PBS and subsequently added with binding buffer.
Then Annexin V-FITC and PI were added. The prepared cells were
incubated at room temperature with light protection for 10 min.
The fluorescence of the cells was determined immediately with a
flow cytometer. The flow cytometer was set at excitation 488 nm
and emission 530 nm. PI and FITC fluorescence intensity were
collected on FL2 and FL1, respectively. The apoptosis analysis was
performed by Flowing Software.

Cellular Magnetic Targeting Properties

Cellular magnetic targeting properties of QCT-SPION-loaded mi-
celles were investigated in HepG2.2.15 cells as described in a previous
study.” HepG2.2.15 cells (1 x 10° cells) were seeded in a T25 culture

Table 1

Average Particle Size and Loading Efficiency of QCT-SPION-Loaded Micelles
Polymer/QCT/SPIONs (w/w/w) Zave (NmM) Pdl QCT SPIONs

EE (%) LC (%) EE (%) LC (%)

20:1:0 14 +1 0.17 + 0.03 97.19 + 1.08 4.86 + 0.05 - -
20:1:0.2 22+0 0.48 + 0.02 69.76 + 2.00 349 +0.10 7.32 +0.20 0.37 + 0.01
20:1:0.5 20+0 0.34 + 0.02 66.11 + 1.75 3.30 + 0.09 8.13 £ 0.11 0.41 + 0.01
20:1:1 40 + 1 0.25 + 0.04 64.15 + 3.42 3.21+0.17 15.08 + 0.10 0.75 + 0.01
20:1:2 49 + 1 0.31 + 0.04 61.82 + 2.11 3.09 +0.10 7.79 + 0.15 0.39 + 0.01
20:1:3 55+ 1 0.37 + 0.06 53.54 + 2.90 2.68 +0.15 8.51 +0.12 0.43 +0.01

Pdl, polydispersity index.
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flask containing DMEM and incubated in a humidified incubator (5%
CO,, 37°C) for 24 h. QCT-SPION-loaded micelles was added into the
culture flask and the NdFeB magnetic disc (0.3 cm x 2 cm) was sub-
sequently placed at the bottom of the culture flask. The cells were
incubated for 48 h to evaluate the magnetic targeting properties.
Cellular morphology and distribution at the magnetic targeted area and
the weak magnetic field area were observed under a light microscope.

Statistical Analysis

The results are reported as mean =+ standard deviation for
triplicate independent experiments. Statistical analysis was carried
out using an unpaired t-test. p value less than 0.05 was considered
statistically significant.

Results and Discussion
Preparation and Characterization of SPIONs

SPIONs with good magnetic property were successfully syn-
thesized by the co-precipitate method (Fig. 1a). Aggregation
behavior is the crucial limitation of SPIONs synthesized by the co-
precipitate method. Naked SPIONs present a large surface-to-
volume ratio and lead to high surface energies of these SPIONSs.
Therefore, naked SPIONSs tend to aggregate to minimize the surface
energies.””> Surface modification with dextran, polyethyleneglycol
(PEG), poly(vinylpyrrolidone), citric acid, and oleic acid has been
utilized to reduce aggregation.”>?’ The mechanism to reduce the
naked SPION aggregation by oleic acid coating has been reported,
whereby oleic acid adsorbs on SPIONs by strong chemical bond
between the carboxylic acid and amorphous SPIONs. This action
enhances the osmotic pressure or repulsion force to balance the
increasing Van der Waals energies (attraction) resulted from
smaller size of SPIONs.>>?® Surface modification of SPIONs with
oleic acid coating was therefore performed in this study. TEM was
used to determine the morphology and crystallinity of SPIONs. The
results reveal that SPIONs were spherical in shape with an average
size of 16 + 2 nm (Fig. 1b), which is similar to the previous re-
ports.”>?? Selected area electron diffraction pattern (Fig. 1c)
confirmed the magnetite structure of SPIONs. Besides,
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magnetization hysteresis curves with zero remanence represent
the superparamagnetic behavior of the obtained SPIONs as shown
in Figure 1d. The values of saturation magnetization and coercivity
were 97.054 emu/g and 14.744 Oe, respectively. It has been re-
ported that saturation magnetization values of SPIONs were around
65-78 emu/g.>>*%%° Compared to previous reports, the obtained
SPIONs from this study had high saturation magnetization value
resulting in the pure and good crystal structure of SPIONs.

Preparation and Characterization of QCT-SPION-Loaded Micelles
and QCT-Loaded Micelles

Co-entrapment of QCT and SPIONs into mPEG750-b-OCL-Bz co-
polymer was investigated for specific targeted delivery (Fig. 2a). The
obtained QCT-SPION-loaded micelles appeared as clear brown which
is the blended color of QCT and SPIONs. QCT-loaded micelles and
empty polymeric micelles appeared as yellow and colorless disper-
sions, which are the color of QCT and mPEG750-b-OCL-Bz co-polymer,
respectively (Fig. 2b). To optimize the suitable formulation, the amount
of SPIONs varied while the ratio of polymer/QCT was fixed at 20:1,
corresponding to the highest EE of QCT loading."® The average hy-
drodynamic size (Z,ye) of QCT-SPION-loaded micelles was in the range
of 22-55 nm, which was higher than QCT-loaded micelles (14 nm) and
depended on the amount of SPIONs used for loading. An increase in the
initial amount of SPIONs caused the increase in the average size of QCT-
SPION-loaded micelles (Table 1). This is in line with the finding of Hong
et al.>° who found that the particle size of SPION-loaded PEG-PCL (38
nm) is bigger than that of empty micelles (28 nm).

The morphology of empty mPEG750-b-OCL-Bz micelles
observed by TEM was near-spherical with average size of 20 + 4 nm
(Fig. 3a). TEM images of QCT-SPION-loaded micelles indicate that
the particles of QCT-SPION-loaded micelles were also spherical in
shape (Fig. 3b). Particle sizes of QCT-SPION-loaded micelles
measured by TEM were in the range of 20-50 nm, which was in
agreement with the findings of the dynamic light scattering anal-
ysis. In the liver, the particle size that enables tumor accumulation
after intravenous administration by EPR effect and can fenestrate
the liver sinusoid should be less than 100 nm.>"*? The QCT-SPION-
loaded micelles obtained from this study were therefore the
appropriate size for liver tumor targeted therapy.
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Figure 3. TEM image of empty mPEG750-b-OCL-Bz micelles (a); TEM image of QCT-SPION-loaded micelles (b); and FTIR spectrum of QCT, SPIONs, mPEG750-b-OCL-Bz polymer,

QCT-loaded micelles, and QCT-SPION-loaded micelles (c).
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Figure 4. Relaxivity measurement: the T,-weighted images of SPIONs and QCT-SPION-
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concentration (mM) on MRI scanner (b).

The maximum EE and LC of QCT in QCT-SPION-loaded micelles
were at 70% and 3.5%, respectively (Table 1). At the same time, the
highest SPION content in QCT-SPION-loaded micelles was 15%
(EE) and 0.8% (LC). Keeping QCT-SPION-loaded micelles at room
temperature for 5 weeks, physical appearance of QCT-SPION-
loaded micelles remain unchanged (as shown in Fig. 2c). Be-
sides, the QCT content of the QCT-SPION-loaded micelles was not
different and any degradation product could not be observed
after HPLC analysis (Fig. 8). Table 2 shows that the average size of
QCT-SPION-loaded micelles gradually increased (from 63 nm at
fifth week to 83 nm at ninth week) indicating that some aggre-
gation might have occurred. Besides, EE of QCT subsequently
decreased with time (from 68% at fifth week to 27% at ninth
week). Based on the size, polydispersity index, and loading effi-
ciency, QCT-SPION-loaded micelles composed of polymer/QCT/
SPIONs of 20:1:1 ratio was chosen for further study because this
system gave appropriate properties of small size, low poly-
dispersity index, and high EE.

FTIR Analysis

FTIR spectroscopy was used to find chemical bonding, molecular
structure, and intermolecular interaction. The interaction among

Table 2
Colloidal Stability of QCT-SPION-Loaded Micelles, Particle Size, and Loading
Efficiency

Duration (wk) Zave (NmM) PdIl Loaded QCT

%EE %LC
1 59+1 0.20 + 0.01 64.23 + 1.35 3.21 + 0.07
3 64 +1 0.32 + 0.05 61.66 + 1.37 3.08 + 0.07
5 63 +2 0.30 + 0.04 67.67 + 0.51 3.38 +0.03
7 76 £ 4 0.37 + 0.07 46.59 + 0.92 233 +0.05
9 831 0.31 + 0.02 2745 + 1.97 1.37 £ 0.10

Pdl, polydispersity index.

Figure 5. Cellular uptake was performed by the Prussian blue staining. The images of
the control HepG2.2.15 cells (a) and HepG2.2.15 cells after treatment with QCT-SPION-
loaded micelles; QCT concentration of 50 uM (b) at 37°C for 5 h, x100 magnification.

QCT, SPIONs, and mPEG750-b-OCL-Bz polymer was defined.
Figure 3¢ shows FTIR spectra of QCT, SPIONs, mPEG750-b-OCL-Bz
co-polymer, QCT-loaded micelles, and QCT-SPION-loaded micelles.
The bands at 1700-1500 cm-1 and 3550-3200 cm-1 represent ar-
omatic C=C bending and —OH stretching phenolics of QCT,
respectively. The characteristic peak of SPIONs (Fe-O) was observed
at 580 cm-1. The bands of the co-polymer located at 1109 cm-1 and
1728 cm-1 represent aliphatic ether (R-O-R’) and ester C=0
stretches, respectively. The spectra of QCT-loaded micelles and
QCT-SPION-loaded micelles also showed the co-polymer signature
without shift in the single band. These results indicated that
interaction among QCT, SPIONs, and polymeric micelles was not
observed.

Relaxivity Measurement

The magnetic property of SPIONs and QCT-SPION-loaded mi-
celles was verified using a clinical 1.5 T MRI scanner. The intensity
of To-weighted images gradually decreased when SPION concen-
tration of both QCT-SPION-loaded micelles and SPIONs increased
(Fig. 4a). Therefore, QCT-SPION-loaded micelles and SPIONs could
be good MRI contrast agents. The signal loss of the T>-weighted
images of QCT-SPION-loaded micelles was higher than that of
SPIONs confirming that QCT-SPION-loaded micelles were better
MRI contrast agent than SPIONs. Figure 4b presents that both
SPIONs and QCT-SPION-loaded micelles had good MRI sensitivity
with T, relaxivity values of 137.47 mM~'s~! and 246.30 mM~'s~,
respectively. Interestingly, T relaxivity value of QCT-SPION-loaded
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Figure 6. Morphology of the control HepG2.2.15 cells (a), HepG2.2.15 cells after incubation with SPION-loaded mPEG750-b-OCL-Bz micelles; SPIONs concentration of 14 uM (b);
with QCT, QCT concentration of 50 pM (c) and with QCT-SPION-loaded micelles, QCT concentration of 50 pM (d) at 37°C for 24 h, x100 magnification. Cell cycle analysis of DNA
content of the control HepG2.2.15 cells (e) and HepG2.2.15 cells after incubation with SPION-loaded mPEG750-b-OCL-Bz micelles; SPIONs concentration of 14 uM (f); with QCT, QCT
concentration of 50 uM (g) and with QCT-SPION-loaded micelles, QCT concentration of 50 uM (h) at 37°C for 24 h. The values are presented as mean + SD (n = 3), which applies only

to panels (e), (), (g), and (h).

micelles was 2 times higher than that of SPIONs. This may be due to
the clustering effect of SPIONs in polymeric micelles. Our finding is
in line with other reports using other polymers. For examples,
SPION-loaded mPEG-b-p(HPMAm-Lac2) (50-70 mM~!s~1) has
higher T, relaxivity value than SPIONs coated with dextran (30-50

mM~!s~1), and SPION-loaded PEG-PCL (110 mM~'s~!) presents
better MRI signal than hydrophilic Fe304 nanoparticles (40
mM~1s71).2733 The high T, relaxivity value of the QCT-SPIONs-
loaded micelles obtained in this study was resulting in their better
accuracy of MRL
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Figure 7. Magnetic targeting: the microscopic images of the control HepG2.2.15 cells (1); HepG2.2.15 cells incubated with QCT-SPION-loaded micelles; QCT concentration of 50 pM,
without magnetic field (2) and HepG2.2.15 cells incubated with QCT-SPION-loaded micelles; QCT concentration of 50 M, after external magnetic field was applied (3) at 37°C for

72 h. Area (a) indicates the weakest magnetic field strength, while area (b) and area (c) indicate higher magnetic field strength, in ascending order, x100 magnification.

Determination of QCT-SPION-Loaded Micelles Uptake

Intracellular drug concentration is an important factor for
effectiveness of treatment. To clarify this issue, QCT-SPION-loaded

a

Volts

Volts

micelles were tracked using Prussian blue staining technique

which is used to detect SPIONs in cells. The presence of SPIONs
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Figure 8. HPLC chromatogram at 254 nm of QCT-SPION-loaded micelles at room temperature on the 1st day (a) and 5th week (b).
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results in blue color staining. The result presented in Figure 5 shows
that blue color was not observed in the control HepG2.2.15 cells but
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Figure 9. Cytotoxicity of HepG2.2.15 cells treated with free QCT (a), QCT-SPION-loaded micelles (b), SPIONSs (c), SPION-loaded micelles (d), and empty mPEG750-b-OCL-Bz micelles (e).

was clearly observed in the QCT-SPION-loaded micelle-treated cells
indicating that QCT-SPION-loaded micelles were taken up into the
HepG2.2.15 cells. In addition, inductively coupled plasma mass
spectrometer result shows that the total amount of ion per cells of
QCT-SPION-loaded micelles (48.80 + 10.18 pgFe/cell) was higher
than control HepG2.2.15 cells (0.31 + 0.07 pgFe/cell). In other
studies, PEG-b-PLA polymeric micelles and PEG-PCL were previ-
ously reported to be taken up by human ovarian (A2780) and
HepG2 cells, respectively.>*>> The cellular uptake mechanism of
colloidal particles is influenced by important parameters such as
surface property, rigidity, shape, and size. The uptake of large par-
ticles (>500 nm) is usually through phagocytosis pathway, whereas
the small particle (<200 nm) is usually through pinocytosis
pathway.>®*” According to the small size of QCT-SPION-loaded
micelles (22-55 nm), the cellular uptake mechanism of QCT-
SPION-loaded micelles is considered by pinocytosis which might
be via clathrin-mediated endocytosis, caveolin-mediated endocy-
tosis, and clathrin/caveolin independent endocytosis pathways
which may depend on both the chemical structure of colloidal
particles and cell types.>®

Cellular Toxicity

HepG2.2.15 cells were transfected by hepatitis B virus to induce
multiple drug resistance.”> QCT-SPION-loaded micelles and QCT

showed cytotoxicity effect against HepG2.2.15 cells with ICsg
values of 17.02 + 2.82 and 207.90 + 63.08 uM, respectively. In a
previous study, the cytotoxicity of QCT in sensitive breast cancer
cells (MCF-7) and resistant breast cancer cells (MCF-7/ADR) was
reported with ICsq values of 16.32 and 16.87 pg/mL, respectively.>®
It was also reported that QCT (0.1-100 uM) has no toxicity against
HepG2.2.15 cells.*” In this study, the ICs value of QCT against
HepG2.2.15 cells was higher than 100 pM. Moreover, SPIONs (0-12
uM), empty mPEG750-b-OCL-Bz micelles (0-260 uM), and SPION-
loaded micelles did not exhibit any cytotoxicity against
HepG2.2.15 cells (Fig. 9). Remarkably, this result indicates that
QCT-SPION-loaded micelles had significantly (p < 0.05) higher
cytotoxicity against HepG2.2.15 cells than QCT. Furthermore,
SPIONs and QCT did not display synergistic effect (data not
shown), presenting no synergism on cancer cell treatment from
QCT-SPION-loaded micelles. Cellular uptake of doxorubicin-
conjugated poly(lactic-co-glycolic acid)-PEG block co-polymers
has been found to become enhanced due to their facilitated
endocytotic transport (likely, fluid-phase endocytotic), and higher
cytotoxicity against HepG2 cells than doxorubicin has also been
observed.*® Recent study reported that polymeric micelles can
inhibit P-glycoprotein function. The micelles cause cell membrane
depolarization and enhance membrane microviscosity, leading to
inhibition of P-glycoprotein function.*! This mechanism decreases
the loss of intracellular drug concentration. Therefore, the
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enhancement cytotoxic effect found in this study was due to the
improved intracellular concentration of QCT by mPEG750-b-OCL-
Bz micelles.

Effect of QCT-SPION-Loaded Micelles on Cancer Cell Cycle
Progression

In this experiment, HepG2.2.15 cells without treatment were
used as a negative control group. HepG2.2.15 cells treated with
SPION-loaded micelles (without QCT) were used as vehicle control.
QCT treated groups consisted of HepG2.2.15 cells treated with QCT
and QCT-SPION-loaded micelles. Figures 6a-6d show that
morphological alteration occurred in QCT and QCT-SPION-loaded
micelle-treated cells. These cells showed bigger vacuoles, rounder
cell shape, and higher number of detached cells than the negative
and vehicle control groups.

Most cells can regenerate new cells to replace damaged and
dead cells by doubling its DNA content with 2 sets of chromosomes
and subsequently cells division. The cell division can split into 5
main phases: GO, G1, S, G2, and M. Cell cycles start with the DNA
synthesis phase (S phase) before entering the cell mitotic phase (M
phase). The gap between the end of the mitotic phase and the
synthesis phase is GO or G1 phases, as well as between the end of
the synthesis phase and the mitotic phase is the G2 phase. In this
study, the HepG2.2.15 DNA content of the QCT treated groups was
different from the control group. The percentage cells of the QCT
treated groups at the GO/G1 phase significantly (p < 0.05)
increased, while the number of cells at the G2/M phase decreased
in comparison with the control groups (Figs. 6e-6h). Yang et al.*?
reported that the cell cycle of human lung cancer cells is arrested
at G2/M by QCT, and that QCT induces apoptosis through caspase-3.
The GO/G1 cell cycle arrest phenomenon can be observed after
treating HepG2 cells with QCT which is caused by decreased
expression of cyclin D1 (controlled transition of G1/S cell cycle
phase).*> Moreover, the apoptotic cell death induced by QCT-
SPION-loaded micelles was found by Annexin V-FITC-PI assay. In
this study, the mechanism of HCC cell death induced by QCT-
SPION-loaded micelles was mediated through the inhibition of
cell cycle progression at GO/G1 phase followed by apoptosis cell
death.

Magnetic Targeting Properties

Figure 7 presents that the morphology of cells, which were
incubated with QCT-SPIONs-loaded micelles and applied with
external magnetic field, in the very low magnetic field area (area
A3) had epithelial-like shape. This cellular morphology was similar
to that of the control cells. As far as the moderate magnetic field
area (area B3) is concerned, not only low cellular density but also
morphological alteration was observed in this area. In the high
magnetic targeted area (area C3), the cell morphology changed
from polygonal shape to spherical shape, indicating the cytotoxicity
of the targeting QCT-SPION-loaded micelles. These results clearly
demonstrate that the extrinsic magnetic field can increase the
accumulation of QCT-SPION-loaded micelles in the targeted area.
The cytotoxicity efficacy of QCT can increase in the targeted area
(high magnetic field) and decrease in the non-targeted area (low
magnetic field). The SPION-loaded polymeric micelles were previ-
ously reported to increase the concentration of evodiamine in the
targeted area using the external magnetic field.”” Furthermore,
SPION-poly(caprolactone)-carbazole nanoparticles can transfer
drugs to the target via the external magnetic field.** The result of
this study clearly reveals that magnetic nanocarrier for inhibition of
HCC cell growth was successful developed by co-encapsulation of
QCT and SPIONs into mPEG750-b-OCL-Bz micelles.

Conclusion

A promising nanomagnetic drug delivery of QCT can be fabri-
cated by co-delivery of QCT and SPIONs into mPEG750-b-OCL-Bz
micelles. This drug delivery platform can improve the drug tar-
geting properties of HepG2.2.15 cells. This is not only to enhance
the efficiency but also to decrease the adverse side effects of both
anti-cancer compound and imaging agent leading to the
improvement of both disease monitoring and therapeutic efficacy.
The best system is composed of mPEG750-b-OCL-Bz polymer/QCT/
SPIONSs at a weight ratio of 20:1:1 ratio. This system is suitable for
further study in in vivo MRI imaging and targeting of drug delivery.
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