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Copolymeric micelles made from dextran-g-lauric acid were optimized to carry kB kinase-B inhibitor,
IMD-0354, to form a drug delivery system and to verify the effects on drug loading and encapsulation
efficiency. Dextran with different molecular weights was modified by lauric acid via an esterification
process between the hydroxyl group of dextran and the carboxyl group of lauric acid. The hydrophilic
dextran acts as a framework and lauric acid was grafted to its branches, forming an amphiphilic polymer.
Fourier transform infrared spectrometry and H nuclear magnetic resonance (NMR) were used to
confirm and calculate the grafting percentage of dextran-g-lauric acid. The critical micelle concentration
(CMC) values were obtained using ultraviolet-visible spectrophotometry, and particle size was measured
using dynamic light scattering and transmission electron microscopy (TEM). The effect of drug-loaded
micelles was verified using cell viability and immunofluorescence staining. TEM images indicated that the
self-assembled micelles are spherical in shape. The drug loading percentage of micelles was 0.76-4.67%,
and the encapsulation efficiency was 15.4-93.75%. Regulating the hydrophilic and hydrophobic
fragments of dextran-g-lauric acid changed the particle size, grafting rate, CMC, drug loading, and
encapsulation efficiency of the polymer. IMD-0354-loaded micelles showed higher apoptosis expression
in melanoma than free IMD-0354. This shows that controlled interactions of hydrophilic and
hydrophobic regions on dextran-g-lauric acid may have profound effects on drug delivery for cancer
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Introduction

Advances in nanotechnology have led to the development of
many types of drug delivery vehicle, such as magnetic nano-
particles,™* gold nanoparticles,>* and functionalized quantum
dots,>® for cancer diagnosis and clinical treatment. The accu-
mulation of 10-100 nm scale materials on tumor tissue, which
is described by the enhanced permeability and retention effect,
dramatically improves tumor-selective targeting.”® The first
application of polymeric micelles for drug delivery was reported
in 1984.° Polymeric micelles, whose size is in the range of 20—
100 nm, have emerged as a potential colloidal carrier for poorly
water-soluble drugs. However, some colloidal carrier systems
can be captured easily by the reticuloendothelial system (RES)
due to their large particle size which are then excreted out of the
bloodstream. Therefore, a specific size of carrier systems must
be used to achieve longevity in blood circulation and to avoid
RES recognition.”'® Understanding the characteristics of these

“Department of Biomedical Engineering, College of Engineering, Chung Yuan Christian
University, Chungli 32023, Taiwan, Republic of China

*Department of Physics and Astronomy, Johns Hopkins University, MD 21218, USA
(ESI) available. See DOI:

T Electronic  supplementary  information

10.1039/c7ra04544a

This journal is © The Royal Society of Chemistry 2017

polymeric nanoparticles, such as their hydrophobic and
hydrophilic interaction, molecular weight, and particle size, are
important for extending the circulation time of drug vehicles for
tumor targeting and reducing the side effects of drugs on
normal tissues.™

Natural polymers have a wide range of applications due to
their biocompatibility, biodegradability, and stability.”***
Natural polymers have been used as a framework to modify
specific components to achieve a specific function. Micelles,
which are fabricated through the self-assembly of amphiphiles,
are widely used as a drug-loading carrier. Drugs are physically
encapsulated in the micelles and can be triggered through
hydrolysis*>'® or environmental response such as pH'** and
temperature.'®>* The natural polymer dextran is manufactured
from Leuconostoc mesenteroides NRRL B-512(F). It consists of
(1,6)-linked glucan with side chains attached to the 3-positions
of the backbone glucose units. Onishi used dextran with various
molecular weights in its graft copolymerization with methyl
methacrylate and showed that the molecular weight of dextran
affects the graft percentage of the copolymer.?? In another study,
Francis applied dextran-grafted-polyethyleneglycol alkyl ether
(DEX-g-PEG-Cn) to self-assembled micelles and carried cyclo-
sporin A (CsA) to form a drug delivery system. The percentage of
CsA loading to micelles was determined by varying the
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molecular weights of dextran and fragment number of PEG-Cn
grafted per dextran chain. The results showed that increasing
the number of hydrophobic fragments on the dextran main
chain and decreasing the dextran molecular weight had
a profound effect on the encapsulation of poorly water-soluble
drugs such as CsA.”* Liu et al. synthesized dextran-agmatine
bioconjugate and modified it with lauric acid for DNA delivery
system. To graft dextran with lauric acid can promote the
complexation with DNA due to hydrophobically cooperative
binding effect, which is beneficial for hydrophobic drug
loading.> Ji et al developed dextran-graft-(2-diazo-1,2-
naphthoquinone) micelles for intracellular delivery of doxoru-
bicin by NIR irradiation. They investigated the effects of
changing the ratio of hydrophobic DNQ molecule on the micelle
property such as critical micelle concentration or size, which
results suggested hydrophobic molecule could enhance the
micelle stability.”® Wen et al. synthesized deoxycholic acid-
grafted dextran to encapsulate doxorubicin for drug delivery,
which demonstrated a potential for cancer therapy due to the
redox-responsive of micelles.”® Besides, study also show dextran
modified with bile acids as hydrophobic fluorescent probe for
investigating the fluorescence quantum yield and fluorescence
emission maximum.” Tiera et al. examined the adjustment of
molar weight of modified dextran to the micelles, which show
the drug efficiency related to the degrees of substitution and the
increased interchain interactions of chemical structure are
responsible for the formation of hydrophobic aggregates.*®

A novel IkB kinase-B inhibitor, IMD-0354 inhibits the
phosphorylation of IkB which in turn inhibits NF-«kB activation
into the nucleus. This suppresses the growth of human breast
cancer cells, human mast cells, breast stem cancer cells, T-cell
leukemia cells, and chronic lymphocytic leukemia by blocking
the cell cycle and inducing apoptosis.”*™*

In the previous literature, fatty acids such as palmitic acid
(C16) or stearic acid (C18) was used to conjugate 8-amino-3,6-
dioxaoctanoic acid and RGD to form amphiphilic structure.*
The CMC values were found to be lower for micelles with longer
carbon chain than those with shorter carbon chain, while the
size distributions were in the positive correlation with the
carbon chain. The change of carbon chain length contributed
by the conjugation of fatty acids would affect the micelles
structure due to the change of hydrophilic or hydrophobic
property. Lauric acid we used is a natural fatty acid with 12
carbon atom chain, which is of great anti-bacterial property.
Lauric acid were previously prepared as micelles*®*” for drug
delivery®® However, previous literatures do not investigate the
features of micelles with lauric acid as hydrophobic fragments,
which require optimization due to the short carbon chain make
it difficult to form micelles with high hydrophilic framework.

In this study, self-assembled amphiphile dextran-g-lauric
acid was synthesized by varying the molecular weight of dextran
to control the hydrophilic fragment of the micelle and by using
different graft ratios of dextran to lauric acid to control the
hydrophobic region. The micelle was loaded with IkB kinase B
inhibitor, IMD-0354, to create a drug delivery system. The
effects of inhibitor loading and the encapsulation efficiency of
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the drug were studied in terms of the interaction between the
hydrophilic and hydrophobic regions.

Materials and methods

Materials

Dimethyl sulfoxide (DMSO) (>99.9%) was received from J.T.
baker (N.J., USA). Dextran from Leuconostoc spp. (My = ~40 000
and 6000), dodecanoic acid (lauric acid) (98%),
N,N'-dicyclohexylcarbodiimide (DCC) (99%), 4-(dimethylamino)
pyridine (DMAP) (>99%), calcium hydride (CaH,) (99.99%),
sodium hydrogen carbonate, Triton X-100,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT), and fluorescein isothiocyanate isomer I were purchased
from Sigma-Aldrich (MO, USA). Potassium bromide (KBr)
(>99%) was purchased from Scharlau (Spain). All chemicals,
reagents, and solvents were used without further purification.
Penicillin-streptomycin, fetal bovine serum (FBS), and Dul-
becco’s Modified Eagle Medium (DMEM) were purchased from
Gibco (N.Y., USA). Goat anti-mouse IgG was purchased from
Millipore (Darmstadt, Germany). Anti-NFkB, p65 subunit
(monoclonal antibody) and goat anti-mouse IgG were
purchased from Millipore.

Synthesis of dextran-g-lauric acid

DMSO and CaH, were mixed under vacuum concentration to
obtain water-free DMSO. Lauric acid and dextran were dissolved
in 5 mL of DMSO, and DCC and DMAP were added to the
solution with a molarity ratio of 10:30:3 (lauric acid-
: DCC : DMAP). The synthesis parameters are shown in Table 1.
The solution was heated to 60 °C for 48 h under a nitrogen
atmosphere. Then, it was placed in a dialysis membrane with
a molecular weight cut-off of 1200 Da and dialyzed for 48 h. The
dialyzed solution was allowed to stand in a separatory funnel for
48 h. The aqueous layer was removed and dialyzed for 24 h. The
polymer lauric acid-g-dextran was obtained after freeze drying.

Determination of critical micelle concentrations on
dextran-g-lauric acid micelles

Dextran-g-lauric acid with various concentrations (0.001-1 wt%)
was dissolved in 4 uM DPH solution and sonicated for 30 min.
The solution was allowed to stand for 4 h in the dark. The CMC
of dextran-g-lauric micelles was measured at 356 nm using an
ultraviolet/visible (UV/vis) spectrophotometer.

Table 1 Synthesis parameters of dextran-g-lauric acid and grafting
rate

Dextran Dextran : lauric Reaction
Compound (Da) acid time (h) GR%
DexsoLAg 75 40 000 1:0.75 48 11
DexyoLA, 5 1:1.5 12
DexgLAg o5 6000 1:0.75 14.7
DexgLA, 5 1:1.5 18.7

This journal is © The Royal Society of Chemistry 2017
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Preparation of dextran-g-lauric acid micelles loaded with
IMD-0354

5 mg mL~" dextran-g-lauric acid was dissolved in DMSO and
stirred for 30 min. The solvent was mixed with an equal volume
of deionized water. The solution was dialyzed using a dialysis
membrane for 48 h. The molecular weight cut off (MWCO) of
dialysis membrane used is less than 1200 Da. IMD-0354 DMSO
solution was added to 5 mg mL~" dextran-g-lauric acid in DMSO
solvent and stirred for 30 min. Dextran-g-lauric acid and
IMD-0354 were prepared in a ratio of 20 : 1. The solution was
mixed into an equal volume of deionized water and dialyzed for
48 h using a dialysis membrane (MWCO < 1200 Da). Inhib-
itor-loaded micelles were obtained after freeze drying.

Property measurement of drug-loaded micelles

Inhibitor-loaded micelles in phosphate-buffered saline (PBS)
were dialyzed (MWCO < 1200) for 72 h. The concentration of
IMD-0354 was measured at 299 nm using a UV-vis spectro-
photometer. Encapsulation efficiency (EE%) was calculated as:

EE% = (Weightloaded drug)/(weightlotal drug) x 100% (1)

The inhibitor-loaded micelles were added into DMSO and
sonicated for 15 min to release the drug from the micelles. The
solution was filtered using a 0.45 pm filter and mixed into
a co-solvent (PBS:DMSO = 1:1 (wt%)). The drug loading
percentage was calculated as:

DL% = (weightioaded drug)/(Weightporymer) X 100% (2)

The experiment began with 10 mg of IMD-DexsLA; 5 being
dissolved in 10 mL of PBS. The solution was placed in a MWCO
1 kDa dialysis membrane. Then, it was placed in a beaker
containing 30 mL of PBS maintained at 37 °C and stirred at
60 rpm. For the measurement, 0.7 mL of the outer dialysate was
extracted to mix with 0.7 mL of DMSO. Note that PBS is mixed
with equal volume of the dialysate. The mixed solution was
measured at 299 nm using a UV-vis spectrophotometer and
then the calibration curve was calculated for IMD-0354 dis-
solved in PBS/DMSO solution (PBS : DMSO = 1: 1).

Analysis of micelle properties

The dextran-g-lauric acid was mixed with KBr and pressed into
disks for analysis using an FT-IR spectrometer (FT/IR-4200,
Jasco, Japan). The grafting rate was measured using a nuclear
magnetic resonance (NMR) spectrometer (Ascend™ 600,
Bruker, Germany). The dextran-g-lauric acid was dissolved in
D,O for grafting rate analysis. The particle size of micelles was
measured using dynamic light scattering (DLS) (LS series,
Beckman Coulter, USA). The solution was filtered using a 0.45
um filter when the concentration of the polymer solution was
higher than the CMC. A drop of the solution was placed on
a copper grid to measure the particle size using transmission
electron microscopy (TEM; JEM-200CX, JEOL, Japan).

This journal is © The Royal Society of Chemistry 2017
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Cell culture

In order to determine the effect of the synthesized micelles on
tumour cells, we obtained the B16F10 melanoma cell line from
National Cheng Kung University Hospital, Tainan, Taiwan.
Cells were maintained in DMEM, supplemented with 10% FBS,
3.7 g of sodium bicarbonate, and 1% penicillin-streptomycin.

Cell survival

The following preparation was conducted for the MTT study to
examine whether the carrier was more effective with IMD-0354
loading. B16F10 melanoma cells were seeded in a 96-well plate
with 1 x 10 cells per well. After 24 h, the medium was replaced
with 0.1-10 ng mL~! IMD-DexgLA, 5 or free IMD-0354 contain-
ing medium. After 72 h culture period, the medium was
removed and washed with PBS two times. MTT reagent
(0.5 mg mL ") was added to the medium and incubated for 4 h
at 37 °C. Afterwards, the medium was replaced with 200 puL of
DMSO to solubilize the formazan. The optical density (OD) was
measured at 570 nm by enzyme-linked immunosorbent assay
reader (1500-490, Thermo, USA) to determine the cell survival.

Micelles uptake and cellular apoptosis

DexgLA; 5 and FITC was dissolved in DMSO for 30 min, then
5 mL deionized water was added and reacted 24 h. The solution
was dialyzed (MWCO < 1200) for 48 h and filtered using a 0.22
um filter, then FITC-Dex¢LA, 5 micelles was freeze dried. BI6F10
cells were seeded in a 8-well culture slide with cell concentra-
tion of 4 x 10> cells per well, and then cultured with medium
contain FITC-DexgLA; 5 micelles (0.1 mg mL™") after 24 h. After
washed with PBS two times, the cells were fixed in 3.7% form-
aldehyde for 30 min. Confocal microscopy (LSM 510 Meta,
Zeiss, Germany) was used to observe cell uptake micelles.

Cellular apoptosis induced by IMD-DexsLA;s or free
IMD-0354 was determined by the following procedures. B16F10
melanoma cells were seeded in a 24-well plate with cell
concentration of 7 x 10® cells per well. After 24 h, the medium
was replaced by 0.5 pg mL~" IMD-DexgLA, 5 or free IMD-0354 in
medium and then cultured for 4-72 h. The medium was
removed and the cells were washed with PBS two times. The
cells were then fixed in 3.7% formaldehyde for 30 min and
washed again with PBS two times. 0.1% Triton™ X-100
surfactant in PBS were added into the cells for 10 min. The
solution was removed and then 5% bovine serum albumin was
added to the cells and allowed to react for 30 min. The
anti-NFkB antibody p65 (200 : 1) was reacted with the cells at
4 °C for at least 12 h. The secondary goat anti-mouse IgG FITC
antibody was used and reacted at room temperature for 1 h. The
cells were washed twice with PBS, and then goat anti-mouse IgG
antibodies were added in the dark for 1 h. The cells were washed
and 10 pg mL " Hoechst 33258 was added for 20 min. The cells
were again washed to remove the reacted solution. Finally, the
cells were observed under a fluorescence microscope.

To observe the nuclear morphology changes, cells were
seeded, treated with 0.5 pug mL™' of sample (DexgLAs,
IMD-DexgLA, 5, free IMD-0354) for 4-72 hours. Cells were then

RSC Adv., 2017, 7, 56247-56255 | 56249
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fixed in 3.7% formaldehyde and incubated with 10 ug mL ™" of
Hoechst 33258 to stain for 30 min.

Results and discussion
Functional group analysis

The grafting of the -OH functional group on dextran and the
—-COOH functional group on lauric acid resulted in a dehydra-
tion reaction. The hydrophilic dextran was acted as a framework
of dextran-g-lauric acid and lauric acid was grafted to its
branches, forming an amphiphilic polymer. FT-IR spectra was
used to analyze the functional groups of the polymer and to
evaluate their relationship. As shown in Fig. 1a, lauric acid has
the symmetrical stretching vibration of the -CH group at
2851 cm ™ '. The absorption peaks at 1291 and 1700 cm™ " of
lauric acid indicate the presence of -OH and C=O, respec-
tively.*® In the FT-IR spectrum of dextran (Fig. 1b), the peak at
1648 cm ™' confirms the presence of C=O stretching vibra-
tion.*>* In the lauric acid grafted dextran (DexLA), the C=0
functional groups in 1700 cm ™" ¢ was shift to 1727 cm ™" during
esterification reaction process, which result suggests the graft-
ing of lauric acid to dextran. The peak at 1291 cm™ ", indicating
—-OH stretching vibration, on lauric acid is not noticeable. The
grafting of lauric acid to dextran consumed the hydrogen from
the hydroxyl group, thereby weakening the functional group's
absorption in the spectra. However, in Fig. 1e, the characteristic
signal of lauric acid grafted to higher-molecular-weight dextran
is lower compared to that obtained with other experimental
parameters, indicating poor efficiency of the reaction.

Nuclear magnetic resonance analysis

The peaks of dextran of DexLA has "H NMR spectral resonances
appears in the range of 3.1-3.8 ppm which show hydrogen
protons of glucopyranosyl ring. The peaks belong to lauric acid
of DexLA has 'H NMR spectral resonances at 6 = 0.85, the

"
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Fig. 1 FT-IR spectra of dextran, lauric acid, and dextran-g-lauric acid
(molecular ratio of dextran to lauric acid is 1 : 0.5). (a) Lauric acid and
(b) unmodified dextran and dextran with (c) My, of 6k and reaction time
of 24 h, (d) My of 6k and reaction time of 48 h, and (e) My, of 40k and
reaction time of 24 h.
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hydrogen protons of methyl, and ¢ = 1.24, 1.51, 2.30, and 11.9
were hydrogen protons of carbon chain.**** The response at 6 =
11.9 represents the hydroxyl group of lauric acid, where the
region of grafting to dextran occurs. After the graft reaction of
dextran and lauric acid, the 6 = 11.9 peak disappeared (Fig. 2s7).

The grafting rate (GR%) (eqn (3)) of lauric acid in DexLA at
Fig. 2 and 3 are shown in Table 1. The percentage of the C1
position (6 = 4.9) of hydroxyl in the dextran graft to the C12
position (6 = 0.85) of carboxyl in lauric acid represents the
quantity of dextran-g-lauric acid.

GR% = (A()'g ppm 3)/1‘149 ppm X 100% (3)

Grafting rate percentages of 11% and 12% were obtained for
DexyoLAo 75 and DexyoLA; 5, respectively. In the framework of
dextran (My = 6000), DexcLA, 75 and DexgLA; 5 have GR% of
14.7% and 18.7%, respectively. The results showed that the
higher GR% could be retrieved by using low molecular weight of
dextran (Myw = 6000) compared with high molecular weight
dextran (My = 40 000). For Dex,oLA micelles, the hydroxyl
groups of higher molecular weight dextran might be hidden due

(@)

(b)

7 6 5 4 3 2 1 0 -1
f1 (ppm)

Fig. 2 H NMR spectrum of dextran-g-lauric acid in D,O. Molecular
weight of dextran is 40k and reaction time is 48 h. Molecular ratio of
dextran to lauric acid is (@) 1:0.75 (Dex4oLAg7s) and (b) 1:1.5
(DexaolAss).

This journal is © The Royal Society of Chemistry 2017
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(@)

f1 (ppm)

(b)

f1 (ppm)

Fig. 3 'H NMR spectrum of dextran-g-lauric acid in D,O. Molecular
weight of dextran is 6k. Molecular ratio of dextran to lauric acid is (a)
1:0.75 (DexglLAg7s) and (b) 1: 1.5 (DexglLA; 5).

to the long carbon chain form random coils which caused
inefficient esterification during reaction. The GR% increased
with increasing number of lauric acid chains and decreasing
dextran molecular weight.

Measurement of Dex-LA micelle CMC

Table 2 and Fig. 1st shows the measured CMC of amphiphiles
obtained with various grafting parameters. The CMC values of
DexyoLAg 75, DexyoLA; 5, DexgLAg 75, and DexgLA; 5 are 0.788,
0.785, 1.274, and 0.705 mg mL ", respectively. This shows that
almost the same CMC values were obtained as using higher
molecular weight dextran (=40k). Instead, for micelles with
lower molecular weight (=6k), as the graft ratio of lauric acid

Table 2 CMC and particle size of micelles

View Article Online
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increase, the CMC value decrease, which indicates hydropho-
bicity of the polymer increased. Therefore, the amphiphilic
micelles have to reach a specific concentration and balance
between hydrophilic and hydrophobic forces. The similar GR%
values of Dex,oLA, 75 and Dex,oLA, 5 indicates that the micelles
have identical numbers of hydrophilic and hydrophobic frag-
ments, which is important in the formation of micelles.

Micelle morphology and particle size

The particle size and morphology of micelles were observed
using TEM and DLS. TEM images revealed spherical Dex-LA
micelles. The particle sizes of DexyLAg 75, DeXyoLAj s,
DexgLA, 75, and DexgLA; 5 are 82.20, 57.44, 35.35, and 17.57 nm,
respectively. The images are shown in Fig. 4 and the results are

200 nm
—

200 nm
e

20 nm

Fig.4 TEM image of micelles formed with dextran graft lauric acid. (a)
DexaolAg7s, (b) DexsolAss, (C) DexglAgys, (d) and (e) DexglAgs, (f)
DexglLA; 5 loaded with IMD-0354.

Particle size (nm)

Micelle type CMC (mg mL ™) TEM DLS PDI”

DexyoLAg 75 0.788 82.2 + 16.97 83.62 + 1.35 0.69 + 0.12
DexyoLA; 5 0.785 57.44 + 16.08 63.44 + 33.67 0.50 + 0.28
DexgLAg 75 1.274 35.35 £ 5.39 47.18 £ 1.64 0.52 + 0.03
DexcLA, 5 0.705 17.57 + 2.51 20.41 + 11.9 0.63 + 0.43

% PDI is according to DLS results.

This journal is © The Royal Society of Chemistry 2017
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shown in Table 2. From DLS data (Table 2), the particle sizes of
Dex,oLAg 75, DexyolA; 5, DexgLAy 75, and DexcLA, 5 are 83.62,
63.44,47.18, and 20.41 nm, respectively. The size distribution of
Dex-LA micelles has two different ranges depending on the
molecular weight (40k or 6k) of the polymeric framework. The
particle size of DexyLA is higher than that of DexcLA, which
signifies that hydration is augmented in Dex,oLA, promoting
micelle swelling.

It is believed that the size of micelles depends on the inter-
action between its hydrophilic and hydrophobic regions. In
DexgLA micelles, the hydrophobic force is relatively stronger,
making the micelles shrink. In this study, the hydrophilic
fragments were controlled by using different molar weights of
dextran in the Dex-LA micelles. The hydrophilic region of the
polymer can be modified by adding dextran with a larger
molecular weight or modifying the hydrophobic region by
increasing the ratio of lauric acid to dextran. Through the
reaction of hydrophobic and hydrophilic fragments, many of
the physical properties of micelles were changed, such as CMC
and particle size.

The DLS test show that micelles present high polydispersity
index (PDI) values (0.50-0.69), showing a rather polydispersed
distribution. The dextran with a higher molecular weight as the
polymer framework may cause partial folding of the dextran,
which in term cause instability of the micelle structure, and
then the hydroxyl groups are hidden and limits the esterifica-
tion reaction. The PDI value of Dex,oLA is higher than that of
DexcLA, showing that the size of micelle was not uniform at
higher molecular weight dextran. An appropriate MWCO of
dialysis membrane and extension of the dialysis duration can
minimize the nonuniformity problem.

Encapsulation efficiency and drug loading

UV-vis spectrophotometer was used to determine the presence
of IMD-0354. For free DexgLA, 5 micelles, there is no obvious
absorbed peaks, but or IMD-DexsLA; 5 and IMD-0354 both show
absorption at 250-300 nm (Fig. 3st). The result show that drug
IMD-0354 has been embedded. The loading capacity of drug to
micelles was evaluated in terms of encapsulation efficiency and
drug loading percentage. By increasing the graft ratio of lauric
acid to dextran has led to a slight increase in the drug loading of
micelles. Moreover, increasing the IMD-0354 drug concentra-
tion ratio on micelles can effectively improve the drug loading
of micelles.

The micelle formation is contributed by both hydrophilic
and hydrophobic blocks and our study suggest that the balance
between hydrophilic (dextran) and hydrophobic (lauric acid)
component allow the completion of micelles structure
(Fig. 4st). The lauric acid which composed of carbon chain
would become the hydrophobic core. From the result of Table 3,
the encapsulation efficiency (EE%) of IMD-Dex,;oLA,5 and
IMD-Dex,oLA; s were 15.4 and 39.46%, respectively, which
suggests that the content of lauric acid in micelles could affect
encapsulating content of hydrophobic drug IMD-0354. The
encapsulation of Dex,oLA efficiency was low may be caused by
the inadequate hydrophobic compartments integrated to the
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Table 3 Encapsulation efficiency and drug loading of micelles

Compound Micelles : drug (wt%) EE% DL%
IMD-Dex,LA 75 20:1 15.4 0.76
IMD-Dex,oLA, 39.47 1.96
IMD-Dex¢LAg 75 38.1 1.9

IMD-DexgLA, 5 93.75 4.67

micelles. IMD-DexsLA; 5 show a high encapsulation efficiency
which is near 94%. The ratio (w/w) of DexLA to drug were
adjusted to be 10 or 20, which show drug loading of 93.75 and
91.58%, respectively. This results implied that the Dex¢LA; 5 was
a for drug loading in the ratio of DexLA to drug was 20 (Table
1s7).

In addition, from both EE% and DL% data, the increase of
lauric acid ratio show increasing the drug-loading in micelles,
which suggests that hydrophobicity can control the relationship
between micelles and the drug. Moreover, the particle size of
micelles increase from 17.57 £ 2.51 nm to 60.8 + 9.28 nm after
drug loading (Fig. 4e).

The ability of micelles to carry drugs depends on the inter-
action of their hydrophilic and hydrophobic regions. In a study of
cyclosporin A (CsA) loaded DEX-g-PEG-Cn micelles by Leroux,*
the molecular weight of dextran used were 10 000 and 40 000 Da.
The drug loading property of CsA-loaded DEX-g-PEG-Cn micelles
changed with dextran molecular weight. The micelles formed by
dextran with a higher molecular weight provided higher hydro-
philicity, whereas dextran with a lower molecular weight formed
micelles with lower hydrophilicity. Therefore, micelles with
higher-molecular-weight dextran will have decreased hydro-
phobic drug CsA loading content. In our study, the drug loading
percentages of IMD-Dex,,LA, ;5 and IMD-DexgLA, ;5 micelles are
0.76% and 1.9%, respectively. IMD-0354 encapsulated in
micelles is a hydrophobic drug. Dex-LA micelles with high-
er-molecular-weight dextran have poor drug loading content.
IMD-DexsLA; 5 has higher drug loading percentage (4.76%)
compared to IMD-Dex,oLA;s due to increased hydrophobic
segments. This drug loading content result is similar to that
obtained in a study of Leroux.*

Fig. 5 shows the drug release curve, which can be divided
into two slopes, one in the 0-12 h period and the other in the

100

—=—IMD-Dex-LA,
-
7 /

60 P

w

1

Fig. 5 Cumulative drug release of IMD-DexglLA; 5.
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12-72 h period. In the 0-12 h period, water diffused into the
micelles and caused the gradient of drug concentration to
change. This drove the drugs out from the micelles via diffu-
sion. In 12 h, the cumulative drug release reached 53.37%.
These results are similar to those reported for doxor-
ubicin-loaded stearate-g-dextran micelles (50% drug release
was obtained in 10 h).*? In the 12-72 h period, the hydrolysis of
micelle ester linkages caused the structure of micelles to loose
inducing an increase in drug release. The hydrolysis of micelles
improved water diffusing into micelles and the increase of the
ester linkage degradation lead to drug release. The cumulative
drug release of IMD-DexgLA; 5 reached 86.15% in 72 h.

As discussed above, our carriers are based on the mechanism
of hydrolysis ester linkage. Utilizing polymers with ester link-
ages to synthesize micelles has some advantages. The ester
linkages of micelles is regarded as short hydrophobic frag-
ments. It is preferable to employ short hydrophobic molecules
for carriers and to link them with an ester group, for good
human metabolism. By turning lengthy hydrophobic molecules
this way the lysis of bond between the ester group and hydro-
phobic molecules occur which further adds on for metabolism
to take place in an effective manner. In another study, Holm-
berg compared the hydrolysis rates of micelles formed by ester
and carbonate surfactants. It was shown that micelles with ester
surfactant has slower rates of hydrolysis than the carbonate
surfactant implying that an ester surfactant prolongs micelle
circulation in the body.*

Nakano provided another example that favors hydrolysis of
ester linkage mechanism.*® They showed that the catalytic
enzyme B-glucosidase cleaves the glucosyl ester linkage much
more weakly than the glucosidic linkage. Even so, the glucosyl
ester linkage requires 24 h to activate its cleaved effect. For
micelles that must be retained in the human body for a period
of time, the hydrolysis of ester linkage compounds should be
a favorable choice. Our micelle design requires drugs to remain
for 12 h in the body, which is consistent with Nakano's study.*®

The developed IMD-0354 loaded-micelles were applied for
anti-tumor  applications. IMD-0354 (N-(3,5-bis-trifluoro-
methyl-phenyl)-5-chloro-2-hydroxy-benzamide) is a novel
inhibitor of the IKK-induced phosphorylation of IkBB and
hence protects it from undergoing degradation, which in turn
results in the inhibition of NF-kB activation.*” NF-BB is over-
expressed in tumors, and thus IMD-0354 as a novel NF-$B
inhibitor has attracted the attention of researchers.”>*” Due to
the enhanced permeability and retention (EPR) effect, the time
of drug circulation of micelles loaded with IMD-0354 in the
human body is extended.

Cell viability and mechanism of IMD-0354-loaded micelles

Fig. 6 shows that melanoma co-cultured with IMD-DexsLA; 5 or
free IMD-0354 could induce cell death at a low dosage.
IMD-0354 with a molecular weight lower than 1000 g mol " is
diffused into the cell.® Comparing with free IMD-0354,
IMD-DexsLA; 5 has a more efficient cellular uptake through
endocytosis of melanoma, which increases the cumulative
IMD-0354 dosage. Therefore, IMD-Dex¢LA; 5 is more efficient in
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Fig. 6 Cell survival rate of B16F10 melanoma co-culture with various
concentrations of IMD-DexglLA; 5 or free IMD-0354 at 72 h.

inducing apoptosis than the free IMD-0354. These results show
that IMD-Dex¢LA; 5 could enhance the drug effect by reducing
the dosage to achieve better treatment. Though, free IMD-0354
and IMD-0354 encapsulated in DexsLA; 5 both induce apoptosis
in melanoma, the more effective treatment result of drug-loa-
ded micelles could be achieved even in low dosage than the free
IMD-0354 treatment.

To evaluate the micelles accumulative phenomenon, we
cultured melanoma with FITC-Dex¢LA, 5 micelles to observe the
uptake of micelles by fluorescent images. From the results of
Fig. 7, the green fluorescent was accumulated in cytoplasm,
which confirmed that the micelles were uptake and accumu-
lated as incubation time increased.

As shown in Fig. 8, melanoma cultured with IMD-Dex¢LA; 5
or free IMD-0354 had no significant difference compared to the
control or Dex¢LA; 5 groups at 4 and 8 h. This means that the
cumulative drug concentration of IMD-DexgLA;; or free
IMD-0354 uptaken by the cells was insufficient to inhibit NF-kB
expression. In co-culture at 24 h, NF-kB expression was
inhibited. NF-kB expression was obviously inhibited by
IMD-DexgLA, 5 or free IMD-0354 at 48 and 72 h. Of note, the
fluorescence of the nucleus also decreased because IMD-0354
not only inhibited the NF-kB pathway on the cytoplasm but also
inhibited upstream of the IKK complex to activate the NF-«B
pathway, which suppresses NF-kB into the nucleus.*

FTIC-DexglA, 5

Phase

8 hr

24 hr

Fig. 7 The fluorescent images of B16F10 cells uptake of FITC-
Dex6LA1_5.
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IMD-0354

IMD-Dexg-LA, ¢

Fig. 8 Immunofluorescence staining of B16F10 melanoma co-culture
with DexglLAy 5, IMD-DexglA; 5, or free IMD-0354. Green fluorescence
represents NF-kB and blue fluorescence represents Hoechst 33258.

IMD-0354 could inhibit phosphorylation of IKK complex that
induced cancer cell apoptosis due to activation of IkB and NF-
kB were block.”*** In Fig. 9, the time-dependent changes in
nuclear morphology of the cells treated with IMD-DexcLA; s,
were compared with that of DexgLA; 5, free IMD-0354 and non-
treated (control). For free IMD-0354 and IMD-DexgLA; 5 groups,
the nucleus show atrophy and incomplete, the fluorescence
intensity of nucleus also enhanced by chromatin condensation.
The results shown that IMD-Dex¢LA; 5 show excellent property
to deliver IMD-0354 to cause cell apoptosis.

IMD-
DexcLA; s IMD-0354 DexgLA,

Control

4h

8h

24 h

48 h

72 h

Fig. 9 Time-dependent changes in nuclear of B16F10 melanoma
co-culture with DexglLA;s, IMD-DexglA; 5, free IMD-0354 and non-

treated (control). Hoechst 33 258 stain nucleus and the arrows were
the nucleus atrophy.
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Conclusions

The goal of this study was to synthesize self-assembled
amphiphiles dextran-g-lauric acid that carries the drug
IMD-0354 for anti-tumor applications. By regulating the
hydrophilic and hydrophobic segments of dextran-g-lauric acid
micelles, the effects of particle size, CMC, and drug contents
were studied. The micelles swelled to a larger size due to
stronger hydrophilic interactions, but the number of hydro-
phobic segments did not affect CMC. IMD-0354 release from
micelles was 86.15% in 72 h and increasing the amount of drug
can improve DL% and EE%. The results of this study indicate
that the IMD-loaded dextran-g-lauric acid micelles have
potential for cancer treatment.
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