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Abstract: The purpose of this study is to develop novel nanoparticles based on polyion complex formation between
low molecular weight water-soluble chitosan (LMWSC) and all-frans retinoic acid (atRA). LMWSC nanoparticles
encapsulating atRA based on polyion complex were prepared by mixing of atRA into LMWSC aqueous solution
using ultrasonication. In FTIR spectra, the carbonyl group of atRA at 1690 cm™ disappeared or decreased when ion
complexes were formed between LMWSC and atRA. In 'H NMR spectra, specific peaks of atRA disappeared when
atRA-encapsulated LMWSC (RAC) nanoparticles were reconstituted into D,O while specific peaks both of atRA
and LMWSC appeared in D,O/DMSO (1/3, v/v) mixture. XRD patterns also showed that the crystal peaks of atRA
were disappeared by encapsulation into LMWSC nanoparticles. LMWSC nanoparticles encapsulating atRA have
spherical shapes with particle size below 200 nm. The mechanism of encapsulation of atRA into LMWSC nano-
particles was thought to be an ion complex formation between LMWSC and atRA. LMWSC nanoparticles showed
high atRA loading efficiency over 90% (w/w). AtRA was continuously released from nanoparticles over 10 days.
In in vitro cell cytotoxicity test, free atRA showed higher cytotoxic effect against CT 26 colon carcinoma cell line
on 1 day. However, RAC nanoparticles showed similar cytotoxicity against CT 26 cells on 2 day. These results suggest
the potential for the introduction of LMWSC nanoparticles into various biomedical fields such as drug delivery.
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anticancer drug.

Introduction

Chitosan is a natural polymer derived from chitin by
deacetylation. Since chitosan is regarded as biocompatible,
biodegradable, and non-toxic, it is an interesting biomaterial
because of its ability as a drug carrying materials and ease
of modification.' Furthermore, chitosan has been reported to
enhance drug delivery across the nasal or mucosal layer
without damage.>* Despite of its superiority as a biomaterial,
chitosan is not fully soluble in water and then soluble in
acidic solution. Aqueous solubility of chitosan only in acidic
solution limits its application to bioactive agents such as
gene delivery carriers, peptide carriers, and drug carriers.
Recently, we developed water-soluble chitosan with low
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molecular weight and free-amine group.*” Low molecular
weight water-soluble chitosan (LMWSC) is ease of soluble in
neutral aqueous solution. Its advantage is ease of modification,
useful as a gene or peptide drug carriers, and drug carriers.®
All-trans retinoic acid (atRA) is effective in the treatment
of epithelial and hematological malignancies such as breast
cancer, head and neck cancer, ovarian adenocarcinoma, and
acute promyelocytic leukemia (APL).”® However, some side
effects such as retinoid acute resistance, hypertriglycerider-
mia, mucocutaneous dryness, and headache were reported
in spite of its pronounced effects'®'" limits the clinical appli-
cations of atRA. The cancer relapsed in any patients after a
brief remission despite of continued atRA treatments, i.e.,
patients became resistant to further atRA treatment. It was
reported that cancer recurrence might be due to the decrease
of the plasma atRA concentration.”? The rapid decrease of
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half life of atRA with continuous oral administration or
intravenous injection was reported by several authors.!>'3
Furthermore, very low aqueous solubility (0.1 uM at pH 7.3),
photolability, and local-irritating reactions of atRA also limits
its clinical application.'®"”

It was reported that various kinds of formulation for atRA
to overcome the side effects and rapid decrease of half-life.
Giordano er al.'® reported that atRA-loaded microspheres
was effective in reducing the incidence of tractional retinal
detachment by a sustained release of atRA. Liposome-
encapsulated atRA showed higher longer serum tretinoin
concentrations rather than oral atRA, resulting liposomal-
atRA was effective to newly diagnosed acute promyelocytic
leukemia (APL)." Solid lipid nanoparticles are reported to
useful formulation to solve the poor aqueous solubility of
atRA and able to use it by intravenous injection.”’ Choi et
al.,”' obtained the pseudo-zero-order release profiles of
atRA for 5 weeks by encapsulating into biodegradable
microspheres and control the release rate by the ratio of
poly(L-lactide) (PLA) and PLA-poly(ethylene glycol) (PEG)
block copolymer. Ezpeleta et al.,”* reported that atRA was
encapsulated into gliadin nanoparticles with high loading
efficiency. An alternative approach would be to make com-
plex between atRA into a positively charged carrier. Thune-
mann reported that polyethyleneimine (PEI) complexes with
retinoic acid (RA) form nanoparticles for controlled release
of atRA.” They showed a nanoparticulate complex between
atRA and PEI has sizes ranging from 170 to 580 nm. In
other reports,?* they reported complexes between poly(eth-
ylene oxide)-b-poly(L-lysine) and RA and formed core-
shell type micelles.

For this study, we prepared atRA-encapsulated LMWSC
(RAC) nanoparticles based on polyion complex formation
between atRA and LMWSC. The physicochemical proper-
ties of RAC nanoparticles were investigated using various
analytical equipments such as 'H-NMR, TEM, X-RD, DLS,
and fourier-transform infrared (FTIR) spectroscopy. Further-
more, atRA release test from nanoparticles and in vitro
cytotoxicity against tumor cells were performed.

Experimental

Materials. Low molecular weight water-soluble chitosan
(LMWSC) was obtained from KITTOLIFE Co. Korea.
LMWSC was modified to enhance water-solubility as des-
cribed previously as a water-soluble chitosan (M.W.=
10,000, deacetylation degree=96.3%)."% All-trans retinoic
acid (atRA), dimethylformamide (DMF), and dimethylsul-
foxide (DMSO) were purchased from Sigma Co. Ltd. USA.

Preparation of atRA-Encapsulated LMWSC (RAC)
Nanoparticles. 50 mg of LMWSC was dissolved in 10 mL
of deionizer water (0.5%, w/v) without addition of acetic
acid. AtRA dissolved in 1 mL of DMF was dropped into
10 mL of LMWSC solution (0.5%, w/v) with ultrasonica-
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tion (probe type sonicator, Sonic & Materials Inc., Danbury,
CT, USA) at an output power of 50 W for 10 cycles of 2 s
on ice. After that, polyelectrolyte complexes of LMWSC
and atRA were dialyzed against water [ L < 6 for 9 h, i.e.
1 L of deionizer water was exchanged three times for 3 h
and then exchanged three times for residual 6 h. Resulting
solution was analyzed or lyophilized for 3 days. All proce-
dure was performed on darkened condition.

To evaluate drug contents and loading efficiency, volume
of dialyzed solution was adjusted to 25 mL with deionizer
water and then 100 gL of solution was diluted with 10 mL
of DMSO. LMWSC in distilled water (0.5% (w/w)) was
used as a blank. Drug contents and loading efficiency of
drug were estimated as following equation:

Amount of atRA in the Nanoparticles
Drug Contents = x 100

Weight of Nanoparticles

Loading _ Residual Amount of atRA in the Nanoparticles 100
Efficiency

Feeding Amount of atRA

Particle Size and Zeta Potential Measurement. The
particle size and zeta potential of RAC nanoparticles were
investigated on dynamic light scattering (DLS) instrument.
The DLS measurements were carried out using an ELS-8,000
electro phoretic LS spectrophotometer (Otsuka Electronics
Co., Japan) equipped with a He-Ne laser operating at 632.8
nm at 25 °C and a fixed scattering angle 90°. A nanoparticle
solution prepared by dialysis method was used for particle
size measurement (concentration: 0.1 wt%) and measured
without filtering.

Transmission Electron Microscope (TEM) Observation.
RAC nanoparticles morphology was examined with a JEOL
JEM-2000 FX-II transmission electron microscope (TEM).
A drop of nanoparticles suspended in 0.01% of phospho-
tungstic acid was placed on a carbon film coated on a copper
grid for TEM.

Fourier Transform-Infrared Spectroscopy Measure-
ment. The chemical structure and complexes formation
between LMWSC and atRA were analyzed by FTIR spec-
troscopy (Shimadzu, FTIR 8700, Japan). For measurement
of FTIR, polyelectrolyte complexes between LMWSC and
atRA were lyophilized for 3 days under dark condition. The
KBr disc was prepared that RAC nanoparticles (3 mg) were
mechanically blended with 300 mg of KBr for 10 min and
the KBr disc obtained from 200 mg aliquot of the mixed
powder was desiccated for 12 h at 60 °C under reduced pres-
sure.

'"H Nuclear Magnetic Resonance Spectra Study. 'H
NMR spectra of the RAC nanoparticles were recorded by
Bruker spectrometer operating at 400 MHz. Chemical shifts
(9) were given in ppm using tetramethylsilan (TMS) as inter-
nal reference. "H NMR spectra were measured using DMSO
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and D,0. For 'H NMR study, free atRA and LMWSC were
dissolved in DMSO and D,0, respectively. RAC nanoparti-
cles were dissolved in D,O and D,O/ DMSO (1:3 v/v) mixture.

X-ray Diffractometer Measurement. X-ray powder dif-
fractograms for RAC nanoparticles were recorded using a
Rigaku D/MAX 1200 automated powder diffractometer
with a rotating anode, a single-crystal monochromater, and
a scintillator detector. CuK e radiation with a voltage of
40 kV and a current of 45 mA was obtained using a graphite
monochromator. The wavelength A was 1.541 A. A typical
62 @ scan range was from 5° to 80°. The plate-shaped sam-
ple was placed perpendicular to the incident X-rays
(68=90°) on the electrically heated holder under a helium
atmosphere.

AtRA Release from RAC Nanoparticles. AtRA release
from nanoparticles was performed as follows: RAC nano-
particles were prepared as described above and volume of
final aqueous solution was adjusted to 20 mL (i.e. 50 mg of
polymer per 20 mL of water). Two mL of adjusted solution
was diluted with 8 mL of phosphate buffered saline (PBS,
pH7.4, 0.1 M) and introduced into dialysis tube (M.W. cut-
off: 12,000). Dialysis tube containing nanoparticle solution
was introduced into a bottle with 990 mL of PBS (PBS,
0.1 M, pH 7.4). Release test was performed at 37°C with
stirring rate of 100 rpm. The whole released medium was
exchanged with fresh medium at predetermined time to
maintain the sink condition. Released drug was measured at
365 nm with UV spectrophotometer (UV-1200, Shimadzu
Co., Ltd. Japan) and calculated as a cumulative value.
LMWSC itself was used as a blank.

For release test of free atRA, 20 mg of atRA was dis-
solved in 1 mL of DMSO. 25 zL of this solution was diluted
with 10 mL of PBS (pH 7.4, 0.1 M). After that, diluted solu-
tion was introduced into dialysis tube. Dialysis tube was
introduced into a bottle with 990 mL of PBS (PBS, 0.1 M,
pH 7.4). Following procedures were performed similar to
nanoparticle release test. All procedures are protected from
light.

In vitro Cell Cytotoxicity Test. CT-26 colon carcinoma
cells were incubated in Dulbeco’s modified eagles medium
(DMEM) supplemented with 10% (w/w) FBS at CO, incu-
bator (5% CO,, 37°C). 5 X 10° cells of CT-26 at exponential
phase were inoculated into 96 well plate. For cell cytotoxic-
ity of free atRA, 20 mg of atRA were dissolved in DMSO
and diluted with PBS. Nanoparticles sterilized with 0.45 zm
syringe filter and diluted with PBS. Diluted free atRA and
nanoparticles were added into 96 well plates. For control,
0.5% (v/v) of DMSO in PBS was treated. For placebo,
10 mg LMWSC was dissolved in 5 mL of deionizer water
and then components of PBS were added. 1 N NaOH was
used to adjust pH to 7.4. LMWSC solution was diluted with
PBS and sterilized with 0.2 gm syringe filter. Sterilized
LMWSC solution was added into 96 well plates.

68

CH-OH CH-OH
e} 0
H 0. H O
NH; NH; n
@ @
34 e/
Hio— 7 \ =
3 HsC E‘
o
=
/4 R
H;C se—(
/ H3 / H3
CH; ClL
He— H;C )

Figure 1. Scheme of nanoparticle formation based on polyelec-
trolytes complexes of LMWSC and atRA.

Results

Characterization of LMWSC Nanoparticles. LMWSC
nanoparticles encapsulated atRA must be formed by ion
complexes between the amine group of LMWSC and the
carboxyl group of atRA™ as shown in Figure 1. The mor-
phology of RAC-5 nanoparticles is shown in Figure 2. As
shown in Figure 2, atRA-LMWSC complexes have spheri-
cal shapes with particle size of < 200 nm. Table I shows the
results of formation of atRA-LMWSC complexes. The
feeding amount of atRA at the beginning of complexes for-
mation was 2, 5, 10 mg, and the LMWSC solution was
0.5% (w/v) as shown in Table 1. Encapsulation efficiency
was higher than 90% (w/w) at all formulation. Particle sizes
of RAC nanoparticles were increased according to the
increased feeding amount of drug.

Figure 3 shows FTIR spectra of atRA, LMWSC, and RAC
nanoparticles. As shown in Figure 3, the spectra of atRA
itself and ion complexes between LMWSC and atRA were
characterized at around 1255 cm™. AtRA itself has specific
(C-O stretch vibration) absorbance around 1255 cm™ and the
significant decrease in the absorbance was observed accord-
ing to the complex formation between LMWSC and atRA.
Also, carbonyl group of atRA characterized around 1690 cm’
disappeared or decreased when ion complexes were formed
between LMWSC and atRA. Interestingly, the increased drug
contents induce increased absorbance (1690 cm™), suggesting
that the increase of absorbance reflects the uncomplexed or
aggregated atRA in the complexes formulation.”

Figure 4 shows 'H-NMR spectra of RAC-5 nanoparticles.
As shown in Figure 4, atRA and LMWSC itself showed
their specific peak characteristics. When RAC nanoparticles
were reconstituted into D,0, specific peaks of atRA disap-
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Table 1. Characterization of RAC Nanoparticles

Sample LMWSC atRA Drug Contents  Loading Efficiency Particle Size Zeta Potential
(%, wiv) (mg) (%, w/w) (%, w/w) (nm) (mV)
LMWSC 2 0.5 2 37 95.1 102.7+37.2 64.1
LMWSC 5 0.5 5 8.5 932 139.7+44.9 63.5
LMWSC 10 0.5 10 15.4 91.2 202.3+55.5 62.6

*Basic preparation conditions are described in materials and methods.
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Figure 2. TEM photograph of nanoparticles (RAC-5).
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Figure 3. FTIR spectroscopy of RAC nanoparticles.

peared at their proton spectra while a specific peak of
LMWSC was shown. However, specific peaks of both of
atRA and LMWSC appeared when RAC nanoparticles
were dissolved into D,O/DMSO((1/3, v/v) mixtures. These
results indicated that atRA was encapsulated in the core of the
RAC nanoparticles when nanoparticles were reconstituted
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Figure 4. '"H NMR spectra of RAC nanoparticle in D,0/DMSO
mixtures (1:4, v/v) (a), DO (b), free atRA in DMSO (c), and
LMWSC in D,O (d).

in water but RAC nanoparticles were destroyed at D,O/
DMSO (1:3, v/v) and specific peaks both of atRA and
LMWSC were shown at their proton spectra. These results
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indicated that atRA encapsulated in the core of the RAC
nanoparticles did not liberated from the RAC nanoparticles
due to the ion complexes between carbonyl group of atRA
and amine group of chitosan.

Figure 5 shows XRD pattern of atRA and RAC nanoparti-
cles. AtRA showed sharp specific crystalline peaks whereas
LMWSC itself showed broad peaks. Sharp crystalline peaks

Free atRa (@)

Physical Mixture
(LMWSC:atRA weight ratio=10:1) {(b)

RAC-10
(Drug contertt 15.4%(wt/wt)

o

RAC-5 ( )
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RAC-2
+ (Drug content 3.7%(wt/wt)
0

LMWSC (d)

20 40 60 80
2theta

Figure 5. X-ray powder diffraction patterns of atRA-encapsu-
lated chitosan nanoparticles. AtRA (a), atRA/chitosan physical
mixture (atRA :chitosan weight ratio=1:10) (b), RAC nanoparticles
(RAC-10,5,2) (c), and LMWSC (d).
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Figure 6. The release profiles of atRA from atRA-encapsulated
chitosan nanoparticles. The data represents mean * standard
deviations (n=3).
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of atRA disappeared when ion complexes are formed at RAC
nanoparticles. However, specific crystalline peaks of atRA
were remained at physical mixtures of atRA and LMWSC
(weight ratio of chitosan:atRA=10:1).

Drug Release from RAC Nanoparticles. Figure 6 shows
the atRA release from RAC nanoparticles. As shown in Fig-
ure 6, drug releases continued over 10 days whereas release
of free atRA dialysis bag were finished for 2 days. The higher
the drug contents showed the slower the release rate of drug.
These results indicated that the hydrophobic drug was
released very slowly, and that it can be crystallized at higher

a
el
€
3 —e— 1day
s —O0— 2 day
=X
K]
(]
el
[
2
c
3
m ry
O
E
T
[e]
o —e— 1day
© —O0— 2 day
*
®
®
o
o
[
2
4
=3
D20t
-0
0 . L . . .
0 20 40 60 80 100 120
atRA concentration (ug/mil)
~ 100F —
T 1 I
8
O 80
B
X
o 60f c
3
Q
=
$ o7
g —e— 1day
9D b —0— 2 day
0 : ; .

1 10 100 1000

Chitosan concentration (ug/ml)

Figure 7. Cell cytotoxicity of atRA-encapsulated chitosan nano-
particles against CT-26 colon carcinoma cell lines. CT 26 (5 X
10° cells/well) were treated with atRA (a), atRA-encapsulated chi-
tosan nanoparticles (b), and chitosan (c). 0.5% (v/v) DMSO were
treated for control (mean * s.d., n=8).
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drug loading in the core of the vehicles since atRA is practi-
cally a water-insoluble drug.

Tumor Cell Cytotoxicity of RAC Nanoparticles. In in
vitro cell cytotoxicity test (Figure 7), free atRA was showed
higher cytotoxic effect against CT 26 colon carcinoma cell
line on 1 day. RAC nanoparticles and free atRA showed
similar cytotoxicity against CT 26 cells on 2 day. At 2 day of
treatment, only below 10% of tumor cells are remained at
50 pg/mL equivalent concentration of atRA. It suggested
that chitosan itself does not affect on the cell viability up to
1 mg/mL of LMWSC concentration.

Discussion

Since atRA is one of the highly hydrophobic and photo-
sensitive drugs, complexation with water-soluble materials
such as polylysine, PEI or chitosan is thought to be an ideal
approach to solve the solubility and photo-stability prob-
lem.***** Among various kinds of encapsulation or formula-
tion, complexes formation using cationic polymer should be
a promising procedure to solve the solubility and stability
problems of atRA due to anionic characteristics. We had
reported a water-soluble chitosan with high contents of free-
amine group in the main chain elsewhere.** Low molecular
water-soluble chitosan with high density of free-amine group
is distinguished in water-solubility, i.e., normal chitosan
does not completely soluble in water and required acidic
solution to dissolve it. These properties have great potentials
of applications in the drug delivery system and biomedical
applications since most of the drugs, proteins, peptides, and
DNA drugs are sensitive to acidic solution and easy to inacti-
vate in the high acidic environment. Practically, we had
shown that low molecular water-soluble chitosan is a good
candidate for the gene delivery system with a high transfec-
tion efficiency.® From these findings, low molecular water-
soluble chitosan is thought to be a good candidate for atRA.
Thunemann™** reported already basic concept about ion
complex between atRA and cationic polymer such as PEI or
poly(L-lysine) (PLL). They showed a nanoparticulate com-
plex between atRA and PEI has sizes ranging from 170 to
580 nm.” In other reports,” they reported complexes
between poly(ethylene oxide)-5-PLL and atRA and formed
core-shell type micelles. However, PLL and PEI are known
to cytotoxic and PEI is not degradable at biological system.
Other types of drug carriers based on ion complex formation
between cationic drug and anionic polymer were reported
by Kataoka group.*” They reported that ciplatin incorpo-
rated polymeric micelle showed superior incorporation
efficiency and antitumor ability.

LMWSC nanoparticles encapsulating atRA were pre-
pared by mixing of atRA (dissolved in DMF) into the chito-
san aqueous solution with ultrasonication following dialysis
procedure. It suggested that formation mechanism of
LMWSC nanoparticle and atRA encapsulation is based on
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ion complex formation between amine groups of chitosan
and carboxyl group of atRA® as shown in Figure 1. Practi-
cally, spherical nanoparticles were observed with TEM.
FTIR results supported that complex formation of atRA and
LMWSC, i.e. peaks of C-O stretch (1255 cm™) and carbo-
nyl group (around 1690 cm™) were decreased at LMWSC
nanoparticles as shown in Figure 4. Similar results were
also reported by Thunemann ef al.* They reported that spe-
cific peaks were decreased or disappeared when ion com-
plex was formed between PEI and atRA. Specific peaks of
atRA and LMWSC were increased according to drug
release from nanoparticles.

RAC nanoparticles have particle sizes below 200 nm. It
was reported that other kinds atRA formulation have particles
sizes larger than 200 nm.*** Complexes below 200 nm are
more acceptable for intravenous injection and site-specific
targeting.”® Loading efficiency of atRA was higher than
90% (w/w) at all formulations. We suggested that these
results are noticeable since LMWSC complexes are a good
candidate for high drug loading efficiencies with small par-
ticle size. Most of the other reports showed bigger particle
size with high atRA loading.*** Choi ef al. *' reported that
high efficiency of drug loading over 90% (w/w) is obtained
into the microspheres, but their particles have several
micrometers in particle size. Several micrometers in particle
size are not acceptable for intravenous injection. Gliadin
nanoparticles also have a high entrapment efficiency of
about 75% (w/w), but their particle sizes are about
500 nm.2 Lim et al® reported that atRA-entrapped solid
lipid nanoparticles are below 200 nm in particle size, but
their nanoparticles have very low drug contents.

Drug release from RAC nanoparticles is slower than we
expected. As shown in Figure 6, drug releases continued
over 10 days. It was thought that dialysis bag itself also act
as a barrier at drug diffusion as shown in Figure 6. At higher
drug contents the release rate of drug was very slow. These
results indicated that the hydrophobic drug was released
very slowly, and that it can be crystallized at higher drug
loading in the core of the vehicles™ since atRA is practically
a water-insoluble drug. At this moment, atRA might be crys-
tallized in the nanoparticle core. Crystallized drug can be
dissolved and/or decomplexed slowly owing to their hydro-
phobic properties. In cell cytotoxicity test, RAC nanoparticles
showed similar cytotoxicity to free atRA at 2 day of treat-
ment. It was thought that RAC nanoparticles does uptake by
tumor cells directly rather than released drug uptake by cells
because drug release from LMWSC nanoparticles were
very slow. We will report mechanism of action of LMWSC
nanoparticle on the tumor cell cytotoxicity in another report.

We suggest that our low molecular water-soluble chitosan
is superior candidate to formulate and store atRA as a nano-
particle form. Lim e al.*® also reported that the chemical
stability of atRA was substantially improved by incorporation
in solid lipid nanoparticle powder, i.e. 90% (w/w) of intact
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atRA remained after 3 month.

Conclusions

Novel types of nanoparticles based on polyion complex
formation between LMWSC and atRA were developed.
LMWSC nanoparticles encapsulating atRA based on poly-
ion complex prepared by mixing of atRA into LMWSC
aqueous solution using ultrasonication. At FTIR spectra,
carbonyl group of atRA characterized around 1690 cm™ dis-
appeared or decreased when ion complexes were formed
between LMWSC and atRA. At '"H NMR spectra, specific
peaks of atRA disappeared when RAC nanoparticles were
reconstituted into D,O while specific peaks both of atRA
and LMWSC appeared at D,O/DMSO (1/3, v/v) mixture.
XRD patterns also showed that crystal peaks of atRA disap-
peared by encapsulation into RAC nanoparticles. LMWSC
nanoparticles encapsulating atRA have spherical shapes with
particle size below 200 nm. The mechanism of encapsulation
of atRA into LMWSC nanoparticles thought to be an ion
complex formation between LMWSC and atRA. LMWSC
nanoparticles showed high atRA loading efficiency over
90% (w/w). AtRA was continuously released from nanopar-
ticles over 2 week. In in vitro cell cytotoxicity test, free
atRA showed higher cytotoxic effect against CT 26 colon
carcinoma cell line on 1 day. However, LMWSC nanoparti-
cles showed similar cytotoxicity against CT 26 cells on 2
day. Based on these results, it is possible to introduction of
the LMWSC nanoparticles into various biomedical fields
such as drug delivery.
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