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ABSTRACT: All-trans-retinoic acid (RA) was chemically
conjugated to biodegradable poly(e-caprolactone) (PCL,;
number-average M, ~ 1250) via an ester linkage. The con-
jugation was carried out using N,N-dicyclohexylcarbodiim-
ide and 4-dimethyl aminopyridine as a coupling agent. The
molar ratio of the drug to the polymer was 1.11 as deter-
mined by 'H-NMR analysis. DSC and WAXD results
showed that the formation of crystalline structures of RA
was effectively suppressed by conjugation with PCL. The
RA-PCL conjugates were formulated into nanoparticles by a
spontaneous phase-inversion technique. Morphological
characteristics of the resultant nanoparticles and drug-load-
ing efficiencies were compared with those of free RA-loaded

nanoparticles. The drug-loading efficiency of RA-PCL con-
jugates was almost 100%, while that of free RA was only
~12%. The majority of unconjugated RA was found to form
undesirable free-drug crystals out of nanoparticles, as ob-
served by TEM analysis. This study demonstrates that the
conjugation approach of RA to PCL can be an effective
means to immobilize and encapsulate RA within nanopar-
ticles for pharmaceutical applications. © 2003 Wiley Periodi-
cals, Inc. ] Appl Polym Sci 89: 1631-1637, 2003
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INTRODUCTION

Retinoids are involved in the proliferation and differ-
entiation of epithelial cells and have been widely used
in the treatment of dermatological disorders, such as
psoriasis, acne, ichthyosis, and hyperkeratosis."* It
has also been reported that they can induce differen-
tiation and arrest proliferation in a wide spectrum of
cancer cells.>® Retinoids are currently used in the
treatment of promyelocytic leukemia and are clinically
effective as a potential anticancer agent against several
types of human cancers.®” However, the precise
mechanism of retinoids” biological activity is still un-
der investigation as one of the most important topics
in medical sciences.®’

Retinoids are poorly insoluble and chemically un-
stable in an aqueous medium. Thus, they need to be
bound to specific retinol-binding proteins (RBPs) to
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guarantee their protection, solubility, and transport by
body fluids.'® That is the reason why developing a
delivery carrier is a major problem in administrating
retinoids as a pharmacological agent. Several methods
to produce a delivery carrier for retinoic acid (RA)
have been reported: complexation with transthyretin
(a natural RBP carrier protein),'' complexation with
cationic  polyelectrolytes,'”>"® and encapsulation
within liposomes or nanoparticles.'”** Complexation
of retinoids with transthyretin is a technique to mimic
nature’s strategy. This is carried out by cocrystallizing
RA with a protein, thyroxine-binding transthyretin,
which has a high affinity for all-trans-RA. However,
this technique is an expensive and complicated pro-
cess. As an alternative approach, Thiinemann et
al."”*'® proposed a different and less expensive strat-
egy for the immobilization of RA: the complexation of
RA with cationic polyelectrolytes. This approach is
based on the formation of ordered structures in solu-
tion, which can occur by ionically binding RA to a
polyelectrolyte via self-assembly. Although this kind
of micellar microcontainer with RA showed interest-
ing physicochemical properties as a new pharmaceu-
tical formulation, the dissociation of the complex in
response to environmental changes (e.g., pH and ionic
strength) still remains to be examined for practical
application. Conventional drug carriers, including li-
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posomes and nanoparticles, have also been investi-
gated as delivery vehicles for retinoids. However,
physical encapsulation of RA within the drug carriers
often causes detrimental free drug crystallization due
to the high crystallinity of RA. In this case, the drug
should be prevented from diffusing out to the external
aqueous phase, which would be followed by its pre-
cipitation as a free drug crystal.

Chemical conjugation of RA with a drug carrier is
also expected as an alternative immobilization
method. Previously, we proposed a new immobiliza-
tion approach for a wide spectrum of hydrophilic
model drugs, such as an anticancer drug,*>*' an amino
acid derivative,?? a protein,23 and an oligonucleo-
tide,** by chemically conjugating the drugs to a termi-
nal group of biodegradable poly(p,L-lactide-co-glycol-
ide) (PLGA). When they were formulated into nano-
or microparticles, the drug-loading efficiencies were
almost 100% due to the covalent linkage of the target
compound to PLGA. In addition, the in vitro release
profiles of drugs and their PLGA oligomer conjugates
from the particulates showed a near-zero order of
kinetic behavior over an extended period, while the
particulates containing unconjugated drugs demon-
strated an initial burst release in the early stage of
incubation.

Herein, we report the chemical syntheses and phys-
icochemical properties of RA—polymer conjugates to
propose a new immobilization method for RA. All-
trans-RA is attached onto a biodegradable poly(e-cap-
rolactone) (PCL) via a biodegradable ester linkage.
PCL was chosen because it has been extensively ex-
plored for a biodegradable drug-delivery vehicle due
to its well-known biocompatibility.*®*® Differential
scanning calorimetry (DSC) and wide-angle X-ray dif-
fractometry (WAXD) were used to characterize
whether the conjugation of all-trans-RA to PCL affects
its crystallization behavior. Furthermore, we investi-
gated the prospects of applying the RA-PCL conju-
gates to the formulation of polymer nanoparticles.

EXPERIMENTAL
Materials

PLC diols (PCL,,) having a number-average molecu-
lar weight of 1250 were obtained from Polysciences,
Inc (Warrington, PA). All-trans-RA and 13-cis-RA
were purchased from Sigma (St. Louis, MO), and N,N-
dicyclohexylcarbodiimide (DCC), 4-dimethyl amino-
pyridine (DMAP), and poly(vinyl alcohol) (PVA) with
an average molecular weight ranging from 31,000 to
50,000, 87-89% hydrolyzed, from Aldrich (Milwau-
kee, WI). All other chemical agents were of analytical
grade.
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Conjugation of RA to PCL oligomer

PCL,, (20 mmol based on the number of terminal
hydroxyl ends), DCC (25 mmol), and DMAP (1 mmol)
were dissolved in 80 mL of anhydrous CH,Cl,. RA (20
mmol) dissolved in 20 mL of CH,Cl, was then added
to the solution. The coupling reaction was carried out
at room temperature for 20 h under mild magnetic
stirring. As the reaction proceeded, the color of the
solution changed from yellow to orange. After the
reaction, the solvent was removed at 30°C under a
vacuum. The resulting product was dissolved in 200
mL of diethyl ether and placed without agitation to
precipitate DCC amide. The solution was then filtered
and mixed with deionized distilled water under vig-
orous stirring. An organic layer was separated, dehy-
drated with MgSO,, filtered through Whatman No.1
paper, and placed at 4°C to precipitate the RA-PCL,,
conjugate. This purification was repeated three times.
Note that all procedures were conducted under dark-
ness.

Characterization of RA-PCL

The conjugates were characterized by nuclear mag-
netic resonance (NMR) analysis with a Gemini-300BB
NMR. 'H-NMR spectra were taken at 300.06 MHz
using a solvent, CDCl;, at 25°C and chemical shifts
were measured in parts per million using CHCl; (8
= 7.26 ppm) as an internal reference. The conjugation
was confirmed by matrix-assisted laser-desorption/
ionization time-of-flight (MALDI-TOF) mass spec-
trometry (Kratos Kompact MALDI II, Kratos, UK).
2,5-Dihydroxybenzoic acid was used as a matrix,
which was purified by recrystallization. The conju-
gates dissolved in acetone were mixed with the matrix
at a mol ratio of approximately 1 : 10° on the stainless-
steel tip and crystallized immediately before measure-
ment. Mass analysis was carried out with a Voyager
DE-STR mass spectrometer equipped with a nitrogen
laser emitting at 337 nm. The ions were accelerated at
25 kV with delayed extraction. The conjugates were
also analyzed using reversed-phase high-performance
liquid chromatography (RP-HPLC). An HPLC system
composed of an HP 1100 series (Hewlett—Packard)
was used with a C;5 reversed-phase column (Nova-
Pak® C18, 3.9 X 150 mm, Waters) and a 97/3 mixture
of acetonitrile and water as an isocratic mobile phase
at a rate of 1.0 mL/min. The eluate was monitored by
an ultraviolet absorption measurement at 325 nm.
DSC analysis was carried out using a TA2010 thermal
analyzer instrument (TA Instruments, New Castle,
DE). A heating scan was performed at a rate of 10°C/
min from —10 to 160°C. The WAXD patterns were
obtained on a powder X-ray diffractometer (D5005,
Bruker, Germany).
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Nanoparticle preparation

Two types of nanoparticles containing the RA-PCL,,
conjugate and free all-trans-RA were prepared by a
spontaneous phase-inversion technique, as reported
previously.”*® One hundred milligrams of the RA-
PCL,4 conjugate dissolved in 10 mL of acetone was
slowly added to 100 mL of distilled deionized water
containing 0.5% (w/v) PVA under vigorous stirring.
For the encapsulation of free RA into PCL nanopar-
ticles, 80 mg of PCL,, and 20 mg of RA were codis-
solved in acetone and then used. The nanoparticles
formed in the aqueous solution were dialyzed against
excess deionized distilled water and then drug crys-
tals were precipitated by centrifugation (Beckman,
USA) at 8000 rpm for 30 min. The loading amount of
RA within the nanoparticles was determined by an
RP-HPLC method. The encapsulation efficiency was
calculated based on the percentage ratio of the amount
of RA incorporated into nanoparticles to the initial
amount used. For observation of the morphology and
size distribution, a drop of the sample solution was
placed onto a 100-mesh copper grid coated with car-
bon. After deposition, the grid was tapped with filter
paper to remove surface water and negatively stained
using a 1% uranyl acetate solution. The samples were
air-dried before measurement. Transmission electron
microscopy (TEM) was performed on a JEOL 1010
electron microscope (Akishima, Japan). The particle-
size distribution was determined using a dynamic
laser light-scattering (DLS) technique (Zetasizer
3000HS, Malvern, UK). The scattering angle was fixed
at 90° and the temperature was maintained at 25°C.
The hydrodynamic mean diameter and polydisper-
sity, wo/ I'?, were calculated by the Contin method.

RESULTS AND DISCUSSION

A schematic synthetic procedure of all-trans-RA-PCL
(RA-PCL,;) conjugates is demonstrated in Figure 1.
The "H-NMR spectrum of the conjugates is given in
Figure 2, partly including the 'H-NMR spectrum of
the 13-cis-RA-PCL,, in the insert. 13-cis-RA-PCL,,
conjugates were synthesized and their "H-NMR spec-
trum was compared with that of all-trans-RA-PCL,,
conjugates to examine whether the experimental con-
ditions affected the conformation of RA during the
conjugation reaction. Note that RA exhibits different
biological activities depending on its conformations.
'H-NMR analysis provides a good indicator to discern
the conformatinal differences between cis- and trans-
isomers. For example, two peaks appear in the range
of 7.7-7.8 ppm for 13-cis-RA, while there is no peak for
all-trans-RA. These peaks are unique for cis-isomers.
In this study, based on the '"H-NMR spectrum in Fig-
ure 2, the isomerization of RA would not occur during
the conjugation reaction. This comes as no surprise
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Figure 1 Synthetic scheme of RA-PCL,, conjugates.

because much literature has reported the conjugation
reaction using retinoids without conformational
changes.”” " Their conformation is known to be sen-
sitive to high temperature and light, which are not
involved in our experimental conditions.*'>

From the "H-NMR spectrum of the RA-PCL,, con-
jugates, it was possible to determine the conjugation
efficiency and the conjugation molar ratio by using the
relative peak intensity ratio of CH;— protons of RA (1,
6 = 1.05 ppm) to —CH,— protons of PCL, (5, &
= 4.06 ppm). The weight percentage of the RA moiety
in the RA-PCL,, conjugate was calculated by the fol-
lowing equation:

Weight percent of RA

_ A].OSppm X MwRA/6
(A4A06ppm X MwCL/z) + (A1A05ppm X MwRA/6)

where A represents the area of the peak. The molecu-
lar weight (Mw) of RA and e-caprolactone (e-CL) were
300.4 and 114, respectively. The weight percentage of
RA in the conjugates was estimated as 19.2%. These
values implicated that 1.11 molecules of RA were con-
jugated to one main chain of PCL,.

Figure 3 shows reversed-phase HPLC chromato-
grams of (a) the all-trans-RA and (b) the RA-PCL,,.
The RA-PCL,, (retention time = 5.9 min) was eluted
much later than was the unconjugated RA (retention
time = 2.5 min). This is very reasonable because de-
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Figure 2 'H-NMR spectrum, 300.06 MHz, of RA-PCL,, conjugates in CDCl, (all-trans form).

layed retention time implies an increase of hydropho-
bicity as a result of conjugation with PCL,,. From the
reversed-phase HPLC profile, it was confirmed that
free RA was completely removed from the synthe-
sized RA-PCL,, sample. The RA-PCL,, was addition-
ally analyzed by MALDI-TOF mass spectrometry,

which has been widely utilized to determine the mo-
lecular weight distribution of synthetic oligomeric
polymers.>*** Figure 4 shows the MALDI-TOF spectra
of PCL;, and RA-PCL,,, in which well-resolved peaks
are detectable. As expected, the repeat unit was 114
Da, which corresponds to the molecular weight of
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Figure 3 Reversed-phase HPLC chromatograms of (a) all-trans-RA and (b) RA-PCL,,.
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Figure 4 MALDI-TOF spectra of (a) PCL,, and (b) RA-
PCL,,,.

e-CL. From the measured peak intensities, the num-
ber-average molecular weight (M,,), the weight-aver-
age molecular weight (M,), and the polydispersity
index (M,/M,) were calculated, as shown in Table I.
The most probable molecular weight (M,) of the RA-
PCL,, conjugates was also compared to that of uncon-
jugated PCL,. The M, of the RA-PCL,, in the mass
spectrum was 1501.8, which was larger than that of
PCL,,, 1043.1, by about 458.7 m/z.

Figure 5 shows the representative X-ray diffraction
patterns for (a) pure all-trans-RA, (b) PCL,,, and (c)
RA-PCL,,. In Figure 5(a), diffraction 26 peaks at 5.1°
and 14.8° are among major angles appearing for the
crystalline structure of RA. However, these crystalline
peaks could not be observed in the RA-PCL,, conju-
gate in Figure 5(c). In addition, a new peak appeared
at 20 = 18.5°. This provides direct evidence that the
crystalline structure of RA was destroyed or altered.
In Figure 3(c), the typical crystallographic reflections
of PCL at 26 = 21.0° and 24.0°, which agree well with
the reported values, still remained in the RA-PCL,,.
This means that the crystalline structure of PCL has
not significantly changed in the conjugates. The DSC
results offered more apparent evidence for these struc-
tural changes of the RA-PCL conjugates. Figure 6
shows that the representative DSC thermograms for
pure RA, crude PCL,, powder, and RA-PCL,,. The
characteristic melting peak of RA at 187.0°C disap-
peared in the RA-PCL;, The melting temperature

TABLE 1
Molecular Weight Distribution of PCL,, and RA-PCL,,
Determined by MALDI-TOF Measurements

Material M, M, M./M,,
PCL,, 1694.3 1439.3 1.18
RA-PCL,, 1860.8 1667.4 1.12

Figure 5 WAXD patterns of (a) all-trans-RA, (b)PCL,,, and
(c) RA-PCL,,.

(T,,) of PCL,, decreased from 57.2 to 50.2°C as a result
of RA conjugation. This might be due to a drug-to-
polymer interaction, which can preclude the forma-
tion of the both the drug and polymer crystalline
phases, particularly in rearranging drugs within the
polymer network. Based on the WAXD and DSC re-
sults, it is clear that the crystallization of RA in RA-
PCL,, is strictly restricted.

It is of interest to investigate the effect of the altered
crystallinities of RA-PCL,, on the formation of nano-
particle suspension in an aqueous milieu. Nanopar-
ticles were prepared by a spontaneous phase-inver-
sion and solvent-evaporation method. The TEM ob-
servation visibly shows the effect of the RA
conjugation with PCL,, on the resultant morphology
of the prepared nanoparticles. Unfavorable RA crys-
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Figure 6 DSC thermograms of (a) all-trans-RA, (b) crude
PCL,, powder, and (c) RA-PCL,,.
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Figure 7 TEM images of (a) free RA-loaded nanoparticles
and (b) RA-PCL nanoparticles.

tals were observed in the free RA-loaded nanoparticle
suspension, as shown in Figure 7. Most of them were
micron-size and distinguishable from spherical poly-
mer nanoparticles. In the RA-PCL,, nanoparticle sus-
pension, however, such crystal formation was totally
inhibited. From the TEM images, it is conceivable that
drug crystallization occurs out of the polymer matrix.
Thus, to restrict the unfavorable drug crystallization,
RA should be prevented from diffusing out to the
external aqueous medium during the particle forma-
tion, which would be followed by its precipitation as
free drug crystals. This unwanted crystallization often
reduces the drug-encapsulation efficiency. In this
study, we found that the drug-loading efficiency of
RA-PCL,, was 99.7%, while that of free RA was only
12.3%, indicating that most of the free RA was re-
moved as a drug-crystal precipitate.

The particle-size distribution and colloidal stability
of the RA-PCL,, nanoparticles were also determined
by DLS. The hydrodynamic mean diameter and poly-
dispersity, w,/T?, were 100.8 nm and 0.113 for the
blank PCL nanoparticles and 132.3 nm and 0.097 for
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the RA-PCL,, nanoparticles, respectively (Fig. 8). A
larger particle size of nanoparticles loaded with drug-
polymer conjugates was also observed for doxoru-
bicin-PLGA and doxorubicin-PLGA-PEG conju-
gates.’”?! A decreased polymer polarity, resulting
from hydrophobic capping of the terminal hydrophilic
groups with drugs, is suspected to increase the aggre-
gation number of polymer chains within a particle. As
shown in Figure 9, colloidal stabilities of the prepared
nanoparticles could be guaranteed for at least 10 days.
The results indicate that the RA-PCL conjugate, re-
gardless of the high-loading content of RA, does not
affect the colloidal stability of the nanoparticles in an
aqueous media.

In conclusion, we have shown that by the chemical
conjugation of all-trans-RA to PCL highly crystalline
all-trans-RA could be successfully encapsulated within
nanoparticles with a high content of RA moieties, the
absence of crystallinity, and greatly enhanced drug-
encapsulation efficiency. This study provides a new
possibility of an alternative immobilization strategy
for retinoids by drug—polymer conjugation.

20
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0 50 100 150 200 250 300 350

Diameter [nm]
25

Volume (%)
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Figure 8 Particle-size distribution of (a) free RA-loaded
PCL nanoparticles and (b) RA-PCL nanoparticles.
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Figure 9 Colloidal stabilities of the prepared nanoparticles in 10 mM phosphate buffered saline (pH 7.4, 140 mM NaCl) at

37°C for 10 days.
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