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Abstract

Liver specific polymeric nanoparticles were designed and synthesized from biotinylated poly(ethylene glycol) conjugated
with lactobionic acid containing a galactose moiety (abbreviated as BEL). Synthesized BEL conjugate was identified by Fourier
transform-infrared (FT-IR) antH-nuclear magnetic resonance (NMR) spectroscopy. The fluorescence spectroscopy data showed
that BEL conjugate was self-assembled in water to form core-shell structure nanoparticles, and the critical association con-
centration (CAC) value was estimated as 0.028 g/l. From the transmission electron microscope (TEM) observation, the BEL
nanoparticles were spherically shaped and ranged in size between 30 and 60 nm. The particle size distribution was measured
by photon correlation spectroscopy (PCS), and the result w2st411.7 nm. Anti-cancer drug alrans-retinoic acid (ATRA)
was loaded into the BEL nanoparticles for evaluating its efficacy as a drug delivery carrier. The crystallinities of ATRA and
ATRA-loaded nanoparticles were examined by X-ray diffraction (XRD) patterns. The ATRA release kinetics from the BEL
nanoparticles showed a pseudo zero-order pattern during 1-month period.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction various core-shell structure nanoparticles in our pre-
vious studiesKim et al., 2000; Kim and Kim, 2001,
Nanoparticles are colloidal particles of a size below 2002. Core-shell structure nanoparticles present ad-
1um, and widely employed in various fields of life vantages in regard of a long circulation in the body,
sciences, such as separation technologies, histologicaldrug solubility, drug stability, and relatively high level
studies, clinical diagnostic assays, and drug delivery of hydrophobic drug encapsulation into the hydropho-
system (DDS). In the DDS applications, nanoparticles bic core Gref et al., 1994; Peracchia et al., 1997;
have several merits, like ease purification and ster- Yokoyama et al., 1990, 1991; Kwon et al., 1995
ilization, drug targeting possibility, and a sustained  Tissue-specific molecular delivery has been a valu-
release actionAllemann et al., 1998 We synthesized  able technique for biological medical research and
for the diagnosis and cancer therapy. To achieve this
"+ Corresponding author. Tek:82-62-230-6379; goal, there needs to be an approach that can enable
fax: 182-62-222-5414. the chemical modification of carriers to allow the
E-mail address: shkim@chosun.ac.kr (S.-H. Kim). attachment of targeting ligands. The recognition of
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ligands on the surface of delivery systems by organ-

specific or cell-specific receptors may result in the
organ-targeted drug deliveryigkakura and Hashida,
1996; Daemen et al., 1988r in improved drug up-
take through ligand-induced endocytos&afo et al.,
1996; Brown and Goldstein, 1986In recent years,
there has been growing interest in the area of liver
cell-specific DDS. A great deal of effort has been
made to achieve an appropriate liver targeting of
chemotherapeutic agents with liposomésn{ and
Han, 1999%, microspheresKim et al., 1993, and
drug-carrier molecule conjugateSdymour et al.,
1997). Among the liver-associated surface receptors,

the asialoglycoprotein receptor (ASGP-R: galactose
receptor) is well known to be present on hepatocytes

(Ashwell and Harford, 1982 It is also retained on
several human hepatoma cell lin€s€chanover et al.,
1983. If a ligand binds to a galactose receptor, the
ligand-receptor complex is rapidly internalized and
the receptor recycles back to the surfabkishikawa
et al., 1993. Therefore, designing a DDS for galac-
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metabolite of retinol (Vitamin A) was chosen as a
model anti-cancer drug. ATRA plays essential roles
in the regulation of differentiation and proliferation
of various cell types. It has been proved that ATRA
is effective in the treatments of epithelial and hema-
tologic malignancies such as head and neck cancer,
lung cancer, breast cancer, ovarian adenocarcinoma,
and acute promyelocytic leukemiddgn and Choi,
1996; Sccks et al., 1995; Trump et al., 1997

In the present study, we prepared polymeric conju-
gate nanoparticles composed of biotin and diamine-
terminated poly(ethylene glycol) with a galactose
moiety from lactobionic acid. The polymeric conju-
gate (abbreviated as BEL) was physico-chemically
characterized by FT-IR spectroscopy, fluorescence
spectroscopy, PCS, and TEM. Anti-cancer agent
ATRA loading was confirmed by XRD, and the re-
lease was studied in vitro to evaluate the possibility
for DDS.

tose receptor-mediated endocytosis would be useful 2. Materials and methods

for targeting the hepatocyte/liver and hepatoma cells

(Goto et al., 1991 The biotin content of cancerous
tumors is higher than that of normal tissue. So, we

expected that the biotin and the galactose moiety of

the lactobionic acid could target together to the tumor
cells in the liver. Biotin is a 244 Da, water-soluble vi-
tamin (Vitamin H) composed of a ‘head’, represented
by a complex aliphatic heterocycle, and an aliphatic
‘tail’, ending with a carboxyl group. The ‘head’ pro-
vides the most important contribution to the binding
of biotin to avidin, while the carboxyl group can
be rendered capable of reacting with several differ-
ent functional groupsHlo and Korpela, 1984 To
this carboxyl group, we conjugated the one terminal
amino group of diamine-terminated poly(ethylene
glycol) (PEG). And, subsequently the other amino
group was coupled with the carboxyl group of lacto-
bionic acid with galactose moiety. With this galactose
moiety, it can be expected that the BEL nanopar-
ticles are endocytosed by liver cells within several

2.1. Materials

Biotin, lactobionic acid (LA) andN,N’-dicyclohexyl
carbodiimide (DCC) were purchased from the Aldrich
Chemical Company (Milwaukee, WI). Diamine-termi-
nated poly(ethylene glycol) (ATPEG) with a number-
average molecular weight of 2000 was supplied by
Texaco Chem. Co. (Ballaire, TX)N-Hydroxysuc-
cinimide (NHS) was purchased from Sigma Chemi-
cal Co. (St. Louis, MO). Dialysis membrane with a
molecular weight cutoff (MWCO) of 2000 g/mol was
obtained from Spectra/PBf membranes. Dimethyl-
sulfoxide (DMSO) and other chemicals were of
reagent grade and used without further purification.

2.2. Synthesis of the BEL conjugate

The BEL conjugate was prepared by a two-step
coupling reaction of biotin, ATPEG, and LA. First,

minutes, suggesting its preferential uptake mediated the conjugation between biotin and one terminal of

by asialoglycoprotein (ASGP) receptor as previous
report Hashida et al., 1995

Retinoids have been shown to have substantial anti-

cancer activity in a number of preclinical and clinical
situations. Alltrans-retinoic acid (ATRA), an active

ATPEG was performed. Biotin (0.2 mmol) was dis-
solved in slightly heated water, DCC (0.4 mmol),
NHS (0.4 mmol), and ATPEG (0.2 mmol) were sep-
arately dissolved in DMSO. The DCC/DMSO solu-
tion was added to the biotin solution, and stirred for
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30min to activate the carboxyl group of the biotin. adjusted to give a final concentration 006 10~7 M

The NHS/DMSO solution was added to the activated in 10 ml of various concentrations of conjugate sus-
biotin solution, and the reactions were conducted at pension. The resultant suspensions were heated for 3h
room temperature for 12 h. In the reaction mixture, di- at 65°C to equilibrate pyrene and nanoparticles, and
cyclohexylurea (DCU) was formed, so it was filtered then left to cool overnight at room temperature. The
to remove DCU. The ATPEG/DMSO solution was emission wavelength used for the excitation spectra
then added into the reaction mixture, and stirred for was 390 nm. The excitation and emission bandwidths
30 min to complete the conjugation of activated biotin \ere 1.5 and 1.5 nm, respectively.

and ATPEG. The solution was placed in a dialysis
membrane and dialyzed against distilled water for 7
days. The resultant solution in dialysis membrane was
freeze-dried, and second conjugation between LA
and the biotin/ATPEG (abbreviated as BE) conjugate
was carried out in DMSO using the same procedure
as mentioned above. Briefly, the LA, DCC, NHS,
and BE were separately dissolved in DMSO. The
carboxyl group of the LA was activated using DCC
and NHS. After filtering the reaction mixture, BE
was conjugated with the activated LA to obtain the
BEL conjugate. The reaction solution was dialyzed
for 7 days and freeze-dried. The freeze-dried BEL
conjugate was stored in a refrigerator &tCt until
use.

2.5. TEM and PCS measurements

The morphology of the BEL nanoparticles was ob-
served using a JEM-2000 FX 1l (Jeol, Japan) at 80 kV.
A drop of polymeric nanopatrticle suspension in water
was placed on a copper grid coated with carbon film
and dried at 20C. The specimen on the copper grid
was negatively stained with 0.01% phosphotungstic
acid. PCS was measured with a Zetasizer 3000
(Malvern Instruments, England) with a He—Ne laser
beam at a wavelength of 633 nm atZ5at a scatter-
ing angle of 90. The nanopatrticle suspension was pre-
pared by the diafiltration method, and the particle size
was measured without filtering (concentration: 1 g/l).

2.3. Characterization of BEL conjugate
2.6. Drug loading and in vitro drug release studies
FT-IR spectroscopy (Magna IR 550, Nicolet) was
used to confirm the synthesis of BE and BEL conju-  The BEL conjugate (40 mg) was dissolved in 10 ml
gate.'H-NMR spectra were measured in DM31B- of DMSO and 10 mg of ATRA were added. The so-
to confirm the synthesis of the BEL conjugate using a lution was stirred at room temperature and dialyzed

300 MHz NMR spectrometer (Jeol, Japan). against distilled water for 3 days using a dialysis
membrane. For the measurement of drug-loading con-
2.4. Fluorescence spectroscopy tent, freeze-dried sample was suspended in dichloro-

methane by vigorous stirring for 2 h and then sonicated

The BEL conjugate suspension was prepared asfor 5min. The resulting solution was centrifuged
follows: 20 mg of the BEL conjugate was dissolved at 3000rpm for 20min, and the supernatant was
in 5ml of DMSO and dialyzed using a dialysis mem- analyzed using UV spectrophotometer (Shimadzu
brane against distilled water for 2 days. The resulting UV-1201, Japan) at 365 nm.
solution in the dialysis membrane was adjusted to var- ~ ATRA loading into the core portion of the BEL
ious concentrations of the BEL conjugate. The critical nanoparticles was verified by X-ray diffraction (XRD)
association concentration (CAC) of the BEL conjugate measurement with a Rigaku D/Max-1200 (Rigaku) us-
was estimated to prove the potential of nanoparticle ing Ni-filtered Cu Ka radiation (35kV, 15 mA).
formation by a spectrofluorophotometer (Shimadzu  Five milligram of the ATRA-loaded BEL core-shell
RF-5301 PC, Japan) using pyrene as a hydrophobictype nanoparticles were suspended in 1 ml PBS (phos-
probe ilhelm et al., 1991; Kim et al., 2000; Kim  phate buffer solution, pH 7.4) and subsequently placed
and Kim, 2001, 200R A known amount of pyrene in  into a dialysis membrane for release experiments. The
acetone was added to each of a series of 20 ml vials dialysis membrane was placed into a 20 ml bottle with
and the acetone was evaporated. The pyrene was theri0 ml PBS and the medium was stirred at 100 rpm at
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37°C. At set time intervals, the whole medium (10 ml) 3. Results and discussion

was taken and replaced with the same volume of fresh

PBS. The concentration of the ATRA released in the  The BEL conjugate was synthesized by two-step
PBS was determined by a UV spectrophotometer at coupling with biotin, ATPEG, and LA. Synthesized
365 nm. All procedures were carried out in the dark BEL conjugate was confirmed by FT-IR ahid-NMR
because of the light-sensitivity of ATRA. spectroscopy as shown figs. 1 and 2The characte-
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Fig. 1. FT-IR spectrum of the BEL conjugate.
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Fig. 2. 'H-NMR spectrum of the BEL conjugate.
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Table 1 emission and excitation spectra as pyrene partitions
Characteristic peaks assigned on the FT-IR spectra between aqueous and nanoparticular environments.
Wavenumber (cmt) Assignments We measured the emission and excitation spectra of
3330 “NH BEL conjugate using pyrene as a hydrophobic probe,
2920 —CH and the fluorescence spectroscopy data showed the
2850 —CH— nanoparticle formation of the BEL conjugate as shown
1640 —-G-0O (amide) in Figs. 3 and 4In Fig. 3, the fluorescence emission

1570 -NH spectra of pyrene were shown against various BEL

concentrations at a fixed excitation wavelength of
339nm. The intensity of fluorescence increased with
ristic peaks of FT-IR were listed ifable 1 Especially, increasing BEL concentrations, which indicated the
two characteristic peaks on this spectrum, i.e. amide formation of self-assembled polymeric BEL nanopar-
stretch absorption at 3330 crh and amide bending ticles in water.Fig. 4(a) represents the fluorescence
at 1570cn!, may be used to verify the BEL conju- excitation spectra of pyrene at various BEL conju-
gate. InFig. 2 the proton signal of biotin appeared at gate concentrations. Pyrene excitation spectra were
approximately 3.3 ppm, the proton signal of LA was red-shifted by increasing BEL concentration. It is
observed at 4.2ppm, and the ethylene oxide proton thought that pyrene is preferentially partitioned into
signal of the ATPEG was observed at nearly 3.7 ppm. the less polar microdomains of the hydrophobic core
From the previous studies, we certainly identi- portion of the nanoparticles, since pyrene in a polar
fied the nanoparticle formation of some amphiphilic environment shows only weak fluorescence inten-
conjugates Kim et al., 2000; Kim and Kim, 2001, sity. The (0,0) bands in the pyrene excitation spectra
2002. By the fluorescence technique using pyrene as were examined and compared with the intensity ratio
a hydrophobic probe, the critical association concen- I33g/l334; this ratio takes the characteristic value of
tration (CAC) was determined from the fluorescence pyrene in water at low concentrations and the value
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Fig. 3. Fluorescence emission spectra of pyrene/BEL against concentration of BEL in distilled water (excitation wavelength: 339 nm).
[Pyrene]= 6.0 x 10~7 M.
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BEL concentration: g/l
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Fig. 4. Fluorescence excitation spectra of pyrene/BEL against concentration of BEL in distilled water (emission wavelength: 390 nm)
(@) and plots of the intensity ratitsse/lsz4 from pyrene excitation spectra vs. Id@ of the BEL conjugate in distilled water (b).
[Pyrene]= 6.0 x 10~" M.

of pyrene entirely in the hydrophobic domain. The flu- at higher concentrations. The CAC value, which is
orescence intensity ratios bfg/1334 against the poly- the threshold concentration of self-aggregate forma-
mer concentration in the pyrene excitation spectra are tion by intra- and/or intermolecular association, was
plotted inFig. 4(b)to a sigmoidal curve. The ratio is  taken from the intersection of the tangent to the curve
almost flat at low concentrations and rapidly increases at the inflection with the horizontal tangent through
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ATRA-loaded BEL

BEL

Fig. 5. TEM photograph of the BEL nanopatrticles.

the lower concentration points. The estimated CAC

was 0.028 g/l. ATRA
The morphological structures of the BEL nanopar-

ticles are shown irFig. 5 They appear negatively

stained and spherical with sizes ranging from about 30 |,

to 60 nm by TEM observation. The particle size distri- © 10 20 30 40 50 60 70
bution measured by PCS was.2% 11.7 nm coincide 2-Theta
with the result of TEM. Fig. 6. XRD patterns of the ATRA, BEL, and ATRA-loaded BEL

Fig. 6 shows the incorporation of drug by XRD  nanoparticles.
patterns of the drug only, empty and ATRA-loaded
BEL nanoparticles. ATRA showed the sharp peaks of
drug crystals, but the specific drug crystal peaks were ter at 365 nm at each time poiriig. 7 shows that the
reduced when the ATRA was entrapped into the BEL hydrophobic ATRA can be released from the BEL
nanoparticles. nanoparticles with pseudo zero-order kinetics over
The calculated ATRA loading content was 1-month period. It can be expected that the ATRA
36.2wt.%. To investigate the release kinetics of the crystallize in the core portion of the BEL nanoparti-
ATRA-loaded BEL nanopatrticles were dispersed in a cles, so the crystallized drug is dissolved and diffused
dialysis membrane containing PBS (0.1 M, pH 7.4). slowly into the outer agqueous phase relative to the
The total amounts of drug release from the BEL molecular dispersion. In addition, the release kinetics
nanoparticles were detected by UV spectrophotome- of the hydrophobic drug can be controlled by the
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Fig. 7. ATRA release from the BEL nanoparticles=£ 6, meant S.D.).

loading content of drug inside of the nanoparticles
(Jeong et al., 1998
In conclusion, the BEL conjugate was successfully

synthesized and characterized the physico-chemical

properties. The hydrophobic drug ATRA was physi-
cally entrapped within the core of the BEL nanopar-

ticles, and released with pseudo zero-order kinetics.

The biotin combines tightly with the protein avidin,

and it is expected that the BEL nanoparticles allow
the co-delivery of certain drugs into the hepatic can-
cer cells by the specific complex formation of biotin
in the BEL and avidin.
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