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Biodegradable Nanoparticles
Containing Doxorubicin-PLGA
Conjugate for Sustained Release
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Purpose. Doxorubicin was chemically conjugated to a terminal end
group of poly(D,L-lactic-co-glycolic acid) [PLGA] and the doxorubi-
cin-PLGA conjugate was formulated into nanoparticles to sustain the
release of doxorubicin.

Methods. A hydroxyl terminal group of PLGA was activated by p-
nitrophenyl chloroformate and reacted with a primary amine group of
doxorubicin for conjugation. The conjugates were fabricated into ca.
300 nm size nanoparticles by a spontaneous emulsion-solvent diffusion
method. The amount of released doxorubicin and its PLGA oligomer
conjugates was quantitated as a function of time. The cytotoxicity of
the released species was determined using a HepG2 cell line.
Results. Loading efficiency and loading percentage of doxorubicin-
PLGA conjugate within the nanoparticles were 96.6% and 3.45 (w/w)
%, respectively while those for unconjugated doxorubicin were 6.7%
and 0.26 (w/w) %, respectively. Both formulation parameters increased
dramatically due to the hydrophobically modified doxorubicin by the
conjugation of PLGA. The nanoparticies consisting of the conjugate
exhibited sustained release over 25 days, whereas those containing
unconjugated free doxorubicin showed rapid doxorubicin release in 5
days. A mixture of doxorubicin and its PLGA oligomer conjugates
released from the nanoparticles had comparable ICsq value in a HepG2
cell line compared to that of free doxorubicin. Sustained drug release
was attributed to the chemical degradation of conjugated PLGA back-
bone, which permitted water solubilization and subsequent release of
doxorubicin conjugated PLGA oligomers into the medium.
Conclusions. The conjugation approach of doxorubicin to PLGA was
potentially useful for nanoparticle formulations that require high drug
loading and sustained release. The doxorubicin-PLGA oligomer conju-
gate released in the medium demonstrated a slightly lower cytotoxic
activity than free doxorubicin in a HepG2 cell line.
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tion; nanoparticles; sustained release.

INTRODUCTION

Recently, anti-cancer drugs have been chemically conju-
gated to various polymers for the purpose of its efficient passive
targeting to solid tumors (1-3). The “enhanced permeation and
retention (EPR)” effect on the site of tumor capillaries plays a
critical role in accumulating the polymer conjugates in the solid
tumors, while minimizing the glomerular excretion rate (4,5).
Water soluble polymer conjugates based on poly(N-(2-hydroxy-
propyl)methacrylamide) has been extensively studied and are
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now under clinical trials (6). Another promising approach is
to conjugate doxorubicin to an amphiphilic block copolymer
composed of polyethyleneglycol (PEG) and poly(a,B-aspartic
acid), which leads to a polymeric micelle structure (7). Besides,
in the above examples, doxorubicin has been physically
adsorbed onto and/or encapsulated within nondegradable and
biodegradable nanoparticles (8,9), protein nanoparticles (10),
and liposomes (11,12). The above doxorubicin formulations
intend to achieve passive targeting of doxorubicin loaded partic-
ulates to the tumor site.

We have previously reported a hydrophilic model drug,
an amino acid derivative, could be chemically conjugated to a
terminal end group of poly(D,L-lactic-co-glycolic acid) [PLGA]
to increase its hydrophobicity and, the resultant drug-PLGA
conjugates could be formulated into microspheres by a single
oil-in-water emulsion technique (13). The loading efficiency
was almost 100% due to the covalent linkage of the target
compound to PLGA. Additionally, the release profiles of drug
and its PLGA oligomer conjugates from the microspheres
exhibited a near zero order of kinetic behavior over an extended
period, while the microspheres containing unconjugated drug
demonstrated an initial rapid release in the early stage of incuba-
tion. This novel formulation strategy is based on the hypothesis
that drugs can not be released from microspheres until the
PLGA polymer chain gradually degrades and reaches a critical
molecular weight at which the water solubility of drug-PLGA
oligomer conjugate is sufficiently gained. Thus, the drug release
rate is expected to solely depend on the chemical degradation
rate of conjugated PLGA chain, which permits the controlled
liberation of the conjugated drug in a mixture of water soluble
drug-PLGA oligomer conjugates. The conjugation approach
is expected to be particularly suitable for the formulation of
nanoparticles which normally require high drug payload and a
sustained release property.

In this study, doxorubicin was conjugated to PLGA by first
activating a hydroxyl terminal group of PLGA by p-nitrophenyl
chloroformate and then by reacting it to a primary amine group
of doxorubicin. The doxorubicin-PLGA conjugate was directly
formulated into nanoparticles using a spontaneous emulsion-
solvent diffusion method (14). Doxorubicin loading efficiency,
loading amount, and release characteristics of the formulated
nanoparticles were investigated in comparison to those of the
nanoparticles containing free doxorubicin. Cytotoxicity of the
released doxorubicin-PLGA oligomer conjugates was deter-
mined using free doxorubicin as a positive control. The major
objective of this study is to prepare biodegradable nanoparticles
having a high doxorubicin payload, which hold an additional
sustained release capability at the site of passive targeting in
solid tumors.

MATERIALS AND METHODS

Materials

Poly(D,L-lactic-co-glycolic acid) having lactic/glycolic
molar ratio of 50/50 was obtained from Wako Chemicals
(Japan). [PLGAS5005]. The weight average molecular weight
was 8020 as determined from gel permeation chromatography.
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3-(4,5-dimethylthiaol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT) were obtained from Sigma. All other chemicals were
analytical grade.

Methods

Conjugation of Doxorubicin to PLGA

One gram of PLGA dissolved in 10 ml of methylene
chloride was activated by 72 mg of p-nitrophenyl chloroformate
by adding 47 mg of pyndine (PLGA/p-nitrophenyl chloro-
formate/pyridine stoichiometric molar ratio: 1/2.8/4.8) in a
dropwise manner into the solution at 0°C. The reaction was
carried out for 3 hr at room temperature under nitrogen atmo-
sphere. The reaction progress was monitored by gel permeation
chromatography (GPC) with dual UV detection at 230 nm and
260 nm for the ester group in the PLGA backbone and p-
nitrophenyl group in the activated PLGA end group, respec-
tively. The resultant solution was diluted by methylene chloride
and washed with 0.1% HCI and brine solution. The organic
phase was separated, dried on sodium sulfate, and then dried
under vacuum (yield: §0%). The activated PLGA (0.1 g) dis-
solved in 3 ml of dimethylformamide (DMF) was reacted with
6.3 mg of doxorubicin in the presence of 5 mg of triethylamine
for 24 hr at room temperature under nitrogen atmosphere (stoi-
chiometric molar ratio of activated PLGA/doxorubicin/triethyl-
amine: 1/0.8/4). The progress of doxorubicin conjugation to
activated PLGA was monitored by GPC by an UV-Vis dual
wavelength at 230 nm and 480 nm which detected the fraction
of PLGA and doxombicin conjugated PLGA, respectively. The
precipitated product by the addition of cold diethyl ether was
filtered and dried. The yield of conjugation reaction was 58%.
The extent of doxorubicin conjugation to PLGA was determined
by dissolving the conjugate in dimethylsulfoxide (DMSQ), and
then its absorbance was measured at 480 nm. A series of doxoru-
bicin with different concentrations in DMSO were used as
calibration standards.

Gel Permeation Chromatography (GPC) of Doxorubicin-
PLGA Conjugates

The synthesized conjugates were characterized by GPC
using Gilson 306 pump with UV-Vis detector. The GPC column
was Shodex K-803 (300 X 7.8 mm, Phenomenex, USA) and
tetrahydrofuran was used as a mobile phase with a flow rate
of I ml/min. Molecular weight of the conjugate was calculated
using a series of polystyrene standards (Mr: 114,200, 44,000,
13,700, and 3,700).

Preparation and Characterization of Nanoparticles

Two types of nanoparticles containing doxorubicin-PLGA
conjugate and free doxorubicin were prepared by a spontancous
emulsion solvent diffusion method. One hundred mg of PLGA-
doxorubicin conjugate dissolved in 10 ml of acetone was slowly
added to 100 ml of deionized water containing 1% (w/v) Pluro-
nic F-127 under vigorous stirring conditions. For the encapsula-
tion of free doxorubicin into nanoparticles, 95 mg of PLGA
and 5 mg of doxorubicin were co-dissolved in acetone and then
used. The nanoparticles formed in the aqueous solution were
collected by ultracentrifugation (Beckman, USA) at 15,000 rpm
for 1 hr and resuspended in phosphate buffered saline (PBS)
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solution. The resuspended nanoparticles were stored under fro-
zen conditions (—20°C) until use. The loading a mount of
doxorubicin within nanoparticles was determined by a spectro-
scopic method. A known amount of freeze dried nanoparticles
was completely dissolved in dimethylsulfoxide (DMSO) and
then the absorbance was measured at 480 nm according to the
aforementioned method. Encapsulation efficiency was calcu-
lated based on the percent ratio of the amount of doxorubicin
incorporated into nanoparticles to the initial amount used. Size
distribution was measured by using a laser light scattering
technique (ZetaPlus, Brookhaven Instrument Corp., USA).
Transmission electron microscopy (TEM) picture was taken
without a heavy metal staining procedure (CM20 Microscopr
TEM, Philips).

Release Experiment

Twenty mg of nanoparticles suspended in 20 ml of PBS
buffer was scaled in a dialysis bag (M.W. cutoff: 10,000, Spec-
trapor). The dialysis bag was incubated in 30 ml of PBS buffer
at 37°C. The released doxorubicin in the incubation medium
was collected at pre-determined time intervals and stored frozen
for quantitative analysis. The release amount was analyzed at
480 nm.

Reversed Phase High Performance Liquid
Chromatography (HPLC)

The released doxorubicin and its PLGA oligomer conju-
gates in the medium were analyzed by a HPLC system (Waters
486) with detection at 480 nm by using the following operation
conditions; PRP-3 column (4.1 mm X 150 mm, Hamilton) as
a reversed phase column, a linear gradient elution of water/
acetonitrile from 95/5 to 50/50; a mobile phase flow rate of 1
ml/min.

Cytotoxicity Assay

Cytotoxicities of doxorubicin and its PLGA oligomer con-
jugates released from nanoparticles were determined against
human hepatoblastoma cell line (HepG?2) obtained from Korea
Research Institute of Bioscience and Biotechnology. Free doxo-
rubicin and the released fraction from nanoparticles for 19
day incubation was used for determining the inhibition of cell
growth using a tetrazolium dye (MTT) assay according to the
previously established method (15). Dulbecco’s modification
of Eagle’s MEM (DMEM) was used as a major cell growth
medium and a humidified atmosphere (5% CO,) was maintained
for cell culture. HepG2 cells harvested in a logarithmic growth
phase were seeded on 96 wells at a cell density of 5 X 10}
cells/ml. After incubating the cells in a logarithmic phase with
various concentrations of free doxorubicin and the released
fraction for 72 hr, the MTT assay was performed and the per-
centage of cell viability was then determined.

RESULTS AND DISCUSSION

Figure 1 shows a schematic synthetic route of PLGA-
doxorubicin conjugate via a carbamate linkage between a pri-
mary amine group in doxorubicin and a hydroxyl terminal end
group in PLGA. The activation of the hydroxyl group in PLGA
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Fig. 1. Synthetic scheme of doxorubicin-PLGA conjugate.

using p-nitrophenyl chloroformate readily occurred in the pres-
ence of pyridine with a yield above 80%. The conjugation
extent of doxorubicin to PLGA was 3.6% (w/w) and, in a molar
basis, it was 62.1%. For the formulation of nanoparticles, it is
not necessary to obtain 100% pure doxorubicin-PLGA conju-
gate. The PLGA-doxorubicin conjugate was analyzed by gel
permeation chromatography as shown in Fig. 2. The conjugated
PLGA was cluted earlier than the unconjugated PLGA, support-
ing that doxorubicin was conjugated to PLGA. Weight average
molecular weight of the conjugate was 9210 and that of PLGA
was 8020, respectively. The slight increase in molecular weight
was due to the doxorubicin conjugation and the removal of low
molecular weight PLGA fraction in the process of purification
of doxorubicin-PLGA conjugate. From the GPC profile, it was
confirmed that free doxorubicin was completely removed from
the synthesized PLGA-doxorubicin conjugate.
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Fig. 2. Gel Permeation chromatogram of doxorubicin-PLGA conju-
gate. Solid line: doxorubicin conjugated polymer; dotted line: unconju-
gated polymer.
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Figure 3 shows a transmission electron microscopy (TEM)
picture of doxorubicin-PLGA conjugate encapsulated nanopar-
ticles prepared by the spontaneous emulsion solvent diffusion
method. The nanoparticles were unaggregated while main-
taining an individual spherical shape. Average diameter and zeta
potential of nanoparticles, as determined by a laser scattering
method, was 269.7 nm and —58.1 mV for the free doxorubicin
encapsulated nanoparticles, and 356.0 nm and —86.6 mV for
the doxorubicin-PLGA conjugate encapsulated nanoparticles,
respectively. The reduced zeta potential value for the free doxo-
rubicin encapsulated nanoparticles was likely due to ionic inter-
action between a carboxylic terminal group in PLGA and a
primary amino group in doxorubicin. The doxorubicin-PLGA
conjugate still had negatively charged carboxylic terminal group
in PLGA with concomitantly removing the positively charged
primary amino group in doxorubicin. The loading percent of
free doxorubicin within nanoparticles was 0.26% (w/w) with
6.7% of loading efficiency. On the other hand, the doxorubicin-
PLGA conjugate encapsulated nanoparticles had 3.45% (w/w)
loading percent with 96.6% efficiency. The remarkably

Fig. 3. Transmission electron microscopic pictures of nanoparticles
containing doxorubicin-PLGA conjugate. Scale bars in A and B are 2
wm and 200 nm, respectively.
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enhanced loading percent as well as its concomitantly improved
efficiency for the nanoparticles containing the conjugate were
clearly due to the fact that the doxorubicin-PLGA conjugate
became water insoluble while free doxorubicin was moderately
water soluble. It has been very difficult to encapsulate water
soluble drugs within tiny nanoparticles because they freely
diffuse out during the nanoparticle formation (16). In our previ-
ous report, the conjugation of hydrophilic drugs to PLGA not
only dramatically increased the loading amount, but also
enhanced the encapsulation efficiency for microspheres (13).

Release profiles of doxorubicin from the two nanoparticles
were compared as shown in Fig. 4. The release profile of the
free doxorubicn encapsulated nanoparticles exhibits a very rapid
release of doxorubicin in the early incubation stage, whereas
that from the conjugate encapsulated nanoparticles shows a
sustained release behavior over an extended period. It should
be noted that the nanoparticles containing the doxorubicin-
PLGA conjugate released a mixture species of doxorubicin-
PLGA oligomer conjugates because the carbamate linkage
between doxorubicin and PLGA was not easily cleaved in the
aqueous medium. The sustained release action was caused by
the gradual chemical degradation of conjugated PL.GA back-
bone and subsequent controlled liberation of water soluble dox-
orubicin-PLGA oligomer conjugates in the incubation medium.
The release mechanism was not a diffusion limited process
because the release pattern exhibited a near linear profile, sup-
porting the chemically controlled release in a similar fashion
to a PLGA mass erosion profile (13). Since it was found that
a critical molecular weight of PLGA oligomer to be solubilized
in water is around 1,000, the released doxorubicin conjugated
PLGA oligomers might have up to 12-13 lactic or glycolic
acid units (17). Thus, their release rate was solely dependent
on how fast the conjugated PLGA chains were hydrolyzed to
reach the critical MW. The released fraction from the nanopar-
ticles collected for 19 day incubation was subjected to reversed
phase HPLC analysis as shown in Fig. 5. The released fraction
contains a major peak and other later eluting small peaks, which
are likely to be a mixture of water soluble doxorubicin-PLGA
oligomer conjugates. The hydrolytic scission of conjugated
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Fig. 4. Release profiles of doxorubicin from nanoparticles encapsu-
lated with free doxorubicin (closed circle) and doxorubicin-PLGA
oligomer conjugates from nanoparticles encapsulated with conjugated
doxorubicin (open circle). Each data point was obtained from tripli-
cate experiments.
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Fig. 5. Reversed phase HPLC results of the released fraction from
nanoparticles. Free doxorubicin (A); released fraction for 19 days (B);
further incubation of B for additional 3 days at 37°C (C).

PLGA chain unexpectedly produced fewer PLGA oligomer
species as observed from the HPLC chromatogram. This can
be attributed to the non-random distribution behavior of lactic
and glycolic monomer units along the PLGA chain during
polymerization (18). The ester linkage adjacent to the glycolic
acid unit in the PLGA chain is more susceptible to hydrolysis
than the lactic acid unit, resulting in the production of non-
randomly cleaved PLGA oligomer species enriched with lactic
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acid. Further incubation of the released fraction at 37°C for 3
additional days resulted in the growth of the major peak with
concomitant disappearance of the other small peaks. This sug-
gests the conjugated PLGA oligomers further degraded until
one or two lactyl or glycolic monomer unit was still conjugated
to doxorubicin via a noncleavable carbamate linkage.

The released fraction from the nanoparticles was tested to
see whether a mixture of doxorubicin-PLGA oligomer conju-
gates still retained anti-cancer drug activity. Figure 6 shows
HepG2 cell viabilities against the released fraction from nano-
particles and free doxorubicin used as a positive control. It can
be seen the overall cytotoxic effect of the released fraction was
slightly lower than that of free doxorubicin, presumably due
to the presence of uncleaved PLGA oligomers conjugated to
doxorubicin. The ICs, value of the released fraction was 13.7
M and that of free doxorubicin was 8.9 M. In the literature,
the reported ICs, value of free doxorubicin was 7.3 pM (19).
Since a mixture of doxorubicin-PLGA oligomer conjugates
might have different cytotoxic activities depending on the chain
length of uncleaved PLGA conjugated to doxorubicin, the above
value should be regarded as an average cytotoxic activity for
the released fraction during the study period.

In conclusion, this work demonstrated that by the chemical
conjugation of doxorubicin to PLGA, moderately water soluble
doxorubicin could be successfully encapsulated into nanopar-
ticles with greatly enhanced doxorubicin loading and encapsula-
tion efficiency. The nanoparticles exhibited a sustained release
behavior of doxorubicin-PLGA oligomer conjugates over an
extended period while maintaining comparable cytotoxicity rel-
ative to free doxorubicin. In vivo pharmacological activity of
the released doxorubicin fraction remains to be tested in the
near future. This novel formulation of doxorubicin encapsulated
nanoparticles could potentially be used for passive targeting to
tumor sites as well as a sustained release at the site.
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