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Purpose. The objective of this study was to develop and characterize
long-circulating, biodegradable, and biocompatible nanoparticulate
formulation as an intracellular delivery vehicle.

Methods. Poly(ethylene glycol) (PEG)-modified gelatin was synthe-
sized by reacting Type-B gelatin with PEG-epoxide. The nanopar-
ticles, prepared by pH and temperature controlled ethanol-water sol-
vent displacement technique, were characterized for mean size, size
distribution, and surface morphology. Electron spectroscopy for
chemical analysis (ESCA) was used to confirm the surface presence
of PEG chains. In vitro release of tetramethylrhodamine-labeled dex-
tran (TMR-dextran, Mol. wt. 10,000 daltons) from the nanoparticle
formulations was examined in PBS, with and without 0.2-mg/ml pro-
tease, at 37°C. Relative cytotoxicity profile of control and PEGylated
gelatin was evaluated in BT-20 a human breast cancer cell line. The
nanoparticles were incubated with BT-20 cells to determine uptake
and cellular distribution using confocal microscopy.

Results. Gelatin and PEGylated gelatin nanoparticles were found to
be spherical in shape with a smooth surface in a size range of 200-500
nm and a unimodal size distribution. ESCA results showed an in-
crease in the ether carbon (-C-O-) peak in the PEGylated gelatin
nanoparticles due to the presence of PEG chains. The presence of
PEG chains decreased the percent release of TMR-dextran in the
presence of proteolytic enzyme due to steric repulsion. Cytotoxicity
assays indicated that both gelatin and PEGylated gelatin were com-
pletely non-toxic to the cells. A large fraction of the administered
control gelatin and PEGylated gelatin nanoparticles were found to be
concentrated in the perinuclear region of the BT-20 cells after 12
hours indicating possible vesicular transport through initial uptake by
endocytosis and endosomal processing.

Conclusion. The results of this study show that PEGylation of gelatin
may prove beneficial as long-circulating delivery system in vivo. Ad-
ditionally, the nanoparticles could encapsulate hydrophilic macro-
molecules and are internalized by tumor cells.

KEY WORDS: intracellular delivery vehicle; PEGylated gelatin
nanoparticles; rhodamine-labeled dextran (TMR-dextran); BT-20
cells; endocytosis.

INTRODUCTION

With advances in molecular and cell biology, there are
increasing numbers of opportunities for cell-specific targeting
and delivery of drugs (1-7). Safe and efficacious DNA deliv-
ery with non-viral vectors represents the most important in-
tracellular delivery challenge of the new millennium. For
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DNA delivery, cationic lipid complexes (lipoplexes), and cat-
ionic polymer complexes (polyplexes) have been studied ex-
tensively for somatic gene therapy (8-10). These vector sys-
tems, however, suffer from poor efficiency of transfection,
lack of selectivity, and in some cases, poor stability of the
DNA after intracellular delivery (11,12). One strategy for im-
proving the transfection efficiency with non-viral vectors is by
increasing the DNA concentration and stability in the cell
through encapsulation in a polymeric matrix (13-15). Hirosue
et al. (16) formulated plasmid DNA-containing poly(D,L-
lactide-co-glycolide) (PLGA) nanoparticles with improved
loading and enhanced stability in the presence of DNA de-
grading enzymes. Being a hydrophobic slow degrading poly-
mer that results in highly acidic local microenvironment,
PLGA is not a very effective polymer matrix for DNA en-
capsulation (17,18).

For the development of polymeric nanoparticulate car-
riers with improved encapsulation and efficient intracellular
delivery of DNA, we have outlined the following design cri-
teria. First, the matrix polymer must be biocompatible and
preferably biodegradable. Second, the carrier system should
efficiently encapsulate the DNA and protect it during transit
in the systemic circulation. Third, the carrier should be able to
reach specific tissues and cells in the body and avoid uptake
by the mononuclear phagocytic system after systemic admin-
istration. This is achieved through the use of cell-specific li-
gands and attachment of poly(ethylene glycol) (PEG) chains
on the nanoparticle surface. Fourth, the nanoparticulate sys-
tem should be able to deliver the DNA inside the cell through
nonspecific or receptor-mediated endocytosis and protect the
DNA during cellular transit. Lastly, for industrial production,
the system should be amenable to scale-up and manufacturing
under the GMP guidelines.

Based on these criteria, in the present study, we have
developed PEG-modified gelatin nanoparticles as long-
circulating intracellular delivery systems for hydrophilic mac-
romolecules like DNA. Gelatin is a proteinaceous biopoly-
mer obtained by hydrolytic degradation of naturally occurring
porcine or bovine collagen. Gelatin is a colorless, odorless,
nonirritating, biocompatible, and biodegradable material.
Gelatin has a long history of safe use in a wide range of
medical and pharmaceutical applications, cosmetics, as well as
in food products (19,20). It is a relatively inexpensive material
that is available in sterile and pyrogen-free form. Type-A
gelatin is obtained by acid treatment of collagen and has an
isoelectric point (pI) between 7.0 and 9.0. Type-B gelatin, on
the other hand, is obtained by alkaline hydrolysis of collagen
and has a pI between 4.8 and 5.0. The large number of pen-
dant functional groups in the gelatin structure aid in chemical
cross-linking and derivatization. Truong-Le et al. (14) have
described the use cross-linked gelatin nanospheres, formed
by complex coacervation with DNA, for controlled gene
delivery.

MATERIALS AND METHODS

Materials

Type-B gelatin (225 bloom strength) with 100-115 milli-
moles of free carboxylic acid per 100 g of protein, an isoelec-
tric point of 4.7-5.2, and an average molecular weight 40,000—
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50,000 daltons was purchased from Sigma Chemical Company
(St Louis, Missouri). Monomethoxy-poly(ethylene glycol)
(PEG) with a molecular weight of 5,000 daltons was obtained
from Fluka Chemika/Biochemika (Ronkonkoma, New
York). Type-I protease enzyme from bovine pancreas with an
activity of 6.9 units per mg, 3-[4,5-dimethylthiazol-2-yl]-2,5-
diphenyltetrazolium bromide (MTT), sodium dodecyl sulfate
(SDS), and polyethyleneimine (PEI, M, = 10,000 Da) were
all purchased from Sigma as well. Tetramethylrhodamine la-
beled-dextran (TMR-dextran) of molecular weight 10,000
daltons and a degree of substitution of 0.83 moles of rhoda-
mine per mole of dextran was obtained from Molecular
Probes (Eugene, Oregon). N,N-dimethylformamide, epi-
chlorhydrin and reagent grade ethanol were obtained from
Fisher Scientific (Milwaukee, Wisconsin). The BT-20 estro-
gen receptor negative human breast carcinoma cell line was
obtained from American Type Culture Collection (ATCC,
Rockville, Maryland) and maintained in Eagle’s minimum
essential media (MEM) supplemented with 10 mM pyruvate,
non-essential amino acids, L-glutamine, and 10% fetal bovine
serum at 37°C and 5% CO, atmosphere. General-purpose
serum free medium (UltraCulture®) was obtained from Bio-
Whittaker, (Walkersville, Maryland). Lipofectin® reagent
was obtained from Invitrogen (Carlsbad, California). All
aqueous solutions were prepared exclusively in deionized
distilled water (Nanopure II, Barnstead/Thermolyne,
Dubuque, Iowa).

Synthesis and Purification of PEG-Epoxide

For synthesis of PEG-epoxide, 25 g (5 mM) of PEG was
dissolved in 100 ml of dehydrated N,N-dimethylformamide
containing 1% (w/v) of triethanolamine at 40°C for 4 h under
constant stirring conditions. To this mixture, five times the
molar excess (2.31 g) of epichlorhydrin was added and the
reaction to convert the terminal hydroxyl group of PEG into
epoxide continued overnight at room temperature under re-
flux conditions. The epoxide derivative was precipitated in
cold diethyl ether. The PEG-epoxide was then washed thrice
with cold diethyl ether and dried in-vacuo. Typical yield was
about 88%.

Synthesis and Characterization of PEG-Modified Gelatin

To a known quantity of PEG-epoxide dissolved in 20 ml
of pH 8.5 alkaline borate buffer, 2.0 g of gelatin was added
and the reaction for grafting PEG-epoxide to the primary
amine groups of basic amino acids was carried out for 14 h at
40°C. The mixture was precipitated in 3-fold excess of ac-
etone to remove any unreacted PEG-epoxide, washed with
acetone, and dialyzed extensively against deionized distilled
water, using a membrane with a molecular weight cut-off
of 12-14 KDa, for up to 24 h at room temperature, and
lyophilized.

To determine the degree of gelatin modification by
PEG-epoxide, control gelatin or PEGylated gelatin deriva-
tives were dissolved in pH 8.5 alkaline borate buffer to pre-
pare 1.0 mg/ml solution. Ten-ml of the solutions were mixed
with 250 pl of 30 mM trinitrobenzenesulfonic acid (TNBS)
solution in methanol. After 30 m of reaction at room tem-
perature, the absorbance of solution at 420 nm was measured
by Shimadzu UV160U spectrophotometer (Columbia, Mary-
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land) and the percentage of amine groups of gelatin that were
derivatized by PEG-epoxide was calculated (21).

Preparation and Characterization of Nanoparticles

Preparation of Nanoparticles

Nanoparticles of the unmodified gelatin and PEGylated
gelatin derivative were prepared by the ethanol precipitation
method under controlled conditions of temperature and pH.
Two hundred mg of gelatin or PEGylated gelatin derivative
was dissolved in 20 ml of deionized distilled water at 37°C
until a clear solution was obtained. The pH of the resulting
solution was adjusted to 7.00 with 0.2 M sodium hydroxide.
The nanoparticles were formed by controlled precipitation of
the aqueous gelatin solution with ethanol under continuous
stirring. In the final mixture of 100 ml, the ethanol:water vol-
ume ratio was maintained at 65:35. The nanoparticle precipi-
tate was centrifuged at 14,000 rpm for 90 m, washed twice
with deionized distilled water, and lyophilized.

Particle Size Analysis

The resulting turbid colloidal system of gelatin or
PEGylated gelatin nanoparticles was analyzed for mean par-
ticle size and size distribution by a Coulter counter. A sample
of the diluted (1:4) nanoparticulate suspension in deionized
distilled water was used for particle size analysis at a scatter-
ing angle of 90° and a temperature of 25°C using Beckman/
Coulter N4 plus (Fullerton, CA, USA) instrument.

Scanning Electron Microscopy (SEM)

The nanoparticle suspension was centrifuged at 14,000
rpm for 90 min and the resulting pellet was lyophilized for
SEM analysis. The gelatin and PEGylated gelatin nanopar-
ticle samples were mounted on an aluminum sample mount
and sputter coated with gold-palladium to minimize surface
charging. The samples were then observed for surface mor-
phology with an AMR-1000 (Amray Instruments, Bedford,
Massachusetts) scanning electron microscope at an accelerat-
ing voltage of 10 kV.

Electron Spectroscopy for Chemical Analysis (ESCA)

Both control and PEGylated gelatin nanoparticles were
analyzed by ESCA, a technique that measures the elemental
composition and identifies chemical functional groups of 100
Angstroms-thick surface layer. These experiments were car-
ried out at National ESCA and Surface Analysis Center for
Biomedical Problems (NESAC/BIO) at the University of
Washington (Seattle, Washington). The spectra were taken
on a Surface Science Instrument X-probe spectrophotometer
with a monochromatized Al X-ray source. A 5eV flood gun of
was used to neutralize surface charge. Surface elemental com-
position was determined using the standard Scofield photo-
emission cross-sections (23). Identification of chemical func-
tional groups was obtained from the high-resolution peak
analysis of carbon-1s (C,,), oxygen-1s (O,,), and nitrogen-1s
(N,,) envelopes.
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TMR-Dextran Loading

TMR-dextran was used as a model of hydrophilic mac-
romolecular drugs. To an aqueous solution of gelatin or
PEGylated gelatin adjusted to pH 7.0, TMR-dextran was
added at a final concentration of 1.0% (w/w) and the loaded
nanoparticles were prepared as described above. The TMR
dextran-loaded nanoparticles were separated from the free
TMR-dextran by centrifugation and washing steps. The load-
ing efficiency of TMR-dextran in the nanoparticle formula-
tions was determined by dissolving the nanoparticle sample in
protease (0.2 mg/ml)-containing PBS at 37°C until a clear
solution was observed (~30 m). The resulting solution was
filtered through a 0.22 pm filter and the fluorescence intensity
was measured at 560 nm excitation and 580 nm emission
wavelengths, using a Perkin Elmer LS50B fluorescence spec-
trophotometer (Norwalk, Conneticut) interfaced with an
FLWINLAB® software for data analysis and processing. The
efficiency of TMR-dextran loading in the nanoparticle formu-
lations were determined using a standard curve of TMR-
dextran in protease-containing PBS.

In Vitro Release Studies

The release kinetics of TMR-dextran from gelatin and
PEGylated nanoparticles was carried out in PBS, with and
without 0.2-mg/ml protease, at 37°C. Ten-mg of TMR-
dextran containing gelatin or PEGylated gelatin nanopar-
ticles was placed with 1.5 ml of buffer solutions in an Eppen-
dorf-type microcentrifuge tubes. Periodically, the tubes were
removed from the water-bath and centrifuged at 14,000 rpm
for 5 min. Subsequently, 500 pl of the supernatant was re-
moved and diluted to 1.0 ml with either PBS or protease-
containing PBS. The buffer was replaced each time to main-
tain constant volume and sink conditions. The fluorescence
intensity of TMR-dextran released was measured using the
parameters described under the loading studies and the cu-
mulative amount released was calculated from appropriate
calibration curves.

Cytotoxicity Assays

Immortalized BT-20 cells were grown in 96 well plates at
an initial seeding density of 10,000 cells per well in 200 pl of
supplemented Eagle’s MEM. Cells were grown for 24 h, after
which the growth medium was removed and replaced with
180 wl of serum-free medium. Appropriate concentrations
of gelatin and PEGylated gelatin, along with serum alone,
Lipofectin®, and PEI as negative and positive controls, re-
spectively, were added in 20 pl aliquots. Samples were incu-
bated at 37°C for 5 h and the metabolic activity of each well
determined by the MTT assay (24). To each well was added
25 pl of a 5-mg/ml solution of MTT stock solution in sterile
PBS buffer. The samples were incubated at 37°C for 24 h and
100 pl of extraction buffer (20% w/v SDS in DMF/water (1:1),
pH = 4.7) was added to each well. Samples were incubated at
37°C for another 5.0 h and the absorbance was measured at
540 nm with a Labsystems Multiskan MCC/340 microplate
reader. The percent viability of cells was expressed as the
ratio of absorbance of the polymer-treated cells relative to
those in serum alone multiplied by 100.
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Cell Uptake and Distribution Studies

After initial passage in tissue culture flasks, BT-20 cells
were grown to semi-confluence in supplemented Eagle’s
MEM in 6-well tissue culture plates on Corning’s circular
glass cover-slips at 37°C and 5% CO, atmosphere. A suspen-
sion of TMR-dextran containing gelatin or PEGylated nano-
particles was prepared at a concentration of 0.5 mg/ml in the
culture medium. After filtration, the nanoparticle suspension
was incubated with the cells at 37°C for a period of 12 h. The
media was then removed and the plates were washed thrice
with sterile PBS. After the final wash, the cells were fixed
with 4% (v/v) paraformaldehyde in PBS for 1.0 h at room
temperature and were washed four times with PBS. Indi-
vidual cover-slips were then mounted cell side up on clean
glass slides with fluorescence-free glycerol based mounting
medium (Fluoromount-G®, Southern Biotech Associates,
Birmingham, Alabama). Both differential interference con-
trast (DIC) and fluorescence images were acquired with a
Zeiss Axioplan-2® confocal microscope (Thornwood, New
York). The images were digitized and processed with Adobe
Photoshop® software.

RESULTS AND DISCUSSION

Characterization of PEGylated Gelatin

The percentage of free amine groups of gelatin that were
reacted by PEG-epoxide in the modified gelatin derivative
was determined by TNBS assay as a function of the amount of
PEG-epoxide added per gram of gelatin. With increasing
amount of PEG-epoxide, there was an increase in the percent
amine groups that were occupied by PEG as shown in Fig. 1.
For instance, when 0.5 g of PEG-epoxide was added per gram
of gelatin, percent PEGylation, as determined by TNBS assay
was approximately around 30%. The 30% PEG-modified de-
rivative was subsequently used for preparation of PEGylated
gelatin nanoparticles.
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Fig. 1. Percentage of amine groups of gelatin (Type B) that were
derivatized with poly(ethylene glycol) (PEG)-epoxide. The amount
of PEG-epoxide added was per unit mass of gelatin.
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Characterization of Nanoparticles

Particle Size Analysis

The mean nanoparticle size and size distribution, as mea-
sured by Coulter, are shown in Fig. 2. For both control and
PEGylated gelatin nanoparticles, the mean particle size was
around 300 nm and a range of 200-500 nm and with a narrow
size distribution.

SEM Analysis

The SEM micrographs of the lyophilized control and
PEGylated gelatin nanoparticle samples, shown in Fig. 3,
verified that the nanoparticles were smooth and with spheri-
cal shape. The SEM micrographs also indicated that high-
speed centrifugation and freeze-drying did not affect the
nanoparticle morphology. Based on the studies by Jain and
co-workers (22), most peripheral human tumor vessels have a
permeability cut-off of less than 600 nm. The gelatin and
PEGylated gelatin nanoparticles, therefore, should provide
an effective means of DNA delivery to solid tumors after
intravenous or intratumoral administration of the formulation
in future in vivo studies.

ESCA Results

ESCA exploits the photoelectric effect to obtain infor-
mation about the chemical composition and structure of the
surface layer (23). When a photon source (e.g., X-rays) is
directed at a sample, the photons interact with the electrons
present in the sample material. If the photon has sufficient
energy, it causes an electron from the surface atom to be
emitted from its orbital. The measured kinetic energy of the
electron is indicative of the element from which the electron
came from and the chemical environment of that element.
ESCA is a surface sensitive technique because only those
electrons that leave the surface without energy loss will con-
tribute to the peak signifying that element. Those electrons
originating from far below the surface (>100 Angstroms) suf-
fer energy loss through collisions and are unable to make it
out of the surface, or they escape the surface with consider-
able energy loss (23).

Table I shows the high resolution -C-H- (hydrocarbon),
-C-O- (ether) and -C=0O- (carbonyl) peaks in the C,, en-
velop of the control and the PEGylated gelatin at their char-
acteristic binding energies of 285.0, 286.4 and 288.1 eV re-
spectively. The surface presence of PEG chains in the
PEGylated gelatin nanoparticle sample was confirmed by
comparing the high-resolution ESCA spectra of the modified
gelatin sample with the unmodified gelatin. The observed in-
crease in the relative peak intensity of the ether peak in the
PEGylated gelatin derivative (from 30% in the control
sample to 38% in the PEGylated gelatin) is consistent with
the presence of ethylene oxide residues of PEG on the surface
of modified gelatin derivative.

TMR-Dextran Loading

TMR-dextran was used as a model macromolecular com-
pound since it allows for easier evaluation of loading and
release by fluorescence spectrophotometry. Additionally,
TMR-dextran containing nanoparticles can be easily visual-
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Fig. 2. Analysis of particle size and size distribution by Coulter
counter. Gelatin (A) and poly(ethylene glycol)-modified gelatin (B)
nanoparticles were analyzed using Beckman/Coulter N4 plus instru-
ment at 25°C.

ized by fluorescence microscopy in cell trafficking studies.
Using 1.0% (w/w) TMR-dextran concentration, we deter-
mined that the loading efficiency in gelatin and PEGylated
gelatin nanoparticles was 51% and 48%, respectively. Based
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T
Fig. 3. Scanning electron micrographs of gelatin (A) and poly(ethyl-
ene glycol)-modified gelatin (B) nanoparticles. The original magnifi-
cation was 13,500x and the scale bar represents a distance of 1 pm.

on these results, we found that the PEG-modification of gela-
tin does not affect the loading capacity for hydrophilic mac-
romolecular compounds.

In Vitro Release Studies

The in vitro release of TMR-dextran was performed in
PBS at 37°C, with and without 0.2-mg/ml protease. Protease
was included in the release medium to evaluate the effect of
the enzyme on the release of macromolecular compound, if
any, from PEGylated gelatin nanoparticles. As shown in Fig.
4, the release of TMR-dextran from PEGylated gelatin nano-
particles was significantly greater than from the unmodified
gelatin nanoparticles when the release medium did not con-
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Table I. High Resolution C,; Peak Analysis of ESCA on Surfaces of
Gelatin and PEGylated Gelatin Nanoparticles®

Relative peak area (%)

-C-H- -C-0- -C=0-
Nanoparticle sample (285.0 eV) (286.4 eV) (288.1 eV)
Gelatin 45 30 25
PEGylated Gelatin 35 38 26

“ Electron spectroscopy for chemical analysis (ESCA) was performed
at National ESCA and Surface Analysis center for Biomedical
Problems (NESAC/BIO), University of Washington, Seattle, Wash-
ington.

tain protease (Fig. 4A). The greater fractional release of
TMR-dextran from PEGylated gelatin nanoparticles in the
absence of protease was due to the greater hydrophilicity of
the matrix that allowed for higher swelling and subsequent
release of a macromolecule. In contrast, when the medium
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Fig. 4. Release kinetics of tetramethylrhodamine-labeled dextran
(Mol. wt. 10,000 daltons) from gelatin (H) and poly(ethylene glycol)-
modified gelatin () nanoparticles. The release studies were per-
formed in the absence (A) and presence (B) of 0.2 mg/ml protease in
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contained protease, the fractional release of TMR-dextran
from PEGylated gelatin nanoparticles was decreased signifi-
cantly (Fig. 4B). Predominant difference in the release char-
acteristics between gelatin and PEGylated gelatin nanopar-
ticles in protease-containing buffer was seen in earlier time
points. At 6 h, for instance, the PEGylated sample released
only about 60% as compared to approximately 80% release
of the gelatin nanoparticles. In contrast to diffusional release
in the absence of protease, the predominant mechanism of
TMR-dextran release in the presence of protease is thought
to be due to enzymatic degradation of the biopolymer. The
decrease in the release of TMR-dextran from PEGylated
gelatin nanoparticles was probably due to steric repulsion of
the enzyme by surface accessible PEG chains, which resulted
in decrease degradation of the matrix. As the nanoparticles
continued to hydrate and the enzyme was able to access the
active site, and the differences in the release behavior be-
tween gelatin and PEGylated gelatin nanoparticle became
insignificant.

Cytotoxicity Assays

New polymeric vectors are often compared to standard
DNA condensing agents and transfection vectors such as PEI
and Lipofectin® for their transfection. PEI and Lipofectin®,
however, are also associated with significant levels of cyto-
toxicity and thus high levels of cellular uptake and transfec-
tion are accompanied with considerable loss of cell viability.
To determine the toxicity profile of the newly synthesized
PEGylated gelatin, we conducted the standard MTT cytotox-
icity assay with BT-20 cells (24).

As can be seen in Fig. 5, cells incubated with gelatin and
PEGylated gelatin remained 100% viable relative to control
(serum-free media) at concentrations as high as 200 pg/ml. In
contrast, cells treated with Lipofectin® and PEI showed sig-
nificant decrease in viability. For instance, at 50 pg/ml con-
centration, cells viability was 68% and 17% for Lipofectin®-
and PEI-treated cells, respectively. It is encouraging to ob-
serve from the cytotoxicity profiles of gelatin and PEGylated
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Fig. 5. Cytotoxicity profiles of gelatin (M), PEG modified gelatin
(0), Lipofectin® (@) and polyethyleneimine (O). Percent viability of
BT-20 cells was expressed as a function of polymer concentration
relative to serum-free media.
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gelatin that these polymers merit further studies as biocom-
patible and non-toxic vectors.

Cell Uptake and Distribution Studies

The DIC and fluorescence images of nanoparticle uptake
and distribution in BT-20 human breast cancer cells is shown
in Fig. 6. After 12 h of incubation with the cells, the figures
clearly show that both control gelatin and the PEGylated
gelatin nanoparticles containing TMR-dextran were localized
in the perinuclear region. Also interesting to note here that
the cells remained viable during the course of this study and,
as such, these nanoparticles do not confer any overt cytotox-
icity. At initial time points, we observed the nanoparticles to
present mainly on the cells surface with subsequent uptake
though the vesicular transport system. Once the nanoparticles
were endocytosed, they were able to escape the endosome
and found primarily in the cytoplasm around the nuclear
membrane. In the case of gelatin nanoparticles, the fluores-
cence confocal image (Fig. 6B) shows that some of the fluo-
rophore was released and stained the nucleus. PEGylated
gelatin nanoparticles, on the other hand, remained intact as
the fluorescence image (Fig. 6D) clearly shows discrete par-
ticles around the nucleus. When TMR-dextran was added to
the cells in solution and incubated for 12 h, the fluorescence
was completely diffused (results not shown).

Although some investigators have found that PEG-
modified drug carriers do not enter the cells probably due to
steric repulsion (25,26), our results were different. We ob-
served that a large fraction of the incubated nanoparticles
were internalized by the cells and remained stable during
vesicular transport. Based on the results of cell uptake stud-
ies, PEGylated gelatin nanoparticles show great promise as
an intracellular delivery system for hydrophilic macromol-
ecules, like DNA.

CONCLUSIONS

PEG-modified (PEGylated) gelatin derivative was syn-
thesized for preparation of long-circulating nanoparticles with
capacity for intracellular delivery of drugs and genes. The

m;: £
Figure 6. Differential interference contrast and fluorescence micro-
scopic images of tetramethylrhodamine-labeled dextran (Mol. wt.
10,000 daltons) containing gelatin (A & B) and poly(ethylene glycol)-
modified gelatin (C & D) nanoparticles in BT-20 cells. The cells were
incubated with the nanoparticles for 12 h at 37°C.
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nanoparticles in the size range of 200-500 nm were prepared
and the presence of PEG chains on the surface was con-
firmed by ESCA. TMR-dextran, used as a model macromol-
ecule, was loaded at around 50% in both control gelatin and
PEGylated gelatin nanoparticles. During the release in vitro
studies, we observed that the release of TMR-dextran was
significantly decreased when protease was added to the me-
dium. In the presence of protease, PEGylation afforded pro-
tection against enzymatic degradation, which subsequently af-
fected the release of TMR-dextran. Gelatin and PEGylated
gelatin were found to be completely non-toxic to cells even at
200 pg/ml concentration. Cell uptake studies of the control
and PEGylated gelatin nanoparticles confirmed that they
were internalized by endocytotic pathway and remained
stable during the vesicular transport process. The results of
this study are very encouraging for the development of an
intracellular delivery system for drugs and genes that can of-
fer long-circulating property, is efficiently internalized by
cells and remains intact in the endosomes and lysosomes.
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