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Purpose. This study tests the hypothesis that pegylated dendrimeric micelles prolong the half-life of low
molecular weight heparin (LMWH) and increase the drug’s pulmonary absorption, thereby efficacious in
preventing deep vein thrombosis (DVT) in a rodent model.

Materials and Methods. Pegylated PAMAM dendrimer was synthesized by conjugating G3 PAMAM
dendrimer with methyl ester of polyethylene glycol 2000 (PEG-2000). Fourier transform infrared (FTIR),
nuclear magnetic resonance (NMR) spectra and thin layer chromatography (TLC) were used to evaluate
the identity and purity of pegylated dendrimer. The particle size distributions of the formulations were
measured by using a Nicomp Zeta meter, and drug entrapment efficiency was studied by azure A assay.
The efficacy of pegylated dendrimers in enhancing pulmonary absorption, prolonging drug half-life, and
preventing DVT was studied in a rodent model.

Results. FTIR, NMR and TLC data confirmed that PAMAM dendrimer was conjugated to PEG-2000.
The entrapment efficiency of LMWH in PEG-dendrimer micelles was about 40%. Upon encapsulation
of LMWH, the particle size of PEG-dendrimer micelles increased from 11.7 to 17.1 nm. LMWH
entrapped in PEG-dendrimer produced a significant increase in pulmonary absorption and the relative
bioavailability of the formulation was 60.6% compared to subcutaneous LMWH. The half-life of the
PEG-dendrimer-based formulation was 11.9 h, which is 2.4-fold greater than the half-life of LMWH in a
saline control formulation. When the formulation was administered at 48-h intervals, the efficacy of
LMWH encapsulated in pegylated dendrimers in reducing thrombus weight in a rodent model was very
similar to that of subcutaneous LMWH administered at 24-h intervals.

Conclusions. Pegylated PAMAM dendrimer could potentially be used as a carrier for pulmonary
delivery of LMWH for the long-term management of DVT.

KEY WORDS: jugular vein thrombosis; low molecular weight heparin; pegylated PAMAM dendrimer;

pulmonary absorption.

INTRODUCTION

Dendrimers are a new family of man-made, highly
branched and globular shaped macromolecules with tremen-
dous promise in drug delivery. The potential use of den-
drimers in drug delivery and their unique chemical and
physical properties have recently been reviewed (1-8). To
serve as a drug carrier, dendrimers interact with a drug
molecule by a number of mechanisms: (1) Drugs can be
encapsulated within dendrimeric cavities, where they may be
retained by physical entrapment, electrostatic interactions,
hydrophobic or hydrogen bonding; (2) Drugs can also be
bound to the surface of the dendrimer by electrostatic or
covalent interactions. Such interactions between dendrimers
and drugs can be exploited to enhance drug solubility and
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bioavailability, provide controlled release, and offer opportu-
nities for targeted drug delivery (9). However, safety and
drug loading capacity are the major determinants governing
whether a polymer can be used a drug carrier. Although low-
generation dendrimers (generation 4 or lower) have desirable
biological properties, such as a low toxicity and untoward
immunogenicity in vivo, they cannot entrap the same amount
of guest molecules as high-generation dendrimers because of
their relatively small inner cavities and limited reaction
surfaces (9,10).

PEGs have excellent solubility in aqueous and many
organic solutions. Being nontoxic and nonimmunogenic,
PEGs have favorable pharmacokinetics and tissue distribu-
tion. Because of these favorable features, conjugation of
PEGs with dendrimers is likely to further improve their
biocompatibility. In fact, attachment of PEGs to dendrimers
may lead to an increase in the inner cavity space of
dendrimers, thereby increasing their drug-loading capacity
to facilitate delivery of large molecular weight compounds
(9). Furthermore, pegylation can also increase the circulation
time of the drug in the blood by masking it from recognition
by the reticuloendothelial system (11).
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Low molecular weight heparins (LMWHs) are negative-
ly charged oligosaccharides used in the treatment of deep
vein thrombosis (DVT) and pulmonary embolism. However,
the use of LMWHs on an outpatient basis has been limited
because of the requirement of daily subcutaneous injections.
Consequently, attempts have been made to deliver LMWHs
via noninvasive routes, including the nasal and pulmonary
routes (9,12-17). Previously, we showed that, similar to
DNA-dendrimer complexation, a full-generation cationic
PAMAM dendrimer interacts with electronegative functional
groups of LMWHSs and increases the pulmonary absorption
of the drug (17). However, it is not known if pegylated
dendrimers can be used to increase pulmonary absorption
and circulation time of the drug. Moreover, there are no data
as to the feasibility of encapsulating LMWH into pegylated
dendrimers. Therefore, this study was designed to test (1)
whether pegylated dendrimers, when used as a nanocarrier,
can increase the circulation time of LMWH, and (2) whether
a long-circulating pegylated dendrimer-based formulation of
LMWH can enhance pulmonary absorption and prevent
DVT in a rodent model.

MATERIALS AND METHODS
Materials

LMWH (average molecular weight and anti-factor Xa
activity are 4,494 Da and 60 U/mg, respectively) was
purchased from Celsus Laboratories (Cincinnati, OH). A
20% solution of generation 3 (G3) PAMAM dendrimer in
methanol, azure A, 4-nitrophenyl chloroformate chloride, and
polyethylene glycol 2000 monomethyl ester (mPEG) were
purchased from Sigma-Aldrich (St. Louis, MO). Deuterium
oxide (D,0, 99.9%) was obtained from Cambridge Isotope
Laboratories (Andover, MA).

Synthesis of mPEG-Dendrimer Micelles

Pegylation of G3 PAMAM dendrimers was performed
according to the procedure shown in Fig. 1. The product was
purified according to a previously published method after
slight modification (18-20). Briefly, 0.8 g mPEG (MW =2,000)
(0.4 mmol) was dissolved in 40 ml tetrahydrofuran (THF) and
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Fig. 1. Schematic diagram showing the synthesis of mPEG-dendrimer.
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added to 201.5 mg of 4-nitrophenyl chloroformate (1.0 mmol)
and 56 pl of triethylamine (0.4 mmol) at 4°C. The resulting
mixture was then stirred for 24 h at room temperature. The
salt was filtered off and the filtrate was concentrated to 10 ml
and added dropwise to diethyl ether to precipitate as
activated mPEG p-nitrophenyl chloroformate. The mPEG
p-nitrophenyl chloroformate precipitate was further dissolved
in THF and purified by reprecipitation from THF into diethyl
ether. Next, 27.6 mg of G3.0 PAMAM dendrimers solution
(4 pmol) was dissolved in dimethyl sulfoxide (10 ml), and
52 mg (256 pmol) mPEG p-nitrophenyl carbonate was added
to the solution at 4°C and then the solution was stirred for
72 h at room temperature. The reaction mixture was evapo-
rated to dryness using a rotary evaporator. The obtained
product was dissolved in distilled water and the low molecular
weight reagents were removed via ultrafiltration using a Cellu
Spe T3 membrane (Membrane Filtration Products, Inc.
Seguin, TX, MWCO: 12,000-14,000). The dialyzed product
was then lyophilized and used in further characterization.

Thin Layer Chromatography (TLC)

TLC aluminum plates (Silica gel 60 F254, Merck kGaA,
Darmstadt, Germany) were used to monitor the progress of
the reaction and evaluate the purity of the products.
Reactants and products were dissolved in chloroform or
water, respectively. The reaction media or solutions of
purified products and reactants (0.1 g/ml) were spotted onto
a start line on one side of the TLC plates. In TLC chambers,
chloroform/methanol (2:1, v/v) and methanol/water (2:1, v/v)
were used to develop the plates in the first and second steps,
respectively. After evaporation of developing solvents, chro-
matographic spots of samples were visualized by exposing
them to iodine vapor.

FTIR and '"H NMR Studies

Attenuated total reflectance Fourier transform infrared
(FTIR) spectra of reactants, synthetic pegylated PAMAM
dendrimers were recorded on a Nicolet Nexus 470 spectrom-
eter (Thermo Nicolet Corp., Madison, WI) using the Smart
Miracle ATR accessory. Samples (10 mg or 50 ul) were
applied to the center of the sample holding device and
scanned between 4,000 and 700 ecm ! at a resolution of
1 cm ' 'H NMR spectra were recorded on a Varian Mercury
Plus 300 MHz spectrometer (Varian, Inc., Fort Collins, CO).
The internal standard was tetramethylsilane. Ten milligrams
of each sample were dissolved in the deuterated solvent,
filtered, and degassed before the measurement. The chemical
shift of D,O was at 4.8 ppm.

Loading of LMWH in mPEG-Dendrimer Micelles

mPEG-dendrimer plus LMWH formulations were first
prepared by mixing an aliquot of mPEG-dendrimer solution
and LMWH. Before mixing, the drug and polymer solutions
were diluted in saline. The resulting solution was then
incubated for 30 min at room temperature for complexation
to occur. The loading of LMWH in the mPEG-dendrimer
micelles was determined by a colorimetric assay using azure
A blue dye as described previously (17). For this test, a fixed
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amount of azure A dye solution was mixed with the following
test samples: 0.125%, 0.25%, 0.5%, 1%, and 2% (w/v)
solutions of mPEG-dendrimers-LMWH formulations con-
taining 5 mg/ml of LMWH. The samples were then measured
by a microtiter-plate reader (TECAN U.S. Inc, Research
Triangle Park, NC) at 595 nm.

Particle Size Determination of mPEG-Dendrimer Micelles
Containing LMWH

The optimized LMWH formulation in the mPEG-
dendrimer was characterized by measuring particle size. For
particle size determination, plain pegylated PAMAM den-
drimer (1%, w/v) and its formulation with LMWH (5 mg/ml)
were prepared. The prepared sample solutions (~300 pl) were
dispensed in disposable tubes and particle size measurements
were performed in triplicate using a NICOMP™ 380 ZLS,
PSS-Nicomp particle sizing system (Santa Barbara, CA).

Pulmonary Absorption Studies in Rats

For in vivo absorption studies, formulations were pre-
pared by mixing aliquots of 1% (w/v) mPEG-dendrimer with
LMWH (5 mg/ml). Each 100 pl of formulation used in
absorption studies contained an amount of LMWH (0.5 mg)
equivalent to 30 U of anti-factor Xa activity. The formulations
for subcutaneous administration contained 15 U of anti-factor
Xa activity in each 100 pl of solution. The pulmonary
absorption studies were carried out as described previously
(17). After pulmonary and subcutaneous administration,
blood samples (about 300 ul) were collected from the tip of
the tail at 0, 0.5, 1, 2, 4, 8, and 12 h in citrated microcentrifuge
tubes and placed on ice. Subsequently, the plasma was treated
and analyzed as described previously (13-17).

Measurement of Anti-factor Xa Activity

Anti-factor Xa activity present in blood samples was
determined by colorimetric assay using the Chromogenix
Coatest Heparin Kit®. The assay was performed according to
the protocol supplied by the manufacturer. The principle of
this assay is based on the fact that the anticoagulant effect of
heparin, both unfractionated and low molecular weight
heparin, is achieved via their ability to bind antithrombin
and inhibit clotting activity of factor-Xa. In fact, this assay
uses a pharmacodynamic response to estimate indirectly
absorption and bioavailability of LMWH and has been
widely used to monitor therapeutic efficacy of LMWHs. In
the first step of the assay, heparin forms a complex with
antithrombin and the resultant complex is incubated with an
excess of factor-Xa. The amount of factor-Xa neutralized by
the heparin—antithrombin complex is proportional to the
available amount of heparin. The remaining amount of
factor-Xa hydrolyzes the chromogenic peptide substrate (S-
2222) thus liberating the chromophoric group, paranitro-
aniline (pNA). After stopping the reaction with acetic acid,
the intensity of the color is measured spectrophotometri-
cally (405 nm). The anti-factor Xa activity was measured
from the calibration curve of absorbance vs LMWH stan-
dard concentrations.
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Efficacy of LMWH Micelles for the Treatment of Deep Vein
Thrombosis

The efficacy of LMWH entrapped in mPEG-dendrimer
micelles in preventing DVT was studied in a rodent model. A
rat model of jugular vein thrombosis was developed accord-
ing to our previously published procedure (17). Five groups
of rats (six rats per group) with thrombus received the
following formulations via the pulmonary route for 7 days:
(a) saline with no drug once daily, (b) 100 U/kg LMWH plain
drug in saline once daily, (c) 100 U/kg LMWH plain drug in
saline once every 48 h, and (d) 100 U/kg LMWH in 1%
mPEG-PAMAM dendrimer once every 48 h. An additional
group of rats that received 50 U/kg LMWH via the
subcutaneous route once daily was used as a positive control.
On the eighth day of the treatment, animals were reanesthe-
tized and the incision was reopened to inspect the jugular
vein. The jugular vein was excised, and the thrombus was
meticulously extracted from the vein and weighed. After
extraction of the thrombus, the animals were euthanized. All
animal studies were approved by the Texas Tech University
Health Sciences Center (TTUHSC) Animal Care and Use
Committee and were conducted in accordance with the NIH
Guide for the Care and Use of Laboratory Animals.

Data Analysis

Standard noncompartmental analysis (Kinetica®, Ver-
sion 4.0, Innaphase Corp. Philadelphia, PA) was performed
for LMWH absorption profiles. The area under the plasma
concentration versus time curve (AUC,_,,,) was calculated by
the trapezoidal method. The relative bioavailability was
estimated by comparing the AUC,_,, for LMWH after
pulmonary delivery with that of subcutaneously administered
LMWH. Data were compared by paired f-test or one-way
ANOVA. When the differences in the means were significant,
post-hoc pair wise comparisons were conducted using New-
man-Keuls multiple comparison (GraphPad Prism, version
3.03, GraphPad Software, San Diego, CA). Differences in p-
values less than 0.05 were considered statistically significant.

RESULTS AND DISCUSSION
Synthesis and Characterization of Pegylated Dendrimers

To prepare pegylated dendrimers, PEG was first activat-
ed via a reaction with 4-nitrophenyl chloroformate chloride.
The hydroxyl groups of methylated PEG reacted with the
reagent and eliminated a molecule of HCI as depicted in
Fig. 1. Pegylation was then performed by linking activated 4-
nitrophenyl chloroformate PEG (4-NPC-PEG) with G3
PAMAM dendrimer. The chemical structure of both activated
mPEG and pegylated dendrimers was confirmed by FTIR and
"H NMR (Figs. 2 and 3). Thin layer chromatography (TLC)
was performed to determine the purity of the final pegylated
dendrimer (Fig. 4). The IR spectrum of mPEG shows a major
peak at 1,094 cm ' that belongs to the repeating ether linkage
(-C-0O-C-) present in a PEG molecule. The band at 1,775 cm ™!
in the IR spectrum of 4-nitrophenyl chloroformate chloride
(NPC) is because of —C=0 stretching of the carboxyl group.
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Fig. 2. FTIR spectra of (A) 4-nitrophenyl carbonate mPEG-2000 and
(B) mPEG-dendrimer.

However, compared to the IR spectra of mPEG-2000 and 4-
NPC, a slight shift in the bands for the -C-O-C- and —-C=0
functional groups was observed in the IR spectrum of activated
4-nitrophenyl chloroformate PEG. The peaks for the -C-O-
C- and —C=0O groups present in activated 4-nitrophenyl
chloroformate PEG were observed at 1,098 and 1,770 cm ™,
respectively (Fig. 2A). On the other hand, the spectrum of
mPEG-dendrimer shows two bands at 1,710 and 1,651 cm™!
that can be attributed to —C=O stretching of the carboxyl
groups in the mPEG segment and amide groups in dendrimer
segment, respectively, of PEG—dendrimer complex (Fig. 2B).
Similar to the IR data, '"H NMR analysis also suggest
that a PEG—-dendrimer complex was formed upon reaction
between activated PEG and G3 PAMAM dendrimer. The
doublets observed at 9.6 and 8.7 ppm in the NMR scan of
activated PEG suggests the presence of a benzyl ring of the 4-
NPC molecule (Fig. 3A). The peak at 5.7 ppm is due to the
protons of the —-CH,OOCO- group of the carbonate-PEG
bond, and the multiple strong peaks observed at 4.8-5.0 ppm
belong to hydrogens of the repeating -OCH,O- group of
PEG. The peak for the terminal -CH; group was observed at
4.6 ppm (Fig. 3A). The chemical shifts observed in the NMR
spectrum of mPEG-dendrimer compound ranged between 2
and 4 ppm because protons of both the dendrimer and mPEG
segment belong to -CH, and —-CHj; groups. The chemical shift
for the protons of the CH, group in the dendrimer ranged
from 2.2 to 2.7 ppm, and the very strong multiple peaks at
3.0-4.0 ppm belong to hydrogens of the repeating -CH,O-
and terminal —CHj; groups of the mPEG segment of the
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complex (Fig. 3B). The data presented in Figs. 2 and 3 agree
with the previously published IR and NMR spectra of
activated PEG and PEG-dendrimer complex, although the
peak positions were slightly different (18,19).

The purity of the PEG-dendrimer compound was
studied by thin layer chromatography (TLC). The TLC plates
show spots for all the compounds used in the synthesis as well
as that for PEG—-dendrimer complex. The presence of a single
spot after spraying of PEG-dendrimer complex suggests that
the product was pure and free from any reactants or synthetic
intermediates (Fig. 4). Furthermore, the number of amino
groups substituted by activated mPEG was calculated from
the integrated ratio of the NMR signal at 3.5-3.7 ppm for the
proton of the —CH, group next to carbonyl groups of
PAMAM and the signal at 3.3 ppm for the protons of the
terminal ~-OCH; group of mPEG (18,19). The calculated
peak ratio shows that 31.5 mPEG arms were conjugated to
each dendrimer molecule, indicating that 99% of the primary
surface amino groups of a dendrimer molecule were conju-
gated with mPEG arms. A barium-iodine assay was per-
formed to further confirm the number of amino groups that
reacted with PEG (26,17). The data from this assay (data not
shown) agree with those calculated from the NMR spectra
and suggest that 31.3 PEG arms were conjugated to each
dendrimer molecule, and therefore 99% of the surface amino
groups were covered with mPEG arms. In fact, it has
previously been shown that as much as 99% of the amino
groups can be linked to mPEG, resulting in almost complete
pegylation of dendrimeric surface amino groups (19).

Opverall, the data presented in Figs. 2, 3 and 4 suggest
that an mPEG-G3-PAMAM dendrimer complex was formed
upon reaction of activated PEG with dendrimers. A highly
purified complex was obtained when the molar ratio of
mPEG to amino groups of dendrimer was 2:1, as observed
in the TLC study. Of the 32 amino groups of G3 dendrimer,
99% of them were pegylated by the methods described
above. In this study we have conjugated generation 3 (G3)
PAMAM dendrimer with mPEG-2000 in order to develop an
inhalable formulation of LMWH with a long circulation time.
Previously we have shown that G3 PAMAM dendrimer
increased the pulmonary absorption of LMWH (17) but
failed to prolong the circulation life of the drug. Moreover,
G3 PAMAM dendrimer has been extensively studied as a
drug delivery carrier because of its better safety record
compared to higher generation dendrimer. In fact, although
higher generation dendrimers are able to entrap large
amounts of guest molecules, they have only limited in vivo
application because of safety concerns (9). Furthermore,
previous studies using pegylated particulate carriers suggest
that PEG-2000 produces a maximum increase in the circula-
tion life of drug entrapped in pegylated carriers. Compared to
PEG-2000, longer-chain PEGs, including PEG-5000, have
significantly shorter circulation times and a higher uptake by
the liver (21). It has also been suggested that the integrity of
micelles may get disrupted with the increase in chain length of
PEG (18). In fact, when the molecular weight of PEG was
increased from 2,000 to 5,000 Da, no change in entrapment
efficiency was observed (18). It is therefore reasonable to
assume that incorporation of LMWH in the micelles of
mPEG-2000-G3 PAMAM dendrimers can safely and effi-
ciently increase the circulation time of the drug.
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Fig. 3. NMR spectra of (A) 4-nitrophenyl carbonate mPEG-2000 and (B) mPEG-dendrimer.
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Fig. 4. Thin layer chromatography of reagents and products involved
in mPEG synthesis (/) mPEG-2000, (2) 4-nitrophenyl chloroformate,
(3) 4-nitrophenyl carbonate mPEG, (4) G3 PAMAM dendrimer, (5)
mPEG-dendrimer.

Particle Size Determination of LMWH in mPEG-Dendrimer
Micelles

Particle size of LMWH loaded in pegylated dendrimeric
micelles was analyzed by photon spectroscopy with a
NICOMP™ 380 ZLS. The particle size of plain G3 PAMAM
dendrimer was not detectable by the particle sizing machine,
suggesting that the size of the unimolecular micelle of
dendrimer was below 5 nm, the minimum size our particle
analyzer can measure. The size data for G3 PAMAM
dendrimers (~3.6 nm) shown in Fig. 5 were determined by
size exclusion chromatography as reported by Tomalia et al.
(22). Upon pegylation, the particle size of the dendrimers
increased from 3.6 to 11.8 nm, about a fourfold increase
compared to nonpegylated dendrimer. A further increase in
particle size (17.1+3.3 nm) was observed when LMWH was
complexed with the PEG-dendrimer micelles (Fig. 5). In all
cases, the differences in particle sizes of the three nano-
configurations of dendrimers were statistically significant (p<
0.05). These changes in particle size of G3 PAMAM
dendrimers upon pegylation and complexation with LMWH
agree with published reports. For example, size exclusion
chromatographic determination of particle size showed that
the hydrodynamic diameter of G3 PAMAM dendrimers and
mPEG-2000-G3 dendrimers was about 3.6 and 12.5 nm,
respectively (22). Furthermore, transmission electron micro-
scopic data also suggest that the particle size of dendrimers
increases upon coating with PEGs (20). In the present study,
an increase in particle size of PEG-G3 dendrimer suggests
that dendrimer was successfully conjugated with mPEG-2000.
The observed further increase in particle size of LMWH-
PEG-dendrimer complex is indicative of the drug becoming
entrapped in the micelles of pegylated carriers. The increase
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Fig. 5. Particle size of plain dendrimer and drug-entrapped mPEG-
dendrimer. Data represent mean+SD, n=3. *Data are significantly
different, p<0.05.

in particle size may be because a segment of linear LMWH
molecule was encapsulated or interacted with the dendrimers
and the other segment was left protruding outside the micelle.
It is also possible that two PEG-dendrimer molecules were
required to encapsulate one molecule of LMWH. A similar
increase in the particle size of drug—dendrimer complex was
observed when pegylated dendrimer was complexed with
negatively charged DNA (23).

LMWH Loading in mPEG-Dendrimer Micelles

The azure A assay was performed to study the interac-
tion between pegylated dendrimers and LMWH. Previously
we have used the azure A assay to study electrostatic
interactions between negatively charged LMWH and posi-
tively charged G3 PAMAM dendrimers (17). The data
presented in Fig. 6 show that when the concentration of
pegylated-dendrimer was increased from 0.25% to 1%, there
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Fig. 6. Entrapment efficiency of LMWH in mPEG-dendrimer
micelles. Data represent mean+SD, n=3-5.



Synthesis and Evaluation of Pegylated Dendrimeric Nanocarrier

was a near-linear increase in the percent entrapment efficien-
cy of LMWH. However, with a further increase in the
concentration of dendrimers, from 1% to 2%, no additional
increase in drug entrapment was observed. The maximal
entrapment observed was about 41%, beyond which the
curve tended to flatten out (Fig. 6). Similar encapsulation
patterns were observed when adriamycin and methotrexate,
two anticancer drugs, were loaded in pegylated PAMAM
dendrimers (19). Likewise, initially a linear increase in the
solubility of a poorly soluble drug, pyrene, was observed in
response to increasing concentrations of pegylated dendrimers.
However, with the further increase in dendrimer concentration,
a corresponding increase in the solubility was not observed (18).

The initial increase in the entrapment efficiency of
LMWH was because of electrostatic interactions and/or
hydrogen bonding of the drug with the dendrimeric core
and PEG arms, respectively. Pegylated dendrimers form a
unimolecular micelle with a hydrophilic shell around a core of
dendrimer molecules. Thus, drug molecules can be entrapped
both in the dendrimeric core and the hydrophilic shell of the
micelles. Hydrophobic agents such as adriamycin, artemether,
methotrexate, rifampicin and pyrene, are reported to interact
with the hydrophobic dendritic core (18-20,24-26). Because
LMWH is an excessively hydrophilic drug with a large
number of carboxylic acid groups, it is reasonable to assume
that complexation between LMWH and PEG-dendrimer
may involve both hydrophilic and electrostatic interactions.
With regard to the reduction in entrapment efficiency with
the increase in PEG-dendrimer concentration, it has been
argued that at higher concentrations, dendrimeric micelles
may undergo aggregation, leading to a reduction in the
entrapment efficiency toward the guest molecules. Yang et
al. (18) hypothesized that with the increase in concentration
of pegylated dendrimers, mPEG arms interpenetrate with
each other and occupy some of the room of the inner cavities
of the dendrimers. Such entanglements may prevent guest
molecules like LMWH from interacting with dendrimers as
the concentration of unimolecular micelles of pegylated
dendrimer increases. The interpenetration of PEG arms
may also disrupt the electrostatic interactions between the
drug and dendrimer molecules.

In fact, drug loading in dendrimeric micelles depends on
several factors, including generation of dendrimer, molecular
weight of mPEG, and physicochemical properties of the drug.
For example, an increase in drug loading was observed when
adriamycin and methotrexate were encapsulated in pegylated
G3 and G4 dendrimer. Similarly, these two drugs were
encapsulated to varying degrees depending on the chemical
makeup of the drug. G4 dendrimer attached to PEG-2000, for
instance, can encapsulate 6.5 adriamycin molecules, 26
methotrexate molecules, and 0.4 Bengal rose molecules
(19,20,27). The data presented in the present paper suggest
that maximum entrapment occurred when the molar ratio of
LMWHs to mPEG-2000-G3 PAMAM was 0.8, meaning that
more than one PEG-dendrimer molecule was required to
encapsulate a molecule of LMWH. Although loading of
LWMH was found to be lower compared to the levels
previously reported for smaller molecular weight drugs, this
study is first to report that negatively charged LMWH with a
molecular weight of 5,000 Da can be encapsulated in mPEG-
conjugated G3 PAMAM dendrimers.
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Pulmonary Absorption Studies in Rats

The pharmacokinetics of LMWH and LMWH encapsu-
lated in mPEG-dendrimer was studied in a rodent model.
The formulations were administered intratracheally to anes-
thetized rats using a MicroSprayer® (Penn-Century Inc.
Philadelphia, PA) and absorption of LMWH was assessed
by measuring plasma anti-factor Xa activity as described
earlier (16,17). When plain LMWH was administered via the
pulmonary route, an appreciable increase in anti-factor Xa
activity was observed. During the first 3 h, the plasma anti-
factor Xa activity was above the therapeutic level (Cpax>
0.2 U/ml) as observed previously (17). However, the plasma
level of anti-factor Xa started to decline after reaching Ci.x
at 1 h and reduced to sub-therapeutic levels starting from
hour 3 to the end of the 12-h study. The half-life of plain
LMWH administered via the pulmonary route was also
slightly shorter than that of subcutaneously administered
LMWH (Fig. 7 and Table 1). The pharmacokinetics of
LMWH encapsulated in mPEG-dendrimer was significantly
different compared to that of plain LMWH administered via
the subcutaneous or pulmonary routes. Pulmonary adminis-
tered LMWH-mPEG-dendrimer formulations showed a re-
duced Ci.x, a longer half-life, and higher bioavailability
compared to plain LMWH. Compared to the control formu-
lation, there was about a twofold increase in #, and threefold
increase in Fiepive- Furthermore, the plasma anti-factor Xa
levels for LMWH entrapped in mPEG-dendrimer were above
the therapeutic levels for about 8 h, which is a significant
improvement compared to plain LMWH.

The data in Fig. 7 and Table 1 clearly suggest that
LMWH entrapped in micelles of PEG-dendrimer complex
was biologically active and that this formulation approach
successfully increased both the circulation time and bioavail-
ability of the formulations. There may be several factors
influencing the pharmacokinetics of LMWH encapsulated in
mPEG-dendrimer complex. The initial increase in absorption

0.5 =

—@— mPEG-dendrimer+LMWH (100U/kg), pulmonary
—O— LMWH (100U/kg), pulmonary
—&— L MWH (50U/kg), SC

Anti-factor Xa activity (U/ml)

Time (hrs)

Fig. 7. Changes in anti-factor Xa activity after pulmonary or
subcutaneous administration of LMWH formulated in saline or
micelles. Data represent mean+SD, n=3-5.
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Table 1. Pharmacokinetic Parameters Following Pulmonary (100 U/kg) and Subcutaneous (50 U/kg) Administration of LMWH Formulations

Formulation Chax (U/ml) t12 (h) Tmax (h) AUCq_,, (U-h/ml) Fretative (%)
LMWH saline 0.36+0.03 49+33 1.5+0.6 2.0+0.5 21.7+4.9
LWMH micelles 0.29+0.03 11.9+2.7* 1.5+0.6 5.7+1.8% 60.6+19.1*
LMWH saline SC 0.32+0.08 6.5+1.8 2.0+0.0 47+1.3 -

Data represent mean+SD, n=3-5
*p<0.05 compared to LMWH saline group

was because of free drug that was not entrapped in the
formulation. As observed in the azure A assay (Fig. 6), about
60% of the drug was available in free form in the pegylated
dendrimers and similar to plain LMWH; this free drug was
absorbed via passive diffusion across the pulmonary epithe-
lium. Compared to plain pulmonary LMWH, the Cp,.x for
LMWH formulated in mPEG-dendrimer was lower perhaps
because the entire dose of the drug was not available for
immediate absorption. However, release and absorption of
the drug entrapped in the nanocarriers are influenced by the
type of drug-dendrimer interaction, the size of micelles
containing the drug, and the partitioning of the drug and
carrier in biological membranes. One of the hypotheses for
slower absorption of drug encapsulated in mPEG-dendrimer
micelles is that micelles containing drug remain in a dynamic
equilibrium with free drug and free micelles in lung fluids. As
the drug diffuses via the respiratory epithelium, more drug
molecules are released from the complex and the process of
drug release and absorption continues until all drug is
absorbed or eliminated from the respiratory system. This
hypothesis rules out the possibility of absorption of intact
drug-dendrimer complex. It is also possible that pegylation
increases entrapment efficiency and so more drug is available
for absorption from pegylated dendrimers compared to
nonpegylated dendrimers. Alternatively, drug entrapped in
pegylated dendrimers may undergo endocytosis in the
respiratory epithelium as is observed in the case of DNA-
dendrimer complexes. This hypothesis is based on the fact
that, similar to DNA, LMWH forms electrostatic complexes
with dendrimers because of its negative surface charge. In
fact, it has been reported that the presence of PEG surface
moieties increases the transfection efficiency of dendrimer—
DNA complex (28). Like DNA-dendrimer complex, intact
LMWH-dendrimer complex could be endocytosed through
pulmonary cell membranes before the drug is finally released
to the circulation. If the assumption of endocytosis is true,
then the complex must be avoiding recognition by cells of
reticuloendothelial systems (RES), presumably because of
the hydrophilic shell of PEG moieties around the hydropho-
bic core of the dendrimers and the particle being submicronic
in size. When the particle size of a drug-containing carrier is
smaller than 100 nm, RES cannot readily recognize those
particles. The particle size of the proposed formulation of
LMWH in mPEG-dendrimer was in fact below 100 nm
(Fig. 5). Therefore, both PEG shielding and small size of the
particles may have contributed to the drug’s long circulation.
This observation also agrees with previously published data
that showed the pegylated dendritic micelles produce sus-
tained release both in vitro and in vivo (19,20,29).

Therapeutic Efficacy of LMWH-mPEG-Dendrimer
in the Treatment of Deep Vein Thrombosis

The efficacy of LMWH encapsulated in mPEG-
dendrimer micelles in preventing DVT was tested in a rat
jugular vein thrombosis model. We and others have previ-
ously used this model to study the antithrombotic effect of
LMWH (17,30,31). Formulations were administered via the
pulmonary route and the weight of thrombus formed in the
rat jugular vein was recorded to assess the efficacy of the
formulation. The thrombus weight in rats that received no
drug but saline was 5.3+0.7 mg. The amount of thrombus in
rat jugular vein was drastically reduced from 5.3+0.7 mg to
0.5+0.5 mg in rats that received subcutanecous LMWH at a
dose of 50 U/kg once daily (Fig. 8). Similar to subcutaneous
LMWH, when rats received a once-daily dose of 100 U/kg
LMWH via the pulmonary route, the thrombus weight was
reduced from 5.3+0.7 mg to 0.8+0.8 mg, about an 85%

- Saline

1 LMWH (50U/kg), once daily, SC

D]]]]] LMWH (100U/kg), once daily, pulmonary

T LmwH (100U/kg), once every 48 hours, pulmonary

E==] LMwH (100U/kg) plus PEG-dendrimer,
once every 48 hours, pulmonary
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Fig. 8. Efficacy of LMWH plus mPEG-dendrimer in the treatment of
jugular vein thrombosis. Data represent mean+SD, n=3-5. *Results
are significantly different, p<0.05.
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reduction compared to the saline control group. The differ-
ences between thrombus weight in rats treated with subcuta-
neous LMWH and those treated with pulmonary LMWH
were not statistically significant (p>0.05). The data in Fig. 8
also suggest that 100 U/kg of pulmonary LMWH was as
efficacious as 50 U/kg subcutaneous LMWH. However, when
the dosing interval for pulmonary administration was in-
creased from 24 to 48 h, the thrombus weight in rats that
received plain LMWH was reduced to 3.5+0.6 mg, a 34%
reduction compared to the saline control. Although the
thrombus weight in this treatment group was lower than that
of the saline-treated rats, it was still higher compared to that
observed in rats treated with a once-daily dose of 100 U/kg
LMWH administered via the pulmonary route. When rats
received LMWH encapsulated in mPEG-dendrimer via the
pulmonary route every 48 h for 7 days, the thrombus weight
was reduced by 79% compared to that of the saline control
and by 68% compared to that of rats receiving plain
aerosolized LMWH administered every 48 h. Furthermore,
the extent of reduction in thrombus weight produced by
LMWH-mPEG-dendrimer formulation administered at
48-h intervals was very similar to that observed in rats treated
with subcutaneous and aerosolized plain LMWH adminis-
tered once daily (p>0.05). In other words, LMWH-mPEG-
dendrimer formulation administered via the pulmonary route
every 48 h was as efficacious as subcutaneous LMWH
administered at 24-h intervals. Importantly, although there
was an increase in dosing interval, LMWH entrapped in
micelles was effective in eliminating the thrombus formed in
rat jugular vein. These data agree with the absorption profiles
presented above (Fig. 7), which showed an increase in the
half-life of anti-factor Xa for LMWH entrapped in mPEG-
dendrimer micelles. The longer #;», produced an increase in
the duration of the anti-coagulant effect of LMWH, which is
evident from the data presented in Fig. 8. Although plain
LMWH with a relative bioavailability of 21.7% produced a
therapeutic effect, it failed to maintain a therapeutic level of
anti-factor Xa for 2 days. However, LMWH-entrapped in
micelles with a bioavailability of 61% was effective in
maintaining a therapeutic concentration and anti-coagulant
effect for more than 2 days. Therefore, this formulation is
considered to be long-circulating and likely to reduce the
dosing frequency.

On the whole, this study is the first to show that mPEG-
dendrimer can be used for pulmonary delivery of LMWH. An
increase in entrapment efficiency was observed when the
concentration of PEG-dendrimer was increased from 0.25%
to 1%. Upon encapsulation of LMWH, an increase in particle
size was also observed. This study also shows that the half-life
and absorption of LMWH administered via the pulmonary
route can be increased by encapsulating the drug in dendri-
meric micelles. This formulation strategy is likely to reduce
the dosing frequency from once daily to once every other day
and maintain the therapeutic efficacy of LMWH for 48 h.
Importantly, this study suggests that LMWH loaded in the
mPEG-dendrimer could potentially be used as noninvasive
delivery system for the treatment of thromboembolic disor-
der. However, caution should be exercised in using the
formulation in a clinical setting. Although dendrimeric nano-
carrier has spurred an interest in drug delivery, data on the
safety of the carrier is still very limited. Further studies should
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be performed to determine the safety of the formulation upon
repeated administration of the formulations via the lungs.
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