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Purpose. To study the influence of a controlled incremental increase
in size and molecular weight of a series of poly(amidoamine)
(PAMAM) dendrimers on their extravasation across the microvas-
cular network endothelium.

Methods. A series of PAMAM dendrimers (generations 0-4) were
fluorescently labeled using fluorescein isothiocyanate (FITC). Puri-
fication and fractionation of the fluorescently labeled polymers were
done using size exclusion chromatography. The hamster cremaster
muscle preparation was used as an in vivo model to study the extrav-
asation process of the fluorescently labeled polymers. The extrava-
sation process was visualized and recorded using intravital micros-
copy techniques. Analysis of the recorded experiments was done us-
ing Metamorph Imaging System. Extravasation of the fluorescently
labeled polymers is reported in terms of their extravasation time (1),
i.e., the time needed for the fluorescence intensity in the interstitial
tissue to reach 90% of the fluorescence intensity in the neighboring
microvessels.

Results. Extravasation time (1) describes the rate of microvascular
extravasation of polymeric drug carriers across the microvascular en-
dothelium into the interstitial tissue. Extravasation time (t) of the
studied PAMAM dendrimers showed size and molecular weight de-
pendence. An increase in size and/or molecular weight of PAMAM
dendrimers resulted in a corresponding exponential increase in the
extravasation time (7).

Conclusions. Extravasation of PAMAM dendrimers across the mi-
crovascular endothelium showed size and molecular weight depen-
dence. Results suggest that in addition to size and molecular weight,
other physicochemical properties of polymeric drug carriers such as
molecular geometry and charge may influence their microvascular
extravasation. Systematic studies of the influence of the physico-
chemical properties of polymeric drug carriers on their microvascular
extravasation will aid in the design of novel macromolecular drug
carriers with controlled extravasation profiles.
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INTRODUCTION

The central component of most new drug delivery sys-
tems is a polymeric biomaterial. Among polymeric biomate-
rials that have been examined as drug carriers is a family of
water-soluble cascade polymers named poly(amidoamine)
(PAMAM) dendrimers. PAMAM dendrimers have a unique
tree-like branching architecture that confers them a compact
spherical shape in solution and a controlled incremental in-
crease in size, molecular weight, and number of surface amine
groups (Table 1 and Fig. 1) (1-4). The potential of PAMAM
dendrimers in controlled drug delivery has been extensively
investigated and arises from the high number of arms and
surface amine groups that can be utilized to immobilize drugs,
enzymes, antibodies, or other bioactive agents (5). Such con-
jugates provide a high density of biological agents in a com-
pact system. In addition, PAMAM dendrimers have shown
potential as oligonucleotide (6) and gene delivery systems
(7-9), have been used to improve the solubility of sparingly
soluble drugs such as piroxicam (10), and have increased the
amount of therapeutic radionuclides delivered to cancer cells
(11).

To reach the target site, polymeric drug delivery systems
including PAMAM dendrimers often must extravasate from
the microvasculature across the microvessels’ endothelium
into the surrounding interstitial tissue. The extravasation pro-
cess of polymeric drug carriers influences the rate of drug
delivery to the interstitial tissue, which is the site of action of
most drugs. In this study, the extravasation of a series of
PAMAM dendrimers across microvascular network endothe-
lium is reported. The unique architecture of PAMAM den-
drimers makes them suitable models for studying the influ-
ence of a controlled incremental increase in size, molecular
weight, and number of amine surface groups on the micro-
vascular extravasation of polymeric drug carriers. In an at-
tempt to probe the influence of molecular geometry of poly-
meric drug carriers on their transvascular transport, the ex-
travasation of linear poly(ethylene glycol) (PEG) molecules is
also included and compared to its PAMAM dendrimer coun-
terparts.

MATERIALS AND METHODS

Materials

Aqueous solutions of PAMAM dendrimers (G0-G4)
were purchased from Dendritech, Inc. (Midland, MI). Fluo-
rescein isothiocyanate (FITC) was purchased from Sigma-
Aldrich Co. (St. Louis, MO). Superose 12 HR 10/30 column,
Superose 12 preparative grade beads, and HR 16/50 column
were purchased from Amersham Pharmacia Biotech (Piscat-
away, NJ). Sodium azide, sodium chloride, Tris (hydroxy-
methyl) aminomethane, and phosphate-buffered saline (PBS)
chemicals were purchased from Fisher Scientific (Norcross,
GA). Spectra/Por CE dialysis membranes of molecular
weight cutoff 500 Da were purchased from VWR Scientific
Products (Atlanta, GA). Linear amino-PEG of average mo-
lecular weight 6000 Da was purchased from Shearwater Poly-
mers, Inc. (Huntsville, AL). HPLC grade solvents, acetone
and acetonitrile were purchased from Sigma-Aldrich Co.
Male golden Syrian hamsters were purchased from Harlan,
Inc. (Indianapolis, IN).
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Table 1. Relation Between Molecular Weight, Size, and Number of
Surface Amine Groups of Polymeric Probes and Their Extravasation

Time (1)
Molecular Number
weight of surface  Extravasation

Probe (Da) Diameter (A)* NH, groups® time (s)*

GO0 5174 15 44 1439 +11.9
G1 1430° 22 87 166.1 + 14.5
G2 3256¢ 29 16¢ 179.8 +18.8
G3 6909¢ 36 327 203.8+19.3
G4 14,215¢ 45 64 422.7+343
PEG 6000” N/A 1v 4539 +£27.1

“ Reported by Tomalia et al. (4).

 Reported by Shearwater Polymers, Inc. (Huntsville, AL).

¢ Number of surface amine groups for unlabeled polymers.

4 Extravasation time (7) is the average + standard error of four ex-
amined fields in four hamsters per polymeric probe (i.e., total of 16
fields per probe).

Synthesis and Fractionation of Fluorescently Labeled Probes

Size Exclusion Chromatography of Unlabeled PAMAM
Dendrimers. The polydispersity of PAMAM dendrimers was
qualitatively studied by examining the elution profiles of their
aqueous solutions through a Superose 12 HR 10/30 column.
The mobile phase used was composed of (30:70 v/v) acetoni-
trile/Tris buffer (pH 8). The flow rate of the mobile phase was
adjusted to 1 ml/min. The eluting molecules were detected
using an UV detector at a fixed wave length (A = 280 nm).
All the PAMAM dendrimers under study (i.e., G0-G4)
showed broad elution profiles that increased with the increase
in generation number (i.e., with the increase in molecular
weight and degree of branching).

Fluorescence Labeling of PAMAM Dendrimers and
Amino-PEG. PAMAM dendrimers (G0-G4) and amino-
PEG (M,y 6000 Da) were labeled using FITC following the
method reported by Yu and Russo (12). PAMAM aqueous
solutions were diluted with a dilution factor of 100 (v/v) in
PBS of pH 7.4. PEG was dissolved in PBS of pH 7.4. The
corresponding amount of FITC (i.e., polymer:FITC molar ra-
tio = 1:1) was dissolved in acetone to give a solution of
concentration <5 mg/ml and added to regular unlabeled
PAMAM or PEG solutions, which were then allowed to stand
overnight at room temperature with stirring.

Purification and Fractionation of Fluorescently Labeled
Probes. Fluorescently labeled PAMAM and PEG solutions
were dialyzed against deionized water. The dialyzed solutions
were fractionated on a Superose 12 HR 16/50 preparative
scale column using a Fast Protein Liquid Chromatography
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Fig. 1. Schematic drawing of G0, G1, and G2 of starburst dendrimers
showing their tree-like branching architecture. The increase in gen-
eration number (GO0, G1, G2, etc.) results in an incremental increase
in size, molecular weight, and number of amine surface groups.
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System (FPLC) (Amersham Pharmacia Biotech, Piscataway,
NIJ). The mobile phase was composed of (30:70 v/v) acetoni-
trile/Tris buffer (pH 8) and the flow rate was adjusted to 1
ml/min. Detection of eluting molecules was done using a UV
detector at a fixed wavelength (A = 280 nm). The fractions
corresponding to the size and molecular weight of each probe
were collected (Fig. 2). The collected fractions of each probe
were dialyzed against deionized water to remove the mobile
phase salts. The dialyzed solutions were subsequently lyoph-
ilized and stored at 4°C for the extravasation experiments.

In Vivo Extravasation of the Fluorescently Labeled Polymers

The Animal Model and Surgical Procedure. The cremas-
ter muscle of male golden Syrian hamsters was used as an in
vivo experimental model for this study. This preparation con-
sists of a thin layer of muscle tissue that can be transillumi-
nated and therefore is well suited for intravital microscopy.
Details of the experimental techniques are published else-
where (13) and will be briefly described here.

The animals used were at 7-8 weeks of age (90 + 5.0 g,
mean + SD). The surgical method was a modification of an
open cremaster muscle preparation presented by Baez (14).
Prior to the surgery, animals were anesthetized with an intra-
peritoneal (IP) injection consisting of 600 mg/kg of urethane
and 90 mg/kg of a-chlorase. Body temperature was main-
tained at approximately 37°C by a silicone heating mat (Cole-
Parmer, Chicago, IL). Animals were intubated, catheterized
(left femoral vein), and placed on a surgical board where the
right cremaster muscle was pinned as a flat sheet with mini-
mal disruption to the tissue. Preparations were maintained
viable at a temperature of 37 + 0.5°C and superfused at a rate
of 5 ml/min with a bicarbonate buffered salt solution equili-
brated with 5% CO,/95% N,. After surgery the tissue was
allowed to stabilize for 30 min before the fluorescently la-
beled polymer was administered as a single bolus dose and
data collection was inititated. All protocols were approved by
the Animal Care and Use Committee of the University of
Tennessee Health Science Center, Memphis, and followed
guidelines of the National Institutes of Health.
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Fig. 2. Size exclusion chromatogram of the studied fluorescently la-
beled polymeric probes after fractionation. Size exclusion profile of
the fluorescently labeled polymers on a Superose 12 HR preparative
scale column (Amersham Pharmacia Biotech, Piscataway, NJ) using
a mobile phase composed of 30:70 (v/v) acetonitrile/Tris buffer (pH
8) at a flow rate of 1 ml/min. Detection of eluting molecules was done
using a UV detector at a fixed wavelength (A = 280 nm).



Microvascular Extravasation of PAMAM Dendrimers

Intravital Microscopy and SVHS Recordings. Microvas-
cular networks were observed using intravital microscopy
techniques. An industrial scale grade microscope (model
MM-11, Nikon, Melville, NY) employing two camera assem-
blies and consisting of bright field (75 W xenon) and fluores-
cent (100 W mercury) light sources was used. With a 20xw
objective lens, this assembly was used to obtain fluorescent
images from which the microvascular extravasation of the
probes into the interstitial tissue was estimated. Experiments
were viewed on a video monitor (Panasonic WV-5410) and
recorded on a SVHS VCR (JVC HR-54900U) for off-line
analysis.

Data Collection and Analysis. Extravasation of the fluo-
rescently labeled probes and measurement of the vessel di-
ameter for all vessels within a network were done using a
computerized video image analysis system (Metamorph Im-
aging System, Westchester, PA) in conjunction with a SVHS
video recorder (Sony SV-9500MD). Direct measurements of
vessel diameter were made off-line from SVHS videotapes
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using an interactive routine developed within the Metamorph
environment. The determination of the vessel type (i.e., ven-
ule or arteriole) was based on the blood flow direction and
pattern. The extravasation measurements of the fluorescently
labeled polymers were made from the fluorescent images. An
image was acquired and the fluorescence intensities in se-
lected areas in both a given vessel and its surrounding inter-
stitial tissue in the field were measured. Data were collected
for 30 min starting directly with the injection of the fluores-
cently labeled polymer via the femoral vein catheter. The
tissue preparation was illuminated for 5 s every 30 s for 30
min. The change in the fluorescence intensity with respect to
time in both the vessel and the tissue was measured and used
as an index of the extravasation rate for each probe (Fig. 3).

Control Measures. As a control measure, light-induced
quenching of the probe’s fluorescence was quantified using
two different concentrations of the fluorescently labeled
probes (0.2 and 0.3 mg/ml) to represent the upper and lower
expected concentrations of the probes in blood. These con-
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Fig. 3. Typical intravital microscopic images showing the extravasation of fluorescently labeled polymeric probes using an objective lens of
magnification power 20xw: (A) Transilluminated image of the microvascular network prior to the injection of PEG-FITC; (B) fluorescent field
image directly after the injection of PEG-FITC; (C) fluorescent field image 63 s after the injection of PEG-FITC; (D) fluorescent field image

184 s after the injection of PEG-FITC.
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centrations were calculated based on the fact that 1 mg of the
probe was injected per hamster while the total blood volume
per hamster is approximately 4-5 ml. Each probe was placed
inside a separate polyethylene tube (PE60), which was posi-
tioned under the microscope and epiilluminated for 5 s every
30 s for 30 min. This was done to mimic the in vivo experi-
mental conditions. Changes in fluorescence intensity during
epiillumination in each tube were measured with respect to
time and were used as an index of the probe’s quenching. Our
results indicated that light-induced quenching was negligible
(i.e., in the range of 2%).

Another control measure was to consider the fluores-
cence-induced increase in microvascular permeability due to
the photoactivation of the FITC conjugates. This was quan-
tified using a photohemolysis assay described by Miller et al.
(15,16). Hamster erythrocytes in N-(2-hydroxyethyl)pipera-
zine-N'-ethanesulfonic acid (HEPES) buffer with 2.5% albu-
min (5% hematocrit) were incubated overnight with different
fluorescently labeled probes (0.25 mg/ml) used in this study.
The erythrocyte-probe mixture was placed in a hemocytom-
eter (0.1-mm-deep hemocytometer, American Optical, Buf-
falo, NY) and was continuously epiilluminated for 10 min.
The difference in light transmission through the mixture be-
fore and after the epiillumination period indicates the extent
of erythrocytes’” membrane disruption and similarly the en-
dothelial cells’ membrane disruption. This was used as an
index of the FITC action on the endothelial cell membrane
integrity and consequently on the microvascular permeability.
For all erythrocyte-probe mixtures, there was less than 2%
change in light transmission after a 10 min epiillumination
period.

RESULTS

Size Exclusion Profiles of the Fluorescently
Labeled Polymers

Fractionation of fluorescently labeled polymers was
based on the principles of size exclusion chromatographyj, i.e.,
molecules with large hydrodynamic volumes elute earlier
than those with smaller hydrodynamic volumes. The elution
volumes of the fluorescently labeled probes were used as in-
dicators of their relative sizes. As expected, the elution vol-
umes of PAMAM dendrimers were in the order GO > G1 >
G2 > G3 > G4 (Fig. 2). The elution volume of PEG (M, 6000
Da) was expected to be in the range between G2 (molecular
weight 3256 Da) and G3 (molecular weight 6909 Da). How-
ever, PEG (M, 6000 Da) eluted earlier than G4 (molecular
weight 14,215 Da), which suggests that PEG has a larger hy-
drodynamic volume than PAMAM dendrimers (G0-G4).

Charge Distribution of Fluorescently Labeled Polymers at
pH74

PAMAM dendrimers have primary and tertiary amine
groups, which differ in their pK, values. Interior tertiary
amine groups have a reported pK, of 3.86, whereas the sur-
face primary amine groups have a pK, of 6.85 (4). The extent
of ionization of the different amine groups of PAMAM den-
drimers at pH 7.4 was estimated using Henderson-
Hasselbalch equation:

base}

pH=pK, + log[—Salt
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At pH 7.4, 22% of the surface primary amine groups are
positively charged while the interior tertiary amine groups are
almost uncharged (i.e., only 0.03% is positively charged). Lin-
ear amino-PEG (M, 6000 Da) has only one terminal amine
group that was consumed in covalent linkage to FITC mol-
ecules, which in turn rendered PEG chains uncharged at
pH 7.4.

In Vivo Extravasation of the Fluorescently
Labeled Polymers

Extravasation of the fluorescently labeled polymers is
reported in terms of the extravasation time (7). Extravasation
time (1) was arbitrarily determined to be the time needed for
the fluorescence intensity in the interstitial tissue to reach
90% of the fluorescence intensity in the neighboring micro-
vasculature. Extravasation time (t) describes the rate of ex-
travasation or transvascular transport of polymeric drug car-
riers across microvascular endothelium into the interstitial
tissue. The reported extravasation time (7), for each fluores-
cently labeled probe, is the average of 16 different examined
fields (i.e., product of 4 different fields in 4 different ham-
sters). Extravasation of PAMAM dendrimers clearly showed
size and molecular weight dependence. Increase in molecular
weight of PAMAM dendrimers resulted in a corresponding
exponential increase (Y = 139.26 x ¢’% = %% 7 = 0.9639) in
the extravasation time () (Table 1 and Fig. 4). Similarly, the
increase in size of PAMAM dendrimers resulted in a corre-
sponding exponential increase (Y = 78.74 x E09?7X 2 =
0.8265) in extravasation time (1) (Table 1 and Fig. 5). The
order of extravasation time (1) of PAMAM dendrimers was
GO0 <G1 <G2 <G3 <G4 and covered the range 143.9-422.7 s
(Figs. 4 and 5). On the basis of the molecular weight of PEG
(Myy, 6000 Da), its extravasation time (1) was expected to be
between the extravasation times of G2 (molecular weight
3256 Da) and G3 (molecular weight 6909 Da). However, ex-
travasation time (t) of PEG was longer than that of G4 (mo-
lecular weight 14,215 Da) (Table 1 and Fig. 4 and 6).

DISCUSSION

This research was designed to study the influence of a
controlled incremental increase in size and molecular weight
of PAMAM dendrimers, as model polymeric drug carriers, on
their extravasation across microvascular network endothe-
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Fig. 4. The relation between extravasation time (1) (s) and the mo-
lecular weight of the polymers. (¢), PAMAM dendrimers; (A), PEG.



Microvascular Extravasation of PAMAM Dendrimers

600

500 -
400 - *
300

200 8 ]

Extravasation time (sec)

100 -

o T T T T
0 10 20 30 40 50

Diamaeter (A)

Fig. 5. The relation between the extravasation time () (s) of
PAMAM dendrimers and their corresponding diameters.

lium. Fluorescence labeling of PAMAM dendrimers and
PEG using FITC was done to facilitate the detection and the
visualization of the fluorescently labeled probes in biological
matrices.

Careful fractionation of the labeled dendrimers was a
necessary component of the reported studies because size ex-
clusion profiles of the unlabeled dendrimers showed a broad
molecular weight distribution that increased with the increase
in generation number. Such polydisperse profiles may be ex-
plained by the defective (i.e., incomplete) branching during
the dendrimers’ synthesis, therefore resulting in a population
of polydisperse polymers (4,17). Polydispersity of the studied
probes could have compromised the accuracy by which ex-
travasation across microvascular endothelium was measured
due to the contributions of higher and lower molecular weight
defective polymers. To avoid these contributions, fraction-
ation of the probes under study was done with the collection
of narrowly distributed polymers in order to minimize
chances of error due to polydispersity of the polymers
(Fig. 2).

The elution of linear PEG earlier than PAMAM den-
drimers can be explained by the fact that PAMAM dendrim-
ers exist in solution as compact spheres showing a controlled
incremental increase in size, hydrodynamic volume, and mo-
lecular weight (4), whereas hydrated PEG chains acquire
folded or random coiled conformation in solution (18). Such
coiled conformation may have conferred liner PEG chains a
larger hydrodynamic volume when compared to its dendritic
counterparts, which, in turn, resulted in its earlier elution out
of the size exclusion column (Fig. 6).

The observed order of extravasation of PAMAM den-
drimers and linear PEG can be interpreted by considering the
ultrastructure of the microvascular endothelium. Microvascu-
lar endothelium is lined with a negatively charged layer com-
posed of sulfated glycosaminoglycan, known as the glycocalyx
layer (19). Glycocalyx lines the luminal side of the endothe-
lium and extends into the intercellular clefts. Plasma proteins
are adsorbed to the glycocalyx, forming a “molecular filter” at
the endothelial cell surface which adds to the properties of the
glycocalyx layer as a barrier to the diffusion of macromol-
ecules (19-21). In addition, investigations of the junctions’
ultrastructure suggest that membranes of adjacent endothelial
cells do not fuse but are separated by a space 4-8 nm wide
(22-24). The glycocalyx layer together with the interendothe-
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lial junctional strands control the size selectivity of the micro-
vascular endothelium toward diffusing molecules such as
PAMAM dendrimers and PEG molecules (19-23).

Size selectivity of microvascular endothelium toward wa-
ter and hydrophilic solutes, such as PAMAM dendrimers and
PEG molecules, is best explained by the “fiber-entrance junc-
tional break” model. Such a model suggests that the endo-
thelial pore size is not determined by the spacing between
adjacent endothelial cells at the level of the tight junctions,
but by the interfiber spacing in the fiber matrix at the en-
trance of the interendothelial clefts or fenestrations (21), as
well as the length and frequency of the break or discontinuity
in junctional strands (25).

Given the hydrophilic nature of PAMAM dendrimers
and PEG molecules, it is likely that they cross the microvas-
cular endothelium through the established pathways for
transvascular transport of hydrophilic solutes. Given that the
reported diameters of PAMAM dendrimers are in the range
of 15-45 A (4), it appears that they cross the microvascular
endothelium by diffusing through the small endothelial pores
with reported radii of 4-5 nm due to their relative abundance
in microvessel walls compared to larger pores. Diffusion of
hydrophilic solutes, including PAMAM dendrimers and PEG,
follows the concept of “restricted diffusion.” Restricted dif-
fusion of hydrophilic solutes across membranes can be ex-
plained because as the size of the diffusing molecule in-
creases, the exerted viscous drag on it together with its degree
of exclusion from the membrane pores increase (26). Rel-
evant to the probes used in our study, as the molecular dia-
meter of PAMAM dendrimers increased, the degree of their
exclusion from the endothelial pores also increased. This ex-
plains the increase in the extravasation time (1) as the size of
PAMAM dendrimers increased from 15 to 45 A. It also ap-
pears that the coiled conformation of hydrated PEG chains
conferred them a larger hydrodynamic volume than any of
the PAMAM dendrimers. As a result, PEG took a longer
time to extravasate across the microvessel endothelium into
the interstitial tissue than any of the dendritic polymers.

It is known that the polyanionic nature of the glycocalyx
layer lining the luminal endothelial surfaces, the walls of en-
dothelial pores, and the endothelial vesicles influences trans-
vascular transport of charged molecules (27). It was shown
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Fig. 6. The relation between extravasation time (t) (s) and the elu-
tion volume of polymers on a Superose 12 HR 16/50 preparative scale
column (Amersham Pharmacia Biotech) following the experimental
conditions reported in the experimental methodology section. (e),
PAMAM dendrimers; (A), PEG.
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that solutes carrying a net positive charge accumulate in the
tissue more readily than similar-sized solutes carrying a net
negative charge (27). Considering the anionic nature of the
endothelial glycocalyx, electrophysiological interactions be-
tween the studied polymers and the endothelial membrane
may have contributed to the observed extravasation of PEG
and PAMAM dendrimers. On the basis of the calculations of
the charge of PAMAM dendrimers using the Henderson-
Hasselbalch equation, PAMAM dendrimers carry a partial
positive charge (i.e., 22% of the primary surface amine
groups) at pH 7.4, whereas PEG molecules are neutral. Par-
tial positive charge of PAMAM dendrimers may have favored
their electrophysiological interaction with the polyanionic
glycocalyx layer lining the microvascular endothelium that
may have resulted in fast extravasation across the microvas-
culature and accumulation in the interstitial tissue. However,
this does not apply for PEG chains. At physiologic pH, PEG
molecules were neutral.

It appears that the observed difference in the extravasa-
tion time (1) between PAMAM dendrimers and PEG is due
to a combination of both steric and electrophysiological fac-
tors based on the inherited molecular geometry and charge
properties of the studied probes.

We acknowledge that utilizing the cremaster muscle
preparation, as an in vivo model, for extravasation experi-
ments has limitations. One such limitation is the possible up-
take of the studied polymers by different organs in the body,
in addition to possible interactions of PAMAM dendrimers
and/or PEG with plasma components. Therefore, careful in
vitro permeability studies of polymeric probes across endo-
thelial cell monolayers are the next logical step to elucidate
the factors that influence microvascular permeability of poly-
meric drug carriers.

In conclusion, extravasation of PAMAM dendrimers, as
model polymeric drug carriers, showed size and molecular
weight dependence. An increase in size and/or molecular
weight of PAMAM dendrimers resulted in a corresponding
exponential increase in the extravasation time (7). Results
suggest that in addition to size and molecular weight, charge
and molecular geometry of polymeric drug carriers also in-
fluence their microvascular extravasation across the endothe-
lial barrier. Such a systematic approach in characterizing the
influence of the physicochemical properties of polymeric drug
carriers on their transvascular transport will aid in the design
of novel polymeric biomaterials with controlled extravasation
profiles.
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