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A Nanoparticle-Based Model Delivery System To Guide the Rational
Design of Gene Delivery to the Liver. 1. Synthesis and

Characterization
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Nonviral gene delivery systems are amenable to forming colloidal particles with a wide range of
physicochemical properties that include size, surface charge, and density and type of ligand presented.
However, it is not known how to best design these particles without having a set of physicochemical
design constraints that have been optimized for the intended gene delivery application. Here, a
nanoparticle-based model delivery system is developed that can mimic the surface properties of nonviral
gene delivery particles, and this model system is used to define design constraints that should be
applied to next generation gene delivery particles. As a test case, a well-defined nanoparticle-based
system is developed to guide the rational design of gene delivery to hepatocytes in the liver. The
synthetic scheme utilizes monodisperse polystyrene particles and provides for variation of mean particle
size and particle size distribution through variation in reaction conditions. The nanoparticles are
PEGylated to provide stability in serum and also incorporate targeting ligands, e.g., galactose, at
tunable densities. Four nanoparticles are synthesized from uniformly sized polystyrene beads
specifically for the purpose of identifying design constraints to guide next generation gene delivery to
the liver. These four nanoparticles are Gal-50 and Gal-140, that are galactosylated 50 and 140 nm
nanoparticles, and MeO-50 and MeO-140, that are methoxy-terminated 50 and 140 nm nanoparticles.
All four particles have the same surface charge, and Gal-50 and Gal-140 have the same surface
galactose density. The availability of galactose ligands to receptor binding is demonstrated here by

agglutination with RCAjy.

INTRODUCTION

Gene therapy promises to revolutionize the clinical
treatment of countless genetic disorders (1), including
many diseases of the liver (2). Though human gene
therapy of liver diseases is still in its infancy, preclinical
studies in animal models of disease have demonstrated
proof of concept results in nearly all varieties of liver
diseases that are conceptually amenable to gene therapy
treatment (3—6).

However, numerous investigators have identified the
importance of carefully designing and controlling the
properties of gene delivery systems for selectively target-
ing the liver. A prerequisite to selective targeting is
particle stability in vivo and the minimization of non-
specific uptake. We and others have previously demon-
strated the importance of PEGylation (PEG: poly-
(ethylene glycol)) to stabilize polyplexes and to reduce
their nonspecific uptake (7). Nonspecific uptake of par-
ticles is commonly due to rapid clearance by cells of the
mononuclear phagocytic system (8) and adhesion to the
endothelial lining of the vascular system (9). Such
undesirable uptake is minimized by surfaces with little
or no protein adsorption. In particular, certain proteins
called opsonins interact with phagocyte receptors and
promote recognition by scavenger cells of the reticuloen-
dothelial organs. Phagocytosis is frequently initiated by
adsorption of opsonins onto the surface of particles
followed by complement activation or other recognition,
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leading to internalization by macrophages and intracel-
lular processing. Dunn et al. (10) have demonstrated that
interaction of PEGylated polystyrene nanoparticles with
nonparenchymal liver cells in vitro decreased with higher
surface densities of PEG and also resulted in longer
circulation times following intravenous injection into rats.

By formulating PEGylated cyclodextrin-based gene-
delivery particles under different conditions, the size,
surface charge, and ligand density of the final gene
delivery particle can all readily be adjusted (11). How-
ever, the power of this flexibility cannot be maximized
without a set of physicochemical design constraints that
have been optimized for the intended gene-delivery
application. In particular, we are interested in generating
a set of design requirements to guide gene delivery to
the liver. In this pursuit, we describe herein the develop-
ment of a nanoparticle-based model system that will
facilitate the systematic identification of relevant phys-
icochemical properties that alter the hepatic distribution
of nanoparticles. Further, this nanoparticle-based model
is intended to mimic the surface properties achievable
with nonviral delivery systems but specifically with the
linear, cyclodextrin-based gene delivery system developed
in our laboratory (12—15). As such, the model system will
be PEGylated and must facilitate variation of parameters
such as particle size, surface charge, and ligand type and
density.

In the present work, we detail the synthesis and
characterization of PEGylated nanoparticles with tunable
physicochemical properties. The synthesized nanopar-
ticles are slightly anionic to minimize nonspecific uptake
in vivo, and galactose will be used as a targeting ligand
since galactose receptors in vivo are almost exclusively
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found in the liver. In particular, four nanoparticles will
be described that are appropriate for uptake experi-
ments: Gal-50 and Gal-140 are galactosylated nanopar-
ticles with diameters of 50 and 140 nm, while MeO-50
and MeO-140 are methoxy-terminated 50 and 140 nm
nanoparticles. Through the use of these nanoparticles,
the effects of nanoparticle size and surface presentation
of galactose on hepatic distribution in mice can be
explored, and the results of in vitro and in vivo uptake
experiments are presented in Part 2 of our work (16).

MATERIALS AND METHODS

Fmoc-PEGs5000-NHS was purchased from Nektar (San
Carlos, CA) and used as received. All other reagents and
solvents were obtained from commercial suppliers and
were used as received, unless specifically noted. Matrix-
assisted, laser desorption/ionization time-of-flight mass
spectroscopy (MALDI-TOF) was performed on a PerSep-
tive Biosystems Voyager DE PRO BioSpectrometry Work-
station (PerSeptive Biosystems; Framingham, MA) in the
positive ion mode using a 2,5-dihydroxy benzoic acid
matrix. HPLC was performed on an Agilent 1100 Series
HPLC (Agilent Technologies; Palo Alto, CA) with a
Prevail C18 5um column (Alltech; Deerfield, IL) and a
SEDEX Model 75 Evaporative Light Scattering (ELS)
detector (Richard Scientific; Novato, CA).

Synthesis of Galactose-PEGj;go-amine. (1, Scheme
1). 4-Aminophenyl f-D-galactopyranoside (1.79 g, 6.38
mmol) and Fmoc-PEGs00-NHS (2.17 g, 0.43 mmol) were
dissolved in about 16 mL of phosphate-buffered saline
(PBS, pH 7.4, 137 mM sodium chloride, 10 mM phos-
phate, 2.7 mM potassium chloride). Sulfo-NHS (97 mg,
0.44 mmol) was added, the pH was adjusted to pH 7.8,
and the reaction was stirred at ambient temperature.
After 6 h, EDC was added (435 mg, 2.27 mmol), and the
reaction was stirred for an additional 48 h. The crude
reaction mixture was dialyzed in 500 molecular-weight
cutoff (MWCO) Float-A-Lyzers (Pierce; Rockford, IL)
against water for 2 days with twice daily dialysate
changes. The solution was dried on a rotary evaporator
at temperatures not exceeding 35 °C. Deprotection of the
amine was accomplished by stirring the off-white product
in 50 mL of 25% piperidine in DMF for 4 h at room
temperature. The solution was then concentrated under
reduced pressure at temperatures not exceeding 40 °C.
The viscous liquid was transferred to polypropylene
centrifuge tubes and water was added. Centrifugation
and filtration through a 0.2 yum HT Tuffryn Membrane
filter (VWR; West Chester, PA) resulted in complete
Fmoc removal from the crude reaction mixture. The
solution was subjected to extensive dialysis in 500

(2)

MWCO Float-A-Lyzers before being lyophilized to dry-
ness. Purity was confirmed by HPLC-ELS and MALDI-
TOF mass spectroscopy. Final yield: 1.25 g, 59%.

Synthesis of PEGylated-polystyrene Nanopar-
ticles. (2, Scheme 2). Fluorescein-embedded PEGylated-
polystyrene nanoparticles were synthesized by reaction
of Fluospheres (Molecular Probes; Eugene, OR) with
MeO-PEG5000-NHz or GalaCtOSG-PEG5000-NH2 (1) Two
sizes of Fluospheres were used as starting materials in
this work. Fluospheres (28 nm) were used to synthesize
PEGylated nanoparticles with final diameters up to 60
nm, while nanoparticles up to 160 nm were synthesized
by PEGylation of 105 nm Fluospheres. Fluospheres (28
nm) were sonicated then centrifuged at 14 000g for 20
min prior to use. All Fluospheres were sonicated im-
mediately before being added to reaction vials. Typically,
500 uL of a 2% Fluosphere suspension (3.21 umol COOH
for 105 nm Fluospheres) is added to 32 mg of MeO-
PEGs000-NHz, (6.42 umol) in a 1.5 mL Eppendorf tube and
mixed to dissolve the PEG. Sulfo-NHS (6.3 mg) (Pierce)
is added to each tube, and 200 mM borate buffer, pH 8.2,
is added up to 1 mL total volume per tube. The pH of
each reaction tube is adjusted to pH 7.80, and then 1.0
mg of EDC (5.13 mmol) is added to each tube and vortex
mixed for 6 h. Purification of 50 nm nanoparticles was
accomplished by dialysis in 100k MWCO DispoDialyzers
(Pierce) against a variety of salt solutions starting with
3 M NaCl and ending with PBS. A minimum of seven
dialysate changes were performed until no free PEG was
detected by HPLC-ELS. Workup of 140 nm nanoparticles
was accomplished by cold centrifugation and repeated
washes in salt solutions ranging from 4 M NacCl to final
resuspension in PBS. Bead concentrations were deter-
mined by comparison to fluorescence of known concentra-
tions of as-received Fluospheres on a SpectraFluor Plus
fluorescence plate reader (Tecan; Research Triangle Park,
NC) with FITC filters (ex: 485 nm; em: 530 nm).
Yields: 50 nm nanoparticles, typically 40%; 140 nm
nanoparticles, typically 70%.

Particle Size and {-Potential Measurements. Col-
loidal particle size was determined by photon correlation
spectroscopy in 150 mM NaCl at a wavelength of 532 nm,
scattering angle of 90°, and refractive index of 1.59 using
a ZetaPALS instrument (Brookhaven Instruments; Holts-
ville, NY). Ten measurements on each diluted nanopar-
ticle sample were taken, and the mean hydrodynamic
diameter was reported. Nanoparticles (50 nm) were
typically measured at 1 x 10'% particles/mL while 140
nm nanoparticles were typically measured at 1.5 x 101°
particles/mL. {-Potential measurements were calculated
from electrophoretic mobilities using the Smoluchowski
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equation. Nanoparticle electrophoretic mobilities were
measured in 150 mM NaCl using a ZetaPALS instrument
with the following conditions: fluid refractive index
1.334, electric field 5.41 V/ecm and adjusted to a conduc-
tance of 15.0 mS. Three samples were each measured
seven times, and the mean =+ standard deviation of each
was reported.

Determination of Galactose Surface Density. Con-
centration of galactose on the surface of nanoparticles
was determined with the Amplex Red Galactose/Galac-
tose Oxidase Assay Kit (Molecular Probes; Eugene, OR)
by comparison to standard curves of galactose in solution
with unmodified polystyrene beads. The reaction was
allowed to proceed for a minimum of 120 min before final
absorbance readings were taken due to the different rates
of reaction of galactose oxidase with galactose in solution
versus with surface-immobilized galactose.

RCA 3 Lectin Agglutination. A suspension of
5.4 x 10'?2 nanoparticles in 500 L of PBS was added to
4.7 x 10 molecules of RCA;2 lectin (Sigma-Aldrich; St.
Louis, MO) in 500 uL of PBS. Each lectin has two
identical binding sites, for a total of 9.5 x 104 galactose
binding sites per experiment. Agglutination was moni-
tored by measurement of absorbance at 560 nm. After
30 min, 8 x 10! molecules of galactose were added in
100 uL of PBS to disaggregate the system.

TEM of Nanoparticles. Nanoparticles in water were
applied to 400-mesh, freshly glow-discharged, carbon-
coated copper grids for 45 s. After this time, excess water
was removed by blotting with filter paper, and the sample
was negatively stained with 2% uranyl acetate for 45 s
before blotting. A Philips 201 electron microscope, oper-
ated at 80 kV, was used to record images.

Serum-Induced Nanoparticle Aggregation. Mouse
serum (Sigma) was incubated in 96-well plates at 37 °C
and 5% CO; for a minimum of 2 h before use. Nanopar-
ticles (5 x 10'%) were added to each 90 uL of equilibrated
sera, and aggregation was monitored by measurement
of absorbance at 560 nm at 37 °C.

RESULTS AND DISCUSSION

Gal-PEG;00-NH;, Synthesis and Characterization.
Fmoc-PEGs5000-NHS was converted to high-purity Gal-
PEGs5000-NHs. The reaction was driven to completion by
a large excess of 4-aminophenyl -D-galactopyranoside
and an additional dosing of carbodiimide coupling agent,
EDC. Optimum reaction pH in NHS-mediated peptide
coupling reactions is a tradeoff between the amide
formation rate and the rate of hydrolysis of the activated
NHS-ester. PEGs;000-NH; has a pK, of about 9.2 (17) and
NHS-esters on the PEG chains deactivate quickly, espe-
cially above a pH of about 8. An optimal pH of about 7.8
was determined for this reaction. While the concentration
of Fmoc-PEGs000-NHS did not significantly influence
reaction yield, supplementation with additional Sulfo-
NHS and EDC was necessary to reactivate any carboxylic
esters on the PEG that had hydrolyzed.

The purity of the final purified compound was deter-
mined by HPLC-ELS, as shown in Figure 1. Peaks
representing starting materials (Figure 1a) and inter-
mediates were resolved relative to the Gal-PEGs000-NHs
peak (Figure 1b). Purity was typically greater than 98%,
as determined by HPLC.

MALDI-TOF mass spectroscopy also confirmed that
the reaction went to completion. Primary peaks in the
MALDI-TOF spectra (Figure 2) line up well with pre-
dicted molecular weights (Table 1) of Fmoc-PEGsp00-NHS
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Figure 2. MALDI-TOF mass spectra of (a) Fmoc-PEGs000-NHS

and (b) Gal-PEG5ooo-NH2.

(Figure 2a) and Gal-PEGs00-NHs (Figure 2b), according
to the following formulas:

MWy noc—pEG-NHS =

44.026n +
[EO repeat]

170.042
[(CH,),C(0)-NHS]

+ 238.082
[NH-Fmoc]

MW Ga-prG-NH2 =

44.026n +
[EO repeat]

326.354
[(CH,),C(0)-Gal]

+ 16.023
[NH,]
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Table 1. Molecular Weights of Fmoc-PEGs;000-NHS and Gal-PEGs;¢0o-NH: for Incremental Numbers of Ethylene Oxide
Repeat Units, with Sodium Counterion for Comparison to Peaks of MALDI-TOF Spectra

predicted observed predicted observed
n MWFmoc—PEG-NH + Na™ MWFmoc—PEG-NHS + Nat MWgal-pEG-NH2 + Na® MWgal-pEG-NH2 + Na®
111 5318.1 5320.4 5251.3 5250.8
112 5362.0 5364.2 5296.3 5294.3
113 5406.1 5408.7 5340.3 5337.9
114 5450.1 5452.7 5384.3 5382.2
115 5494.1 5496.7 5428.4 5426.6
116 5538.1 5540.6 5472.4 5470.7
117 5582.2 5585.1 5516.4 5514.7
118 5626.2 5628.7 5560.4 5558.4
119 5670.2 5672.8 5604.5 5602.1
120 5714.2 5716.9 5648.5 5646.0
121 5758.3 5761.5 5692.5 5691.0
122 5802.3 5805.1 5736.5 5733.1

The primary population of peaks in Figure 2 is from
[M + Na]*, while the subpopulation comes from [M +
HJ]". In addition to MALDI-TOF, the average molecular
weight per galactose of the final product was determined
to be about 5500 with the Amplex Red Galactose Assay
Kit, as expected for nearly complete galactosylation of
the PEG. Thus, the molecular weight determined from
this technique compares well with the results of MALDI-
TOF analysis.

PEGylated Nanoparticle Synthesis and Charac-
terization. Most previous reports of PEGylating carboxy-
polystyrene nanoparticles used 1 um beads or larger (17—
20). These large particles are relatively insensitive to
reaction conditions, and broadening of particle size
distribution was not reported. Ploehn and Goodwin (21)
PEGylated smaller carboxy-polystyrene beads (115 and
347 nm diameter), but no indication was given that
polydispersity was monitored during that reaction. For
the current purpose of determining physicochemical
design parameters for next generation gene delivery
vectors, polydispersity of the final PEGylated nanopar-
ticles should be low, monomodal, and well-defined. We
were interested in working with nanoparticles with
hydrodynamic diameters in the range of about 45—150
nm. These relatively small polystyrene beads were found
to be much more sensitive to reaction conditions than
larger 200 nm beads, thus requiring careful study to
identify reaction and purification conditions that resulted
in pure nanoparticles with desired mean diameter,
particle size distribution, and extent of surface PEGyla-
tion.

The extent of PEGylation, and hence the final nano-
particle hydrodynamic diameter, was controlled by vary-
ing the concentrations of PEG and EDC during nano-
particle synthesis, as shown by the results given in
Figure 3. While varying the concentration of PEG in the
reaction simply shifted the final mean particle size
without affecting the distribution, EDC concentrations
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Figure 3. Mean hydrodynamic diameters following PEGylation
of 105 nm Fluospheres with different reagent concentrations.

above about 15 mM resulted in significant broadening
of the particle size distribution.

By carefully controlling reaction conditions, nanopar-
ticles could be synthesized with size distributions (Figure
4Db) that closely match those of the cyclodextrin-based
gene delivery particles (Figure 4a) they intend to mimic.
PEGylated nanoparticles larger than 105 nm can be
synthesized with very tight monodisperse distributions
under appropriate reaction conditions (Figure 4c). The
polydispersity of the 50 nm nanoparticles and polyplexes
is about 0.06, while that of the 140 nm nanoparticles is
about 0.005. Low polydispersities such as these allow the
effect of nanoparticle size on biodistribution to be clearly
determined.

TEM imaging of unmodified nanoparticles validated
the particle sizes measured by photon correlation spec-
troscopy (PCS). Particle size of unmodified polystyrene
nanoparticles was found to be in good agreement between
TEM and PCS measurements. This was expected, given
the spherical shape of the particles and hence the
appropriateness of the Stokes—Einstein expression to
relate the diffusion coefficient, which is measured by
PCS, to the particle size. Further, PCS measurements
of particle size were performed at various concentrations
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Figure 4. Histograms of nanoparticle hydrodynamic diameter
distributions, as measured by PCS in 150 mM NacCl, for (a) 50
nm PEGylated polyplexes, (b) 50 nm PEGylated nanoparticles,
and (¢) 140 nm PEGylated nanoparticles.
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b

Figure 5. TEM images of (a) unmodified 105 nm Fluosphere
nanoparticles and (b) PEGylated 105 nm polystyrene nanopar-
ticles.

to ensure the accuracy of the reported result (22), and
insignificant difference was found between these mea-
surements.

As seen in the TEM images in Figure 5a, unmodified
polystyrene Fluospheres adopt a close-packed arrange-
ment with direct polystyrene-polystyrene contact between
beads, while PEGylated nanoparticles (Figure 5b) are
separated by darkly stained PEG coronas and avoid
polystyrene—polystyrene contact. Because the nanopar-
ticles must be dried for TEM analysis, the PEG layer is
dehydrated and the diameter of PEGylated nanoparticles
as determined by TEM is significantly smaller than their
hydrodynamic diameter. Further evidence of consistent
surface PEGylation was provided by our inability to
separate PEGylated polystyrene nanoparticles into mul-
tiple populations by hydrophobic interaction chromatog-
raphy, as described by Gbadamosi et al. (23). Moghimi
demonstrated (24) that it is critical for the entire nano-
particle surface to be PEGylated to minimize nonspecific
uptake of nanoparticles by the reticuloendothelial system.
It is also important that the PEGylated nanospheres be
well-shielded to avoid aggregation in serum. Additionally,
the monodispersity of the 105 nm Fluospheres is evident
from this image.

The stability of aqueous suspensions of 220 nm
PEGylated polystyrene nanoparticles has been shown to
increase dramatically for particles with hydrodynamic
layer thicknesses of between 10 and 15 nm (25). The
impact of PEGylated surfaces is even more critical in salt
solution, where the Debye screening length will be much
shorter than the hydrodynamic layer thickness. In 150
mM NacCl, for example, the Debye screening length is
about 0.8 nm. As such, any charge—charge repulsion that
originated from the particle surface in pure water will
no longer be influential, and the PEG layer is entirely
responsible for sterically shielding the particles. In the
present work, 140 nm PEGylated nanoparticles were
synthesized by grafting PEG onto 105 nm polystyrene
nanoparticles, resulting in hydrodynamic layer thickness
of slightly more than 15 nm. As such, this PEG corona
is expected to provide near maximum protection against
nanoparticle flocculation. Similarly, 50 nm PEGylated
nanoparticles synthesized from 28 nm polystyrene have
approximate hydrodynamic layer thicknesses of 11 nm.
The decreased hydrodynamic thickness of PEG with the
same molar mass on the smaller beads can be explained
by the increased available angular segment volume with
increased surface curvature (26). PEGss300 has a radius
of gyration of 3.2 nm and an interfacial overlap concen-
tration, g, = (R,?)! = 0.031 chains/nm? (27). The
nanoparticles used in this study have a PEG surface
density of about 0.14 chains/nm?2, that is much higher
than o, so it is expected that significant interactions are
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Table 2. Fifty-Nanometer PEGylated Nanoparticles with
Different Surface Densities of Galactose for Use in
RCA120 Agglutination Assay

total no. of

no. of no. of pmol total no. of RCAjg binding

beads per galactose galactose galactose per sites per

experiment per bead percm? experiment experiment
5.4 x 1012 1142 81.3 6.2 x 1015 9.5 x 104
5.4 x 1012 556 39.6 3.0 x 1015 9.5 x 104
5.4 x 1012 357 254 1.9 x 1015 9.5 x 104
5.4 x 1012 183 13.0 9.9 x 1014 9.5 x 1014
5.4 x 1012 0 0 0 9.5 x 104

occurring between polymer chains on the nanoparticle
surface. This interaction manifests itself as a PEG layer
that is considerably thicker than 2R,, the expected PEG
thickness in the absence of polymer chain interaction.

Availability of Galactose for Receptor Binding.
As discussed earlier, galactose was used as a targeting
ligand on some of the PEGylated nanoparticles. The
surface density of galactose on the nanoparticles can be
controlled by varying the ratio of Gal-PEGs00-NHy to
MeO-PEGs5000-NH; in the reaction. Further, the overall
ratio of PEG-NH; to carboxylate groups enabled nano-
particles with different galactose moieties to be presented
on the surface of nanoparticles through attachment via
a 5000 Da PEG chain. To test whether the galactose
moieties are accessible to bind large proteins, the par-
ticles were exposed to RCAjz. RCAjs is a 120 000 Da
lectin with two identical and independent galactose
binding sites per molecule (28). Five 50 nm PEGylated
nanoparticles were synthesized for this study with dif-
ferent surface densities of galactose, as shown in Table
2. When RCA;9 lectin is mixed with an appropriate
number of galactosylated nanoparticles, agglutination is
expected to occur. This effect is schematically illustrated
in Figure 6, where lectins can be seen cross-linking
galactosylated nanoparticles. This cross-linked network
scatters light, and progress of agglutination can be
monitored by measuring absorbance at 560 nm. Ag-
glutination should be rapidly reversible by the addition
of free galactose.

By fixing the numbers of lectin molecules and nano-
particles in all experiments, the effect of galactose surface
density on agglutination can be seen (Figure 7). Turbid-
ity, expressed as absorbance at 560 nm, is found to
increase more quickly and to a greater extent for nano-
particles with a higher surface density of galactose than
for comparable nanoparticles with lower surface densities
of galactose. For nanoparticles with less than about 13
pmol galactose/cm?, there are comparable numbers of
galactose binding sites available on the RCA;y lectin and
galactose available on the surface of nanoparticles, and
no agglutination is observed. While this result may
indicate that all galactose molecules are not accessible
to binding, the general availability of nanoparticle-bound
galactose for protein binding is confirmed for the higher
values.

As compared to the rapid network disruption associ-
ated with galactose addition to the agglutinated solution
(Figure 7), addition of an equal volume and concentration
of glucose does not disrupt the cross-linked network
(Figure 8). The only effect caused by addition of 100 uL
of a glucose solution to the cuvette is related to dilution
and is identical to the effect of adding 100 uL of water.
It is thus confirmed that agglutination is due to interac-
tion between nanoparticle-bound galactose and RCA1s
lectin molecules.

Description of Nanoparticles for Uptake Studies.
It has thus far been demonstrated that nanoparticles can
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Figure 6. Schematic illustration of nanoparticle agglutination as a result of RCAjg lectin binding galactosylated nanoparticles.
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Figure 7. Turbidity increase due to agglutination of galacto-
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pmol/cm?2 surface galactose density due to agglutination with
RCA120 lectin. Glucose (100 uL of 140 mM solution) in PBS is
added at 30 min, and then 100 uL of 140 mM galactose in PBS
is added at 35 min.

be synthesized with a wide range of physicochemical
properties. However, a select few must be chosen for in
vitro and in vivo uptake experiments. Four nanoparticles
were selected for this role, and their properties are
detailed in Table 3.

Nanoparticles with mean diameters of 50 and 140 nm
were selected for use because (1) cyclodextrin-based gene
delivery particles can be conveniently synthesized in the

Table 3. Summary of Physicochemical Properties of the
Four Nanoparticles To Be Used in Uptake Experiments

mean diameter {-potential galactose surface

bead name (nm) (mV) density (pmol/cm?)
Gal-50 51.5 —-2.7+1.8 25.4
MeO-50 53.5 —2.7+2.8 0
Gal-140 138.1 —26+21 30.6
MeO-140 138.7 -3.2+23 0

range of about 45 nm to about 150 nm, so the nanopar-
ticles selected for use in the present study approximate
the bounds of that range, (2) access to hepatocytes
through the hepatic sinusoidal wall requires passage
through endothelial-cell pores that are estimated at 150—
200 nm (29), and (3) 50 nm is below the 70 nm cutoff
that has been proposed for neutral liposome uptake via
ASGPr (30). The effect of galactose presentation on the
surface of the nanoparticles were investigated for 50 and
140 nm nanoparticles with galactose surface densities of
25—30 pmol/cm?2. Galactosylated 50 and 140 nm nano-
particles are referred to as Gal-50 and Gal-140. The
equivalent nontargeted nanoparticles have methoxy ter-
minated PEG chains and are referred to as MeO-50 and
MeO-140.

All nanoparticles in Table 3 have slightly anionic
surface potentials (at the plane of hydrodynamic shear)
to minimize nonspecific uptake. Cationic particles are
internalized nonspecifically through proteoglycan recep-
tors and may stick to anionic cell surface membranes,
while highly anionic polystyrene nanoparticles have
increased nonspecific uptake by scavenger receptors
following complement activation (31, 32). Unmodified,
carboxylated, polystyrene beads (as-received starting
material) have {-potentials of approximately —45 mV.
The PEGylated nanoparticles have mean -potentials of
about —3 mV. These surfaces are nearly neutral due to
the combined effect of carboxylate group conversion to
amides on the nanoparticle surfaces and PEG shielding
of the surface charge.

Serum Aggregation of PEGylated Nanoparticles.
To investigate the effect of particle size on specific uptake
phenomena, the nanoparticles must remain dispersed in
the presence of serum. They also must not bind serum
opsonins with great affinity, as such binding has been
shown to increase the hepatic uptake of 50 and 500 nm
polystyrene nanoparticles (33).
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Figure 9. Nanoparticle aggregation in the presence of active
mouse serum.

If serum proteins bind the surface of nanoparticles,
cross-linking between nanoparticles would be expected
to occur. Since many serum proteins are anionic, cross-
linking should be more significant for cationic nanopar-
ticles. For this reason, amino-modified polystyrene nano-
particles were used as a positive control in serum
stability studies. As shown by the data in Figure 9,
amine-functionalized nanoparticles cross-linked quickly
and extensively in active mouse serum, while the
PEGylated nanoparticles did not. The role of serum
proteins in inducing aggregation of the amine-function-
alized nanoparticles is supported by the lack of aggrega-
tion of any of the nanoparticles in PBS. Despite consid-
erable effort, aggregation of the PEGylated nanoparticles
could not be induced under any conditions.

CONCLUSIONS

Here, we report the synthesis and characterization of
PEGylated polystyrene nanoparticles. These nanopar-
ticles have slightly anionic surface potentials to minimize
nonspecific interactions with cells and tissues in vivo. The
synthetic scheme allows for the variation of mean particle
size and particle size distribution through changes in
reaction conditions. The nanoparticle synthesis is also
amenable to incorporation of various ligand types with
variable surface densities. The synthesized nanoparticles
are shown to have PEGylated surfaces that resist ag-
gregation in serum. Finally, the availability of galactose
to receptor binding is demonstrated by agglutination with
RCA;.

Nanoparticles were synthesized here specifically for the
purpose of identifying design constraints to guide next
generation gene delivery to the liver. In preparation for
in vitro and in vivo uptake experiments, four nanopar-
ticles were prepared: Gal-50 and Gal-140 that are
galactosylated 50 and 140 nm nanoparticles, and MeO-
50 and MeO-140 that are methoxy-terminated 50 and 140
nm nanoparticles. Through the use of these nanopar-
ticles, the effects of nanoparticle size and presence of
galactose on the nanoparticle surface on the biodistribu-
tion in liver are explored in Part 2 of this work (16).
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