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Abstract
A non-toxic, nanoparticulate polyelectrolyte complex (PEC) drug delivery system was formulated
to maintain suitable physicochemical properties at physiological pH. Toxicity, binding, and
internalization were evaluated in relevant microvascular endothelial cells. PEC were non-toxic, as
indicated by cell proliferation studies and propidium iodide staining. Inhibitor studies revealed that
PEC were bound, in part, via heparan sulfate proteoglycans and internalized through
macropinocytosis. A novel, flow cytometric, Scatchard protocol was established and showed that
PEC, in the absence of surface modification, bind cells non-specifically with positive cooperativity,
as seen by graphical transformations.
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1. Introduction
A wide array of nanotechnologies is beginning to change the foundations of disease diagnosis,
treatment, and prevention. Because molecules and structures inside cells operate at the nano-
and micro-scale, the development of nanoparticulate approaches has become a key strategy for
medical intervention at the cellular level. There are numerous nanoscale constructs, assemblies,
architectures, and particulate systems being studied as targeted and drug delivery platforms.
These include polymeric micelles, dendrimers, virus-derived capsid nanoparticles (NP),
polyplexes, and liposomes[1–5]. These nanovehicles do not behave equivalently; their
behavior within the biological microenvironment, stability, extracellular and cellular
distribution vary with their chemical makeup, morphology and size[6].
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NP systems, particularly polymer-based, can be formed by a variety of techniques, many of
which utilize potentially toxic components and solvents. The most common fabrication
methods involve polymerization reactions such as emulsion, dispersion, and inverse
microemulsion polymerization of both biodegradable and non-biodegradable polymers. These
techniques often induce polymerization using mineral oils and strong organic solvents, which
may remain in the formulation along with other unreacted monomers, initiators, and
surfactants. Such residues present safety issues in the final product[4,7,8]. Specifically,
alkylcyanoacrylate nanotechnology suffers from toxic breakdown products[9].

One strategy to circumvent these processing limitations has involved the use of water-soluble,
biodegradable, polymeric, polyelectrolyte NP. Biodegradable, polymeric polyelectrolytes
degrade at a very slow rate into non-toxic products, and they do not alter normal cell function
[10]. The polyelectrolyte system is aqueous, a major advantage for products to be used as drug
delivery systems in humans. These nanoparticulate architectures, termed polyelectrolyte
complex dispersions (PEC), result from strong electrostatic interactions between the charged
microdomains of at least two oppositely charged polyelectrolytes[11]. The mixing of solutions
of polyanions and polycations leads to the spontaneous formation of insoluble PEC under
appropriate conditions. PEC formation is governed by the strength and location of ionic sites,
polymer chain rigidity, precursor chemistries, pH, temperature, ionic strength, mixing
intensity, and other controllable factors. Multi-component PEC, combined with Pluronic F-68
as a steric stabilizer, have been fabricated as a generic scaffold for incorporation of drugs and
targeting moieties.

Cellular binding and internalization of PEC and NP by cells have not been subjected to detailed
mechanistic studies. Frequently, PEC have been applied in gene delivery[12,13], but there has
been little focus on the process of PEC/cell interactions that occur before the expression of
vector DNA. We have developed a fluorescent approach, by incorporation of a fluorophore,
to describe the non-specific adsorptive mechanisms of nanoparticulate polyelectrolyte complex
association in a human microvascular endothelial cell (HMVEC) model.

This cell type was chosen as a model because of its critical pathobiological significance.
Vascular networks are lined with endothelial cells, which display unique surface markers for
targeted delivery at sites of cancer and tissue repair[14]. Furthermore, the accessibility of
endothelial cells from the blood stream is an important advantage over other target candidates
such as tumor cells. Effective delivery of PEC is of paramount significance for the development
of systems that target the vascular endothelium, the nutrient supply line for tumor and wound
environments.

To improve polyelectrolyte drug delivery systems, it is critical to understand the mechanisms
for and barriers to successful interactions with target cells. In the present study, fluorescent
labeling and flow cytometry (FACS) permitted a multi-dimensional analysis of PEC/cell
interactions with a stable non-radioactive marker. The mechanisms of PEC surface association
were investigated by inhibitor studies. A novel, flow cytometric Scatchard analysis was used
to define the cell-PEC interactions and the nature of internalization, components that have been
rarely considered in studies to date.

2. Materials and Methods
2.1. PEC chemistries

All polyions were dissolved in distilled water before PEC fabrication. The anionic solution
contained low molecular weight, low viscosity alginate, Mr=12 kDa (FMC Biopolymer,
Drammen, Norway) and chondroitin sulfate, Mr=15 kDa, (Sigma Chemical Co., St. Louis,
MO), both at 0.5 mg/ml. The cationic solution contained 0.5 mg/ml spermine
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tetrahydrochloride, Mr=0.348 kDa, (Sigma Chemical Co., St. Louis, MO), poly (methylene-
co-guanidine) hydrochloride (PMCG), Mr=5 kDa (Scientific Polymer Products, Ontario, NY),
calcium chloride (Sigma Chemical Co., St. Louis, MO), and 1% m/v Pluronic F-68 (Sigma
Chemical Co., St. Louis, MO). All solutions were filtered through 0.22 μm nylon filters
(Nalgene, Rochester, NY). With the exception of PMCG and Pluronic F-68, all components
were derived from biological systems.

2.2. Polymer labeling
Fluorescein isothiocyanate (FITC, Sigma Chemical Co., St. Louis, MO) was covalently
conjugated to terminal PMCG amines (pH 9.0) for 30 min under constant stirring at room
temperature. The FITC-labeled product was purified by gel-permeation chromatography
(Sephadex G-25, Amersham Biosciences, Piscataway, NJ) and eluted with distilled water.

2.3. PEC fabrication
A batch wise, non-stoichiometric process was used to create PEC. The solution of two anionic
polyions (2 ml) was titrated into a cationic bath (20 ml), containing Pluronic F-68, with 20 kHz
(maximum) frequency dispergation under conditions of mild mechanical stirring, defined as
“one batch”. The system consisted of a needle (#26 gauge) connected to a 5 ml syringe, which
was inserted into an ultrasonic, hollow, titanium probe with a 1.85 mm ID conical tip. The
probe was connected to a transducer and power generator (Misonix, Farmingdale, NY).
Anionic solution was slowly extruded via controlled air pressure (3 psig) at 1 ml/min. The
complexes formed instantaneously. After preparation of PEC the 22 ml reaction suspension
was transferred to 50 ml polypropylene ultracentrifuge tubes (Nalgene, Rochester, NY), the
pH was measured (Fisher Accumet, Fairlawn, NJ), and the colloidal suspension was pelleted
3 times at 35000xg at 4°C for 10 minutes (Beckman, Model L5-50, Rotor Type 60 Ti).
Subsequent to the first two centrifugations, the pellet was resuspended in 1 mM sodium acetate
buffer, pH 4.2. Following the second wash, PECs were suspended in HMVEC complete growth
media (Invitrogen/Gibco, Carlsbad, CA): MCDB 131 supplemented with 5% fetal calf serum
(FCS), 2 mM L-Glutamine, 5 U/ml penicillin/streptomycin, 500 μg/ml hydrocortisone, 1 ng/
ml epidermal growth factor. FITC-PMCG PEC were prepared by mixing 15.5 μg FITC-PMCG
with the standard cationic bath. The addition of FITC-PMCG to the complex resulted in a
colored PEC. Size and charge of PEC dispersions was determined by removing a small aliquot
(1 ml) from any of the preparation steps and measurement by Malvern ZetaSizer Nano ZS
(Malvern Instruments, Worcestershire, UK).

2.4. Transmission electron microscopy (TEM)
Reaction mixture preparations were analyzed for morphology and ZetaSizer validation by
pipetting a 20 μl sample volume onto a dry, Formvar coated, 400 mesh copper grid (Electron
Microscopy Sciences, Hatfield, PA). The volume was allowed to adsorb onto the grid surface
for 30 s, after which the excess liquid was blotted carefully with filter paper. The specimen
was then viewed with a Philips CM-12, 120 keV electron microscope equipped with a CCD
camera. PEC diameter was evaluated by using point-to-point pixel based measurements for
1486 individual observations using software complementary to the TEM CCD camera
(Advanced Microscopy Techniques, Danvers, MA).

2.5. PEC Size and Zeta Potential
Following colloidal preparations, washing and dispersion at varying pH, a 1 mL sample was
removed for size and zeta potential measurement with the Malvern ZetaSizer Nano ZS
(Malvern Instruments, Worcestershire, UK). Each measurement was performed in triplicate.
The particle-sizing device uses non-invasive back scattering with photon correlation
spectroscopy (PCS), which has a particle sensitivity in the range of 0.6 nm to 10 μm. Size-
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related measurements were reported as z-average mean, hydrodynamic diameter, and
polydispersity index (PDI). The z-average mean is classically the parameter most comparable
to diameters measured by transmission electron microscopy[15]. PDI is a dimensionless
number that describes the heterogeneity of the sample, and it is scaled such that values less
than 0.05 are rarely seen. The maximum value is 1.000. Values greater than 0.700 indicate a
very broad size distribution and a lack of sample homogeneity.

2.6. Cell line and maintenance
The cell line used for these studies was an immortalized human microvascular endothelial cell
line (HMVEC) generously provided by R. Swerlick from Emory University[16]. The cells
were maintained in MCDB 131 medium supplemented with 5% fetal calf serum, 20 mM L-
Glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, 500 μg/ml hydrocortisone, 1 ng/ml
epidermal growth factor (maintenance medium). During maintenance, the cells were cultured
in T-flasks (Corning, Corning, NY) at 33°C, 5% CO2, and 95% relative humidity, which
permitted expression of the introduced SV40 large T-antigen. After 3–4 days, cells were
passaged by detachment with 0.25% trypsin/0.1% EDTA, counted by hemocytometer, and
resuspended in fresh growth medium. All cell culture supplies were purchased from Invitrogen/
Gibco, Carlsbad, CA.

2.7. Flow cytometric detection of PEC/cell interactions
Confluent HMVEC at approximately day 4 after plating were detached from 2 T-75 cm2 parent
flasks and counted by hemocytometer. Aliquots equivalent to 5×105 cells were added to each
well of 48-well plates (Nunc, Rochester, NY). HMVEC were permitted to attach overnight at
37°C (non-permissive conditions for the integrated large T-antigen), 5% CO2, and 95% relative
humidity in complete MCDB131. Following a ~24 h incubation, experiments were performed
by exposing HMVEC to PEC under various concentration and inhibitor schemes (detailed
later). At the outset of exposure, the test media containing PEC were removed and the cultures
washed thrice with 4°C phosphate buffered saline (PBS, Invitrogen/Gibco, Carlsbad, CA).
Cells were then detached with 200 μl 0.25% trypsin/0.1% EDTA (2 min) or 5 min exposure
to 5 mM EDTA in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES, Sigma
Chemical Co., St. Louis MO), depending on the experiment. The majority of experiments were
detached with EDTA, as trypsin was found to non-specifically affect PEC interactions.
Detachment was terminated by the addition of FACS buffer (3% FCS in PBS). The detachment
was followed by transfer of the cell suspension to 4 ml FACS tubes (BD Falcon, San Jose, CA)
and centrifugation at 200xg for 10 min. The supernatant was removed, and cells were suspended
in 200 μl FACS buffer. The tubes were kept on ice until arrival at the FACS location. Excitation
of samples was performed with a 15 mW, 488 nm (λex= 485 nm) argon ion laser, and signals
were detected with either λem=515–545 nm (FITC) or λem=564–606 nm (propidium iodide,
PI) filters. Unless otherwise noted, acquisitions were performed using a 4-color FACSCalibur
(BD Biosciences, Mountain View, CA).

A standard experiment included acquisition of HMVEC in the absence of PEC to establish a
background. The samples exposed to PEC were then acquired. Side scatter (SSC), forward
scatter (FSC), and FITC outputs were collected in list mode form and analyzed with FloJo
(Treestar, Inc., Ashland, OR). The first round of acquisition yielded the total amount of cell-
associated fluorescence (MFItotal), due to FITC PEC. The internalized fluorescence was
determined by adding 120 μl 0.4 mg/ml trypan blue (TB, Mediatech, Herndon, VA) and re-
acquiring the sample to give MFIinside. TB quenches extracellular FITC[17,18] allowing the
calculation of PEC cellular compartmentalization.
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2.8. Binding and internalization kinetics
Fluorescent PEC were prepared as described above and suspended in 20 ml complete MCDB
131. Cell exposure, in 48-well plates, to 400 μl PEC was monitored for t=0, 5, 10, 15, 20, 30,
60, and 120 min. The 2 h incubation was followed by aspiration, washing at 4°C, detachment,
centrifugation, and addition of FACS buffer. To account for FITC PMCG binding, 1.5 μg of
the fluorescent polymer (FITC-PMCG:PMCG=1:10) was added to 20 ml complete MCDB131
and kinetics of association observed in an identical fashion. Flow cytometric measurements,
minimally 10000 events, with and without TB were performed within 30 minutes.

2.9. PEC acute toxicity by propidium iodide (PI)
Toxicity of fluorescent PEC was detected by PI (Molecular Probes/Invitrogen, Eugene, OR)
as described by Rasola, and Geuna[19]. Cells were exposed to PEC as described in time-course
binding and internalization kinetics, detached after 2 h PEC exposure with 0.25% trypsin/0.1%
EDTA, centrifuged and resuspended in 200 μl FACS buffer. PI (40 μl, 0.01 mg/ml) was added
to each sample 1 min prior to FACS acquisition. For each sample, 10000 events were collected.
The PI fluorescence was collected through a λem=564–606 nm filter after excitation of the
fluorochrome at 488 nm (λex). The toxicity was represented as a percent of control cultures
without PEC.

2.10. PEC effects on HMVEC-1 proliferation
One day before PEC exposure, cells were plated to 48 wells at a density of 2.5×103 cells/well.
After an ~20 h attachment and acclimation period, cells were exposed to serial dilutions of
PEC for 72 h without media change. Subsequent to the 72 h exposure, media for all wells was
removed and HMVEC cell growth was measured using the Titer 96® Aqueous One Solution
Cell Proliferation Assay (Promega, Madison, WI, USA). Each well then received 300 μl fresh
MCDB 131 and 20 μl of dye solution. Incubation was for 40 min at 37°C, 5% CO2, 95% relative
humidity. Absorbance at 490 nm was determined by microplate reader (μQuant, Bio-Tek
Instruments, Winooski, VT). All results were normalized to the control (no PEC).

2.11. Treatment of cells with various inhibitors
HMVEC were prepared as described as above. At the end of the treatments described below,
cells were washed, detached and analyzed by flow cytometry as described. FITC-PMCG PEC
were suspended in 20 ml of MCDB 131 complete medium. Wells received 400 μl PEC in
medium or medium alone. In each case, at least one well was maintained under normal culture
conditions. Inhibitors were applied for 30 min under standard incubation conditions (37°C, 5%
CO2, and 95% relative humidity), unless otherwise indicated, followed by detachment with 5
mM EDTA. Flow cytometric measurements with and without TB were performed within 30
minutes. For each sample, 10000 events were collected. Inhibitors did not elicit any cellular
toxicity as ascertained by FACS forward and side scatter.

To evaluate the effect of free glycosaminoglycans on PEC association[20,21], cultures were
pre-incubated 2h with 200 U/ml USP grade heparin (Celsus Laboratories, Cincinnati, OH)
followed by a PBS wash, and then a mixture of 200 U/ml heparin and PEC in growth media.

Energy dependence of PEC-cell interaction was assessed by 2-deoxyglucose+sodium azide
[22] or reduced temperature (4°C) [23]. For temperature effects, HMVEC were incubated at
4°C for 1 h in complete MCDB 131. The medium was then changed, PEC added, and incubation
was continued for 30 min. 50 mM 2-deoxyglucose (Sigma Chemical Co., St. Louis, MO) and
0.05% v/v sodium azide (Sigma Chemical Co., St. Louis, MO) were prepared in complete
medium and added to HMVEC for 1h, after which this mixture was replaced by PEC and 2-
deoxyglucose+azide for a further 30 min.
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The effect of actin on PEC association was evaluated by exposure of HMVEC to 10−8–
10−5M cytochalasin D [24,25] (Sigma Chemical Co., St. Louis, MO) in complete medium.
After 2h, fresh medium with PEC/cytochalasin D treatment continued for 30 min.

To disrupt glycosaminoglycan synthesis, HMVEC that had been seeded in 48 well plates for
24h were washed and exposed to 500 μM α-xyl or β-xyl (Sigma Chemical Co., St. Louis, MO)
overnight[26,27] This treatment was followed by a further 30min exposure to PEC in the
continued presence of α-xyl or β-xyl.

Trypsin sensitivity of PEC association with HMVEC was measured by detaching cells with
0.25% trypsin/0.1% EDTA as compared to 5 mM EDTA monolayer removal. PEC were added
to cultures for 30 min. Subsequent to PBS washings, HMVEC were removed with either trypsin
or EDTA.

2.12. Physical counting of PEC
Particle concentration, in terms of PEC/ml, was determined by flow cytometry (FACS Aria,
BD Biosciences). The FACSAria was fitted with SSC, FITC, and FSC detection lasers. In
particular, the FSC laser was adapted with a photomultiplier tube (PMT) to magnify the signal
generated from the PEC. Firefli™ 200 nm fluorescent green (λex=468 nm/λem=530 nm)
polystyrene microspheres (Duke Scientific Corporation, Palo Alto, CA) of known
concentration were processed and detected using FSC PMT and SSC lasers. The number of
events recorded over fixed period of time (60s) was used to develop a standard calibration
curve. This calibration curve was then used to evaluate PEC recorded events and thus
concentration over four logs of arbitrary dilution for one batch of fluorescent PEC. The
populations of PEC were analyzed for fluorescence by FACSDiva software (BD Biosciences,
Mountain View, CA) to normalize fluorescence units in terms of PEC/ml. Free and bound
particle concentrations were defined based on ordinary linear interpolation and proportionality.
Routine PEC concentrations for direct association and inhibitor experiments were 1.54×109

PEC/ml. In each FACS analysis, media and cell fluorescent backgrounds were established.

2.13. Scatchard plots
Scatchard titrations were prepared by exposing HMVEC to serial dilutions of PEC for 3 h
under normal culture conditions. One day prior to analysis, 5×105 cells/well were seeded and
incubated as previously described. Selected plates were incubated at 4°C to block the
endocyotosis of added PEC[23]. The exposure was followed by cell detachment and acquisition
of MFI by FACSAria (BD Biosciences, Mountain View, CA). For each sample, 10000 events
were collected by list-mode data that consisted of side scatter, forward scatter, and fluorescence
emission centered at 530 nm (FITC). Bound MFI was determined using FACSDiva software.
Free, unbound MFI was evaluated by material balance. These MFI values were then converted
to PEC concentration. Scatchard plots were prepared by plotting bound PEC/free PEC versus
bound PEC as described classically[28].

2.14. Confocal microscopy
One day prior to PEC fabrication, confluent HMVEC at approximately day 4 of culture, with
a viability of ≥90% or greater by TB exclusion, were detached from one T-75 cm2 parent flask,
diluted, and seeded into 8-well microscope slides (Lab-Tek™ II Chamber Slide System,
Electron Microscopy Sciences, Hatfield, PA) at 5000 cell/well. Cells were allowed to attach
overnight at 37°C, 5% CO2, and 95% relative humidity in standard medium. FITC-PMCG
labeled PEC were prepared and suspended in 20 ml MCDB 131 (1.54 × 109 PEC/ml) complete
medium in preparation for microscopic studies. After the 24 h incubation, FITC-PMCG PEC
(400 μl/chamber) were added. Cells were allowed to interact with PEC for up to 24 h, followed
by aspiration and three washing steps with PBS at 4°C. The cultures were then fixed with cold
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methanol (200 μl) at −20°C for 30 min. The nuclei were stained with 150μl of TOPRO-3 (200
ng/ml; Molecular Probes/Invitrogen, Eugene, OR) for 10 min. The stain was then removed
along with the chamber walls and the preparation was mounted with a glass coverslip. Images
were collected with a 3-track confocal microscope (Zeiss LSM-510, Thornwood, NY) using
the appropriate fluorescence filters: λex=488 nm (FITC) and λem=633 nm (TOPRO-3). Z-
sectioning was applied to determine if PEC localized in the same optical plane as cells. By
varying the distance between the objective pinhole and the specimen over fixed increments, a
‘z-series’ was generated that dissects and collects images through the specimen.

2.15. Statistical analysis
Statistical analysis was performed using JMP-IN 5.1 (SAS, Cary, NC). Reaction mixture
formulations and final preparations in cell growth medium were compared by two-sample t-
test to evaluate the differences between sizes, zeta potentials, and PDI. One-way ANOVA was
used to compare cell proliferation data with controls (PEC-free exposures) while one-tail t-
tests were applied to analyze statistical deviations of inhibitor responses from controls. All
statistical tests were performed at p<0.05 (95% confidence level). Results are displayed as
average ± standard error for at least 3 replicates.

3. Results and Discussion
3.1. PEC physicochemistry

As detailed previously[12], the non-stoichiometric titration of the anions chondroitin sulfate
and sodium alginate into a multi-component cation bath, containing Pluronic F-68, PMCG,
spermine, and CaCl2, caused spontaneous assembly of cationic nanoparticulate architectures
in water. Fabrication was aided by a 20 kHz frequency ultrasound input to the anionic stream.
These suspensions exhibited a colloidal, Tyndall effect. PEC, as prepared in their native state,
had a measured pH of 4.2, due to excess cations present in the reaction mixture. The
complexation led to a core-shell morphology, with the cations dominating the corona surface
and a neutralized inner phase of polyanions. Hydrodynamic diameter and zeta potential of PEC
were assessed by PCS, while morphological properties were evaluated with TEM. PEC in their
reaction mixture were positively charged (34.7 mV) with a mean diameter of 164.6 nm and a
polydispersity index of 0.199 (Figure 1A–C). The significant zeta potential, ≥ | ±30 mV |, was
indicative of a stable colloidal suspension as has been pragmatically defined[29,30]. TEM
images (Figure 1D) showed that the complexes were spherical in nature, and they had a mean
diameter of 141.5 nm, averaged over several separate micrographs and observations (n=1486).
The correlation factor between PCS and TEM size estimates was 0.86. This ratio was consistent
with measurements in many other polymeric nanoparticle systems[31,32].

PEC isolation and resuspension in endothelial cell growth medium led to an increase in size
and PDI and a decrease in zeta potential (Figure 1A–C). Two-sample t-tests did not reveal a
statistical difference in size, but there was a significant difference in surface charge and PDI
(p<0.05). Hydrodynamic diameter was not significantly different from 200 nm, an empirical
benchmark diameter for efficient cellular uptake and systemic delivery of nanoparticulate
material[8,33]. The change in PDI and zeta potential was likely due to the presence of serum
particles and proteins, which have intrinsic light scattering properties detected by PCS.
Alterations in surface charge were attributed to changes in the extent of ionization of surface
groups[34] and/or the protrusion of ionized, core hydroxyl groups[35]. The preservation of
hydrodynamic diameter may be related to the presence and passive entrapment of Pluronic
F-68, which was added to provide steric stabilization. When adsorbed to the PEC surface,
Pluronic F-68 could create osmotic and entropic barriers to particle-particle interactions and
discourage adhesion of electronegatively charged serum molecules, resulting in maintenance
of structural integrity[36,37].
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3.2. Determination of PEC number by flow cytometry
Flow cytometry was used to measure the concentration of PEC for subsequent Scatchard
analysis and cytotoxicity assays. This method was far less labor-intensive and more accurate
than electron microscope-based analysis. Serial dilutions of NIST-traceable fluorescent
nanospheres (stock=2.3 × 1012 beads/ml, 200 nm nominal diameter) were prepared, diluted
and processed using a FACSAria cytometer to calibrate the system for free versus cell-
associated PEC. Plots of forward scatter versus side scatter showed no overlapping populations
between 200 nm beads, FITC-labeled PEC, and HMVEC (Figure 2A–C). The ratio of events
per second to the time elapsed was plotted against bead concentration (Figure 2D). The
resultant, analogous PEC data showed a linear response from 9.80×106 to 1.54×109 PEC/ml
(Figure 2E–F). Results were confirmed with PCS (data not shown), although with much lower
sensitivity. Concentrations >1.5×109 PEC/ml or >2.×109 bead/ml could not be accurately
measured, either due to saturation of the detector or aggregation due to a decrease in particle
interstitial space.

3.3. PEC cytotoxicity
Cytotoxicity of multi-component PEC was tested by MTS reduction and propidium iodide (PI)
internalization in confluent HMVEC, markers of cell metabolism and membrane integrity,
respectively. Concentrations from 4×102 to 6×104 PECs/cell did not cause significant changes
in MTS reduction as verified by one-way ANOVA and Dunnet’s Test (Figure 3A). No change
in viability was detected when HMVEC were exposed to 1.5×109 PEC/ml for 2 h, detached,
stained with PI and analyzed by FACS (Figure 3B). PI, which is excluded from viable cells,
provided a higher–throughput, FACS-based approach to analyze toxicity after PEC exposure
as compared to methods such as trypan blue dye exclusion. In the present study, trypan blue
was used as a means to discriminate externally bound and internalized fluorescent signals. The
limited cytotoxicity of the PEC system made it a suitable candidate for drug delivery to
endothelial cells.

3.4. Suppression and quenching of extracellular fluorescence by TB
Binding and internalization of FITC-PMCG PEC was distinguished by quenching extracellular
fluorescence with 0.4 mg/ml TB[17,18]. Figure 4A shows a complete shift in FITC distribution
by FACS after addition of TB to a 200 μl suspension of 1.5×109 PEC/ml in a 1:1 volumetric
ratio. TB treatment of FITC-PMCG PEC resulted in a 98% suppression in the median
fluorescence index (MFI), from median values of 6142 a.u. (TB+) to 130 a.u. (TB−), as
illustrated in Figure 4B. Thus, TB was used to characterize compartmentalization (surface
versus inside) of multi-component PEC by a simple material balance of MFI:

MFItotal = MFIsurface + MFIinside

One of the main advantages of using flow cytometry to define PEC interactions in cellular
environments is that the two scattering lasers are markers for cell size (forward scatter) and
internal morphology (side scatter). Because dead cells differ in size compared to viable
cultures, lower forward scatter values were considered non-viable populations. Independent
of trypan blue exposure, live cellular gating remained constant (Figures 4C–F). Cell only, initial
acquisitions, and trypan blue quenched populations comprised from 79–84% of the total events.

3.5. Kinetics of PEC binding and uptake: tryptic degradation of interactions
We employed FACS to track the binding and uptake of 1.54×109 FITC-containing PEC by
HMVEC, in serum-containing medium at intervals up to 2 h. After exposure, cells were
detached with 5 mM EDTA in 1X HBSS (pH=7.6), and the FACS signals were expressed as
MFI. Despite the reversed zeta potential measured in MCDB131, PEC binding (Figure 5A)

Hartig et al. Page 8

Biomaterials. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and uptake (Figure 5B) were rapid and reached saturation. The shift in fluorescence began
immediately after addition of PEC and washing (t=0). FITC-PMCG PEC that were incubated
with HMVEC for 2 h were examined by confocal laser scanning microscopy, which showed
clear evidence of perinuclear accumulation of PEC (Figure 5D; green fluorescence). Z-
sectioning indicated that perinuclear PEC were in the same plane as the cytoplasm. Cellular
morphology was unchanged except for the association of refractile PEC with individual, intact
cells (data not shown). PEC association was also observed in many other cell types: mouse
fibroblasts (CRL-10225 and NIH3T3), CHO, CT26 colon carcinoma, primary human
endothelium, macrophages, and hepatocytes (data not shown). The binding and internalization
was not due to dissociation of FITC or FITC PMCG from the PEC. Over 2 h, the cumulative
release in HMVEC growth media (5% FCS) was 1.75% of the initial amount incorporated,
while after 6 h only 4.62% was liberated. Cellular surface proteins were involved in PEC
binding and uptake, as trypsin decreased the total amount of surface bound (60%) and
internalized (40%) PEC, relative to values in cells detached by EDTA (Figure 5C). Divalent
cations did not appear to play in role in PEC/cell interaction.

The kinetics of FITC-PMCG PEC binding (Figure 5A) and internalization (Figure 5B) was
compared to 0.075 μg/ml of free fluorescent FITC-PMCG in HMVEC for 2h. For fluorescent
PEC, the binding and internalization showed a saturable profile, with first order kinetics up to
1h. Free FITC-PMCG exhibited first-order linear binding and internalization kinetics for 2 h,
indicative of a non-saturable phenomenon at this concentration, and overall binding and uptake
was greatly reduced as compared to the NP formulation. The mass and charge of the PEC and
free FITC-PMCG differed substantially. Although the bulk PEC surface charge was negative,
microdomains of positive charge may contribute to the attachment of PEC to cells through
guandinium-rich PMCG, which possibly induced electrostatic adsorption of PEC via bidentate
hydrogen bonding to distal, electron-rich polyanionic residues located on the cell surface[38,
39].

Although the experimental design did not mimic an in vivo flow environment, PEC can interact
with charged groups in microvascular endothelial beds. Incorporation of near infrared
fluorescent derivatives of PMCG into PEC has enabled the real-time fluorescent imaging of
PEC distribution in mice. Preliminary evidence has revealed that PEC interact extensively with
the lung, liver, and spleen after several forms of intravenous administration (data not shown).
This phenomenon may be due to the extensive elecropositivity embedded in the particle
architecture from PMCG and spermine,

3.6. Probing endocytic mechanisms
Thermodynamic and metabolic energy requirements for binding and internalization were
probed by incubating cells at reduced temperature or with glycolysis inhibitors, respectively.
FACS analysis showed that both treatments produced significant decreases in binding and
uptake (Figure 6A). Sodium azide/2-deoxyglucose treatment brought about a significant
decrease in bound (−55%) and internalized (−70%) PEC through a mechanism mediated by
depletion of ATP with secondary effects on membrane potential (Figure 6A, gray)[22,39]. This
response provided further evidence that PEC attachment and endocytosis was an active process
that began with adsorptive fusion with the cell membrane. However, some residual attachment
and internalization was resistant to metabolic inhibitors, indicating a process other than
endocytosis. Transduction or direct PEC entry after diffusion of complexes to the cell surface,
may contribute to this portion of the internalization after diffusion of complexes to the cell
surface[40].

Reduced temperature is a classical endocytosis and active transport inhibitor, where only
passive PEC membrane fusion occurs[23], and decreased temperature reduces the motility of
surface protein groups and the lateral diffusion of PEC to the cell boundary layer.
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Internalization of PEC decreased by 80% at 4°C (Figure 6A, black). The apparent residual
uptake may have been due to strong interactions of PMCG with the plasma membrane, as
observed with arginine-rich peptides[24].

The role of the actin cytoskeleton in PEC binding and endocytosis was studied by addition of
increasing concentrations of cytochalasin D, including a level (10 μM) that is reported to block
phagocytosis and initial stages of macropinocytosis through microfilament disruption[24].
Although drug treatment reduced both surface binding and uptake at all concentrations (Figure
6C), only PEC internalization showed significant reduction at 1 nM and 10 nM (−28% and
−42%, respectively, p<0.05). Higher concentrations resulted in significant decreases in both
of the compartments. Consistent with other studies[24,41], inhibition of PEC uptake by
cytochalasin D suggested a role for macropinocytosis and non-clathrin, non-caveolae
dependent endocytosis in the trafficking of PEC to the cell interior. Macropinocytosis is lipid
raft-mediated, with macropinosomes often being larger than 1 μm, and it is dependent on
cytoskeletal rearrangements[42]. Clathrin- and caveolae-dependent endocytosis rely on
clathrin coated pits (~120 nm) or caveolae invaginations (~60 nm), respectively[43]. The PEC
system applied in this study had hydrodynamic diameters consistently around 200 nm, making
them too large for these processes[44].

The major charged surface component on many cell types are HSPG in the form of syndecans
and glypicans[45]. The contributions of cell-surface HSPG to PEC binding and internalization
was suggested by trypsin sensitivity treatment [46]. The role of HSPG in PEC association was
defined by two approaches: (a) competitive inhibition of PEC binding by adding the anionic
glycosaminoglycan heparin to the media prior to and during PEC exposure; (b) perturbed
biosynthesis of HSPG by preincubation of HMVEC with α-xyl or β-xyl, where only β-xyl
disrupts HSPG glycosaminoglycan chain elongation[26]. The HMVEC pre-treatments were
followed by 30 min exposure to PEC.

Heparin treatment completely abolished PEC cellular interactions (Figure 6C), consistent with
previous data using lipo- and polyplexes[47]. Surface binding was reduced by 93% (p<0.05),
while internalization was diminished by 58% (p<0.05). Some PEC may have escaped heparin
displacement by rapid cell entry. Heparin, because of its highly anionic nature, likely bound
to and caused the neutralization of positively charged groups on the PEC corona, thus masking
prospective cell binding sites. The charge neutralization may have also destabilized the
complexes or caused PEC swelling[21], preventing cell binding and entry[20].

Incubation with a HSPG biosynthesis inhibitor, β-xyl, supported the hypothesis that
membrane-associated HSPG partly mediated the attachment and internalization of PEC (Figure
6D). HSPG depletion led to a 47% reduction in surface PEC binding compared to the control
(Figure 6D, gray). As expected, exposure to the inactive α-xyl isomer led to no significant
deviation in binding and uptake as compared to the control (Figure 6D, black). Internalization
was not statistically reduced for either xylopyranoside, although β-xyl did produce an obvious
decrease, suggesting a possible role of HSPG in endocytosis. The xyloside-resistant cell surface
component may have been non-specific and electrostatic, but it was more likely related to low
turnover rate of HSPG. It is possible that other sulfated glycoproteins or glycolipids may
account for PEC attachment. The HSPG-dependent aspect of PEC-cell association further
supported the role of macropinocytosis.

Because HSPG, in the form of syndecans and glypicans, are involved in adhesion, migration,
and cytoskeletal organization[45], it is likely that the inhibition of HSPG binding is coupled
to actin microfilament-mediated uptake. These binding and uptake observations were
consistent with a process that involves the association of cell surface HSPG with the actin
cytoskeleton. HSPG cytoplasmic tails and actin filaments interact within the cytoplasm through
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linker proteins. Binding to adhesion receptors can provide the initial step for particle
engulfment via membrane ruffling driven by networks of cortical actin fibers[38].

3.7. Non-Specific Binding Verified by Scatchard Plots
Using FITC-labeled PEC, we developed a FACS-based Scatchard equilibrium experiment for
the detection and characterization of binding. The FACS acquisition was performed on a
FACSAria system fitted with a photomultiplier tube on the forward scattering laser for more
sensitive detection of cell bound PEC. The conventional binding curves are shown in Figure
7A–B. Titrations were prepared by exposing HMVEC under non-toxic conditions (1.54×109

PEC/ml-9.80×106 PEC/ml) for 3 h at 37°C and 4°C. Upper concentration limits were defined
by particle aggregation. Thus, the calculated ratio of PEC concentration to cell density ranged
from 32000:1 to 200:1, while the proportion of PEC bound varied from 30000:1 to 5:1. The
incubation time was derived from the time course of binding (Figure 5A–B). The approach
allowed the Scatchard transformation (bound/free versus bound), and it also provided a
demonstration of non-specific, adsorptive binding at 37°C and 4°C (Figures 7C–D). These data
are the first such FACS-based Scatchard representations of cell interactions for a polymeric
drug delivery system.

Both binding isotherms, at 37°C and 4°C (Figure 7A–B), formed the lower half of the standard
S-curve saturation behavior seen in steady-state experiments at these temperatures. However,
the curves never approached saturation. Similar behavior has been observed in human serum
albumin binding to drugs such as paclitaxel[48,49]. The Scatchard transformations (Figure
7C–D) showed an inverse relationship for the apparent binding constant due to extensive
cooperativity. When specific, high-affinity interactions are present, the initial positive slope
reaches a maximum, followed by a monotonic decrease as the total ligand increases in
concentration[50,51]. The binding isotherms lacked an inflection point without saturation.
Within the practical concentration limits, PEC binding was largely determined by charge
neutralization between the anionic cell surface and cationic microdomains of the PEC.

The binding curves had positive slopes, independent of temperature, under conditions where
PEC bind to a heterogeneous group of receptors with cooperativity. The amorphous nature of
PEC likely led to conformational flexibility and adaptability, further facilitating cell
association. Thus, the data did not lend themselves to the analysis by Scatchard plots in terms
of calculation of binding parameters[52]. The positive cooperativity would suggest that the
binding of one PEC to any receptor on the cell surface created an energetically favorable site
for another PEC.

Mathematically, the total concentration of bound PEC (Bound) to a single class of receptors
can be defined by the Michaelis-Menten equation below:

Bound =
Rtotal ∗ L Free

Kd + L Free

where LFree, Rtotal, and Kd represent the concentration of free PEC (ligand), total receptor
concentration, and equilibrium binding constant, respectively. In the case of the unmodified
PEC, the free ligand was at concentrations much lower than the Kd, leading to a linear
relationship between bound and free PEC with a slope of Rtotal/Kd. Breakdown in mass action
laws may also be a contributing factor to PEC binding: receptor heterogeneity, cooperativity,
and irreversible binding.
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4. Conclusion
This study describes PEC interactions with endothelial cells in vitro through the use of
applications ideally suited for nanoscale systems: PCS and FACS. The incorporation of a
fluorescent polymer constituent allowed the use of flow cytometry to evaluate cellular
interactions, while trypan blue permitted the delineation between surface associated and
internalized PEC. This facilitated the exploration of (non-specific) PEC cellular
compartmentalization without cell lysis, a method commonly used in other studies[53–56].
Binding and internalization studies showed that the associative phenomena were sensitive to
proteolysis, exogenous heparin, metabolic energy, cytoskeletal integrity, and, at least in part,
interactions with HSPG. No data exist to date on the specific mechanisms of PEC uptake,
although liposomes have been found to be endocytosed[41,57]. Scatchard plots are largely
ignored for polymeric drug delivery systems, but characterizations of the type of binding
occurring in biological systems is critical for the development of target-specific nanovehicles.
Due to its favorable physical attributes and rapid extra- and intracellular accumulation, the
system presented in this study provides a platform that can be readily modified for a targeted
delivery approach. The presentation of outer-shell amine groups allows the conjugation of
ligands for targeted accumulation in pathologic tissue, while inner core carboxyl chemical
linkages are available for the incorporation of therapeutic payloads. Meeting requirements such
as low cytoxicity and significant uptake into a target cell line, this system provides a promising
candidate for further development and study.
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Figure 1.
Physicochemical properties of the initial PEC reaction (Rxn) mixture and final, washed
preparations in culture media for cellular studies. (A), (B), and (C) correspond to hydrodynamic
diameter, zeta potential, and polydispersity index, respectively, measured by PCS. The average
PEC diameter was 164.6 nm±10.2 nm and 235.9 nm±30.5 nm (mean±standard error, n=3)
before and after washing, respectively; (D) is a representative TEM image. Asterisks indicate
means that differ statistically by two-sample t-test at the 95% confidence interval.
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Figure 2.
Evaluation of PEC concentrations by flow cytometry. FACS analyses of (A) NIST traceable
fluorescent green beads and (B) multi-component PEC suspended in HMVEC growth media;
(C) gating of HMVECs showed little or no overlap between cellular and PEC gates, while PEC
and 200 nm bead share similar forward (FSC) and side (SSC) scattering. (D) calibration plot
(detected events v. bead concentration) generated for various dilutions of NIST beads. (E)
measured detected events versus arbitrary PEC dilutions per batch; (F) the calculated
concentration of PEC based on the bead standardization. Error bars are the standard error for
n=3.
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Figure 3.
PEC cytotoxicity profiles for multi-component PEC. (A) MTS reduction after 72 h incubation
over various serial dilutions; (B) propidium iodide staining at a fixed concentration of
1.54×109 PEC/ml. One-way ANOVA showed no significant difference as a function of dose
or time, while Dunnet’s test showed that each mean was statistically the same as the control
(no PEC),  p <0.05. Data are means of at least 3 experiments (mean ± s.e.).
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Figure 4.
Suppression of FITC via addition of trypan blue. (A) Addition of 0.4 mg/ml trypan blue
abolished the fluorescence of free PEC in suspension. Lines indicate the distributions of
fluorescent events before (solid) and after (dashed) exposure to trypan blue, respectively. (B)
median fluorescent signals (means ± standard error) for three independent experiments and
PEC preparations. The use of trypan blue did not affect the viable, gated cell population in
cultures alone (C), with trypan blue (E), incubated with PEC for 2 h (D), and PEC 2 h with
trypan blue (F).
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Figure 5.
PEC-HMVEC association kinetics and trypsin sensitivity for HMVEC. Kinetics of rapid
binding (A) and internalization (B) for 2 h PEC or free FITC PMCG exposure measured by
FACS showed saturability(n=3). Binding and uptake at 30 min (C) were also sensitive to tryptic
detachment (p<0.05, n=3). A one-sample t-test compared bound and internalized fluorescence
compared to EDTA treated (control). Confocal laser scanning microscopy imaging (D) of PECs
(green) incubated with HMVEC for 2 h showed a perinuclear accumulation. Nuclei were
stained with TOPRO-3 (violet).
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Figure 6.
Inhibition of binding (surface bound) and internalization (inside) mechanisms is modulated by
multiple mechanisms. (A) Energy-mediated PEC internalization and binding. Dependence on
metabolic and thermodynamic was evaluated by incubation with 2-deoxyglucose/sodium azide
(gray) and reduced temperature (black), respectively. Statistically significant differences were
seen at the 95% confidence interval for surface binding and uptake (n=3). (B) Actin assembly
facilitates the binding and internalization of PEC. Preincubation of HMVEC with 10 μM
cytochalasin D for 2 h significantly inhibited particle uptake, but binding inhibition did not
reach significance until higher doses were applied (one-sample t-test p<0.05). Data are the
average of 3 replicates with error bars corresponding to standard error. (C) shows the
competitive inhibition of attachment and binding by incubation of cells with PEC and 200 U/
ml heparin while (D) displays the role of HSPG in PEC binding. HMVEC were 24 h pre-
incubated with either 4-nitrophenyl-α-xylopyranoside (α-xyl, black) or 4-nitrophenyl-β-
xylopyranoside (β-xyl, gray), where the α-isomer does not inhibit HSPG biosynthesis. Only
the surface binding differed statistically from the control (p<0.05, n=3)

Hartig et al. Page 21

Biomaterials. Author manuscript; available in PMC 2008 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 7.
Binding isotherms for PEC on HMVEC at 37°C and 4°C. 3h incubations were performed at
37°C, (A) and (C), or at 4°C, (B) and (D). Binding was estimated by FACS (n=3). (A) and (B)
show dose-dependent binding curves; (C) and (D) represented Scatchard plot analysis. The
ratios of bound and free PEC for each concentration were determined based on the median
fluorescence index of each dose in the absence of cells, follwed by correlation to calibration
curves.
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