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Abstract: The use of synthetic polymers for the delivery of nucleic acids holds considerable
promise for understanding and treating disease at the molecular level. This work aims to decipher
the cellular internalization mechanisms for a series of synthetic glycopolymer DNA delivery
vehicles we have termed poly(glycoamidoamine)s (PGAAs). To this end, we have performed
cellular delivery experiments in the presence of pharmacological endocytosis inhibitors. Confocal
microscopy analysis showed colocalization of labeled pDNA in polyplexes with immunolabeled
endocytic molecules to identify the cellular internalization pathways in HeLa cells. Direct
membrane penetration was also investigated through various methods, including cellular energy
depletion and leakage of a cytosolic enzyme from the cell. The data suggests that the cellular
internalization of PGAA polyplexes occurs through a multifaceted internalization mechanism
primarily involving caveolae, yet clathrin-coated vesicles and macropinosomes were also involved
to a lesser degree. The primary mechanism that leads to efficient nuclear delivery and transgene
expression appears to be caveolae/raft-mediated endocytosis. The cellular internalization
pathways for PGAAs were not identical to those for polyethylenimine, illustrating that differences
in the chemical structure of materials directly impacts the cellular internalization mechanisms.

Keywords: Nonviral DNA delivery; caveolae; clathrin; flow cytometry; transfection; membrane
disruption

Introduction
The intracellular delivery of nucleic acids is unlocking the

mysteries of biological processes and facilitating the devel-
opment of new treatments for a myriad of inherited and
acquired diseases. While nucleic acids have exceptional

affinity and specificity for their intracellular targets, many
complex factors dictate the accuracy, reproducibility, and
relevance of using these biomacromolecules to regulate gene
expression for biological research and therapeutic develop-
ment. In particular, delivery systems are needed to compact
nucleic acids into nanostructures, protect them from enzy-
matic damage, facilitate their cellular entry, and provide the
possibility of targeting their delivery to specific tissue types
and sites within the cell.1

The delivery vehicle plays a central yet elusive role in
dictating the efficacy, safety, cellular transport mechanisms,
and kinetics of gene regulation in a spatial and temporal
manner. While viral-based delivery methods are the most
commonly studied vectors, there are many shortcomings with
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these systems such as toxicity, immunogenicity, and dif-
ficulties in biological engineering.2,3 These issues have
inspired the creative design of synthetic materials that
promote cellular entry of nucleic acids. Several subclasses
of nonviral delivery vehicles are being developed, including
cationic polymers,4,5 liposomes,6 and peptides.7,8 These
synthetic vehicles have the potential to avoid immunogenic
and toxic side effects.9,10 They offer a facile means to

incorporate functionality for increasing specificity of cellular
entry and transport with the potential to target specific cell
types in ViVo.11

(2) Verma, I. M.; Somia, N. Gene Therapy - Promises, Problems,
and Prospects. Nature 1997, 389, 239–242.

(3) Wolff, J. A. The “Grand” Problem of Synthetic Delivery. Nat.
Biotechnol. 2002, 20, 768–769.

(4) Boussif, O.; Lezoualc’h, F.; Zanta, M. A.; Mergny, M. D.;
Scherman, D.; Demeneix, B.; Behr, J.-P. A versatile vector for
gene and oligonucleotide transfer into cells in culture and in ViVo:
Polyethyleneimine. Proc. Natl. Acad. Sci. U.S.A. 1995, 92, 7297–
7301.

(5) Goncalves, C.; Mennesson, E.; Fuchs, R.; Gorvel, J.-P.; Midoux,
P.; Pichon, C. Macropinocytosis of Polyplexes and Recycling of
Plasmid via the Clathrin-Dependent Pathway Impair the Trans-
fection Efficiency of Human Hepatocarcinoma Cells. Mol. Ther.
2004, 10 (2), 373–385.

(6) Wiethoff, C. M.; Smith, J. G.; Koe, G. S.; Middaugh, C. R. The
Potential Role of Proteoglycans in Cationic Lipid-mediated Gene
Delivery. J. Biol. Chem. 2001, 276 (35), 32806–32813.

(7) Fuchs, S. M.; Raines, R. T. Pathway for Polyarginine Entry into
Mammalian Cells. Biochemistry 2004, 43, 2438–2444.

(8) Nakase, I.; Tadokoro, A.; Kawabata, N.; Takeuchi, T.; Katoh, H.;
Hiramoto, K.; Negishi, M.; Nomizu, M.; Sugiura, Y.; Futaki, S.
Interaction of Arginine-Rich Peptides with Membrane-Associated
Proteoglycans is Crucial for Induction of Actin Organization and
Macropinocytosis. Biochemistry 2007, 46, 492–501.

Figure 1. Structures of the poly(glycoamidoamine) (PGAA) nucleic acid delivery polymers.12-15 As shown, the
polymers differ by the stereochemistry of hydroxyl groups in the carbohydrate portion of the repeat unit. Each polymer
was created by the copolymerization of a carbohydrate-based monomer and pentaethylenehexamine (the R groups )
H or point of polymer branching).

Figure 2. Summary of cellular internalization pathways of polyplexes formed with PGAA polymers and DNA. (a)
Polyplexes form spontaneously by mixing DNA and polymer, forming cationic spherical “polyplexes.” (b) The polyplex
can be internalized by multiple pathways that can lead to nuclear trafficking, including macropinocytosis (far left),
clathrin-mediated endocytosis (middle left), caveolae (middle right), and nonendocytic direct membrane penetration
(far right). These pathways are explored in this study to investigate the mechanism of cellular internalization of PGAA
polyplexes.
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Indeed, many diverse synthetic polymeric delivery vehicles
are being developed to encapsulate nucleic acids into
nanoparticle complexes, termed polyplexes. However, poly-
ethylenimine (PEI), a material originally used in ion ex-
change and epoxy resins,16 still remains among the most
heavily studied materials for nucleic acid delivery. The high
in Vitro transfection efficiency of PEI is routinely used as a
benchmark for new vehicle development;4 yet, its clinical
relevance is limited by high cytotoxicity.12,17 For this reason,
we have rationally designed a family of cationic glycopoly-
mer vehicles termed poly(glycoamidoamine)s (PGAAs,
Figure 1) by copolymerizing a PEI-like polyamine with a
variety of monosaccharide monomers (dimethyl-meso-ga-
lactarate, dimethyl-D-glucarate, D-mannaro-1,4:6,3-dilactone,
and dimethyl-L-tartarate).12,15,18 These polymers were orig-
inally developed to reduce the toxicity of PEI-based vehicles
and to gain an understanding of the structure-bio-
activity relationships. Through many studies on these struc-
tures, we have found that both hydroxyl stereochemistry and
amine number play a role in delivery efficacy. We have
shown that the structures with four ethyleneamines generally
have the best delivery and biocompatibility profiles.12,13,15,18

While the development of safe and effective delivery
materials is important to this area, the elucidation of the
intracellular mechanisms of polyplex transport as a function
of polymer structure is paramount to the advancement of
nucleic acid research tools and medicines. Indeed, several

recent reviews have highlighted the fundamental importance
of understanding these biological mechanisms of deliv-
ery.10,19,20 We are particularly interested in how copolymer-
izing carbohydrates with PEI-like oligoethyleneamine groups
affects cellular internalization routes, as we have shown that
subtle changes in polymer structure can greatly influence
bioactivity. These studies are essential for the future design
of new vehicles that can be tuned to deliver nucleic acids
through specific cellular trafficking pathways, as different
nucleic acid types require distinctive final destinations inside
the cell. For example, plasmid DNA must be trafficked
to the nucleus for transcription but siRNA requires delivery
to the cytoplasm to inhibit translation. Using a multidisci-
plinary approach, we can begin to understand how the
polymer chemistry affects cellular processing of polyplexes,
with the end goal of rationally-designed vehicles to deliver
DNA into cells in an unambiguous manner.

Herein, we elucidate the cellular entry mechanisms of
PGAA nucleic acid delivery vehicles with human cervical
adenocarcinoma (HeLa) cells. This was achieved by compar-
ing the PGAA results to those of linear PEI (Jet-PEI) in order
to observe differences in cellular uptake of polyamine
vehicles with those that contain carbohydrates in the
backbone. The results presented herein suggest that, while
multiple pathways of endocytosis are involved in the cellular
uptake of PGAA polyplexes, one pathway is dominant in
promoting transgene expression. Caveolae/raft-mediated and
clathrin-mediated endocytosis appear to be the primary
pathways of PGAA polyplex uptake by HeLa cells, and
macropinocytosis is involved to a lesser degree (Figure 2).
Caveolae/raft-mediated uptake appears to be the major uptake
route leading to nuclear delivery and efficient transgene
expression with the PGAA delivery vehicles. We also show
that nonendocytic uptake via direct membrane penetration
cannot be ruled out as a slight contributor to total polyplex
uptake, but this effect is less for PGAA polyplexes than for
those made with Jet-PEI. Jet-PEI appears to be less dependent
on these mechanisms, suggesting alternate mechanisms
contribute to PEI uptake. These fundamental studies are
crucial for understanding the structure-bioactivity relation-
ships for synthetic materials and will aid researchers to
rationally design novel materials for biological use and
targeted delivery systems.

Experimental Section
Reagents. All chemical reagents were purchased from

Sigma-Aldrich (St. Louis, MO) unless noted otherwise. All
four poly(glycoamidoamine)s [poly(galactaramidopentaeth-
ylenetetramine) (G4); poly(D-glucaramidopentaethylenetet-

(9) Li, S.; Huang, L. Nonviral Gene Therapy: Promises and Chal-
lenges. Gene Ther. 2000, 7, 31–34.

(10) Medina-Kauwe, L. K.; Xie, J.; Hamm-Alvarez, S. Intracellular
trafficking of nonviral vectors. Gene Ther. 2005, 12, 1734–1751.

(11) Fichter, K. M.; Zhang, L.; Kiick, K. L.; Reineke, T. M. Peptide-
Functionalized Poly(ethylene glycol) Star Polymers: DNA De-
livery Vehicles with Multivalent Molecular Architecture. Bio-
conjugate Chem. 2008, 19 (1), 76–88.

(12) Liu, Y.; Reineke, T. M. Hydroxyl Stereochemistry and Amine
Number within Poly(glycoamidoamine)s Affect Intracellular DNA
Delivery. J. Am. Chem. Soc. 2005, 127, 3004–3015.

(13) Liu, Y.; Reineke, T. M. Poly(glycoamidoamine)s for Gene
Delivery: Stability of Polyplexes and Efficacy with Cardiomyo-
blast Cells. Bioconjugate Chem. 2006, 17 (1), 101–108.

(14) Liu, Y.; Reineke, T. M. Poly(glycoamidoamine)s for Gene
Delivery. Structural Effects on Cellular Internalization, Buffering
Capacity, and Gene Expression. Bioconjugate Chem. 2007, 18,
19–30.

(15) Liu, Y.; Wenning, L.; Lynch, M.; Reineke, T. M. New Poly(D-
glucaramidoamine)s Induce DNA Nanoparticle Formation and
Efficient Gene Delivery into Mammalian Cells. J. Am. Chem. Soc.
2004, 126, 7422–7424.

(16) Alpert, A. J.; Regnier, F. E. Preparation of a Porous Micropar-
ticulate Anion-Exchange Chromatography Support for Proteins.
J. Chromatogr. 1979, 185 (1), 375–392.

(17) Reineke, T. M.; Davis, M. E. Structural Effects of Carbohydrate-
Containing Polycations on Gene Delivery. 1. Carbohydrate Size
and Its Distance from Charge Centers. Bioconjugate Chem. 2003,
14, 247–254.

(18) Liu, Y.; Wenning, L.; Lynch, M.; Reineke, T. M. Gene delivery
with novel poly(L-tartaramidoamine)s. In Polymeric Drug DeliVery
Vol. I - Particulate Drug Carriers; Svenson, S., Ed.; American
Chemical Society: Washington, DC, 2006.

(19) Midoux, P.; Breuzard, G.; Gomes, J. P.; Pichon, C. Polymer-based
Gene Delivery: A Current Review on the Uptake and Intracellular
Trafficking Pathways of Polyplexes. Curr. Gene. Ther. 2008, 8,
335–352.

(20) Khalil, I. A.; Kogure, K.; Akita, H.; Harashima, H. Uptake
Pathways and Subsequent Intracellular Trafficking in Nonviral
Gene Delivery. Pharmacol. ReV. 2006, 58 (1), 32–45.
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ramine) (D4), poly(D-mannaramidopentaethylenetetramine)
(M4), and poly(L-tartaramidopentaethylenetetramine) (T4)]
were synthesized and purified as previously described.12,13,15

Plasmid DNA, both pCMV� and gWizLuc (containing the
luciferase reporter gene), were purchased from Aldevron
(Fargo, ND) and Plasmid Factory (Bielefeld, Germany),
respectively. pCMV� was labeled with Cy5 using a Label
IT kit (Mirus, Madison, WI) at 1/10 the labeling ratio
suggested by the manufacturer, and purified using QIAquick
PCR purification kit (Qiagen, Valencia, CA). FITC-pDNA
was purchased from Mirus. Jet-PEI solution was purchased
from Avanti Polar Lipids (Birmingham, AL). Tetramethyl-
rhodamine-labeled dextran (TAMRA-Dextran, 25 kDa),
propidium iodide (PI) and dimethyl sulfoxide were from
Molecular Probes (Eugene, OR). Unless noted otherwise, all
dilutions, including N/P dilutions of the PGAAs and pDNA,
were done in DNase/RNase-free H2O (Gibco, Carlsbad, CA).

Polyplex Preparation. For all experiments herein, PGAA
polyplexes were formed at an N/P ratio of 20, as we have
previously shown that this N/P ratio leads to high transgene
expression and minimal toxicity in HeLa and other mam-
malian cell types.12,13 Jet-PEI polyplexes were formed at N/P
5. For cellular uptake experiments, polyplexes were formed
with Cy5-pCMV�, and for transfection experiments, poly-
plexes were prepared using the gWizLuc luciferase reporter
plasmid. The concentration of DNA used to form to
polyplexes was 0.02 mg/mL, and an equal volume of
polymer solution at the appropriate N/P ratio was added to
the DNA solution and incubated at room temperature for at
least 30 min. N/P ratios were calculated using only the
secondary amines (and not the amide nitrogens). Uncom-
plexed DNA control (DNA only) was prepared using
nuclease-free water in place of the polymer solution.

Cell Culture. All cell culture products, unless otherwise
noted, were purchased from Gibco/Invitrogen (Carlsbad,
CA). HeLa (human adenocervical carcinoma) cells were
purchased from American Type Culture Collection (ATCC,
Manassas, VA), and were subcultured once per week in
Advanced DMEM, supplemented with 2% fetal bovine
serum, 1% L-glutamine, 100 units/mg penicillin, 100 µg/mL
streptomycin, and 0.25 µg/mL amphotericin. Transfection
medium was Dulbecco’s modified Eagle’s medium contain-
ing GlutaMAX, supplemented with 10% fetal bovine serum,
100 units/mg penicillin, 100 µg/mL streptomycin, and 0.25
µg/mL amphotericin. Cells were determined to be free of
mycoplasma contamination using MycoAlert Mycoplasma
Detection Kit (Lonza, Rockland, ME).

Endocytic Pathway Inhibition. HeLa cells were seeded
at 1.5 × 105 cells/well in transfection media in 6-well tissue
culture plates (Corning; Corning, NY) and incubated for 24 h
at 37 °C in a humid 5% CO2 atmosphere. Polyplexes were
formed as described previously. Medium was removed from
the wells, and the wells were rinsed with PBS. Opti-MEM
(2 mL) was added to each well, containing the following
concentrations of the endocytic pathway inhibitors: chlor-
promazine, 10 µg/mL; filipin III, 1 µg/mL; dimethy-
lamiloride, 100 µM; phorbol 12-myristate 13-acetate, 2 µM;

cytochalasin D, 2 µg/mL; Dynasore, 80 µM. Cells were
incubated with the drugs for the following amounts of time:
filipin III, 1 h; chlorpromazine, 30 min; Dynasore, 30 min;
phorbol myristate acetate, 15 min; cytochalasin D, 15 min;
dimethylamiloride, 5 min. The drug concentrations and
incubation times used in this study were based upon
previously published studies5,21-23 and drug toxicity studies
(not shown). Polyplex solution (300 µL) was added directly
to each well containing 2 mL of Opti-MEM and the drugs
at the above concentrations. Negative controls were cells only
or uncomplexed DNA (DNA only). Cells were transfected
for 2 h at 37 °C. After 2 h, 3 mL of transfection medium
was added to each well and the cells were incubated an
additional 30 min. Cells were detached 21/2 h post-transfec-
tion with 500 µL of Trypsin-EDTA and quenched with
transfection medium (1 mL), and the contents of each well
were collected into Falcon Tubes (BD Biosciences, San Jose,
CA). Cells were centrifuged at 4 °C and 1250 rpm for 10
min. The supernatants were removed, and the cell pellets
were rinsed with PBS and centrifuged again at identical
conditions. The cell pellets were suspended in 2% FBS in
PBS. Cellular uptake of Cy5-pCVM� was measured on a
FACS Canto II flow cytometer (BD Biosciences). Propidium
iodide (PI, 5 µg/mL) was added to each tube and mixed 2-5
min prior to analysis. Appropriate gating was done against
the cells-only control to ensure that autofluorescence and
dead cells (PI-positive) were excluded from subsequent
analysis. Cy5 was excited using a 633 nm helium-neon laser
and detected with a 660/20 nm bandpass filter, and propidium
iodide was excited with a 488 nm solid-state laser and
fluorescence emission was detected by a 670 nm long-pass
filter. 10,000-20,000 gated events were collected for each
sample, and data analysis was completed using FACSDiva
software (BD Biosciences) and FCS Express (De Novo
Software, Los Angeles, CA). Presented data is an average
of at least two replications.

Transgene Expression Experiments. For the non-en-
docytic transfection experiments, HeLa cells were seeded at
5 × 104 cells/well in 24-well tissue culture plates in
transfection media and incubated for 24 h at 37 °C and 5%
CO2. The control cells were kept at 37 °C, and the inhibited
cells were preincubated at 4 °C prior to transfection. The
control cells were rinsed with 1-2 mL of room temperature
PBS and the inhibited cells with ice-cold PBS. Polyplexes
(300 µL) were diluted with 600 µL of Opti-MEM, and 300
µL of resulting polyplex solution in Opti-MEM was added
to each well. Negative controls were cells only and uncom-

(21) Ferreira, D.; Cortez, M.; Atayde, V. D.; Yoshida, N. Actin
Cytoskeleton-Dependent and -Independent Host Cell Invasion by
Trypanosoma cruzi is Mediated by Distinct Parasite Surface
Molecules. Infect. Immun. 2006, 74 (10), 5522–5528.

(22) Macia, E.; Ehrlich, M.; Massol, R.; Boucrot, E.; Brunner, C.;
Kirchhausen, T. Dynasore, a Cell-Permeable Inhibitor of Dynamin.
DeV. Cell 2006, 10, 839–850.

(23) Payne, C. K.; Jones, S. A.; Chen, C.; Zhuang, X. Internalization
and Trafficking of Cell Surface Proteoglycans and Proteoglycan-
Binding Ligands. Traffic 2007, 8, 389–401.
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plexed DNA. Control cells were allowed to transfect at 37
°C and inhibited cells at 4 °C for 2 h, at which point the
medium was removed and the cells were rinsed twice with
1 mg/mL heparin in PBS and refreshed with 1 mL of
transfection medium. Medium was replaced 24 h post-
transfection, and the cells were lysed and assayed for
luciferase gene expression 48 h post-transfection, using a
Luciferase Assay Kit (Promega, Madison, WI) at 750 nm,
with luminescence measured in duplicate in 10 s intervals
using a plate reader (GENios Pro, TECAN US, Research
Triangle Park, NC). Cell viability was measured using the
DC Protein assay (Bio-Rad, Hercules, CA) and normalized
against a cells-only negative control using a standard curve
of bovine serum albumin.

To investigate the effect of endocytic pathway inhibition
on transgene expression, cells were incubated in 500 µL of
Opti-MEM containing inhibitors at identical concentrations
and incubation times as for the uptake experiments. After
incubation, inhibitors in Opti-MEM were removed, cells were
rinsed with PBS to remove the drugs, and transfection was
completed as described above, using Opti-MEM containing
the drug inhibitors.

Liposome Disruption. 1,2-Dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC) and 1,2-dipalmitoyl-sn-glycero-3-
phosphate (DPPA, monosodium salt, Tc ) 67 °C) were
obtained as powders from Avanti Polar Lipids (Birmingham,
AL). Lipids were dissolved in chloroform/methanol/distilled
water at approximately 10 mg lipid/mL solvent. A dry lipid
film was obtained by rotary evaporation of the solvent in
a round-bottomed flask and dried under vacuum overnight.
The final lipid composition was approximately 95% DPPC/
5% DPPA. Lipid film was stored at -20 °C until further
use.

A 45-50 mM solution of 5(6)-carboxyfluorescein (CF)
was prepared in PBS. This solution was added to the dry
lipid film and agitated for 1 h in 75 °C water bath, and then
allowed to rest at the same temperature for 10 min. Large
unilamellar vesicles (LUV) were prepared by subjecting
vesicle suspension to 4-5 freeze-thaw cycles prior to
extrusion 15× through 1 µm polycarbonate membranes using
a miniextruder (Avanti). Nonencapsulated CF was removed
by passing vesicles through Sephadex G-25 microspin
columns (GE Healthcare, Piscataway, NJ). Vesicle size and
negative surface charge were verified by dynamic light
scattering and �-potential with a Zetasizer NanoSizer ZS
(Malvern; Worchestershire, U.K.). Encapsulation of fluoro-
phore was verified by addition of 1 mL of 1% triton X-100
to 1 mL of diluted vesicles and observation of increased
fluorescence intensity. Vesicles were stored at 4 °C. To assess
leakage, vesicle suspension was added to a fluorescence
cuvette or black 96-well microplate and diluted with PBS.
Fluorescence of diluted vesicles was measured, and polyplex
solution was titrated in aliquots and measurements were taken
over time. To assess fluorescence of completely ruptured
vesicles, 10% Triton X-100 was added. Measurements were
taken using a Cary Eclipse spectrophotometer (Varian, Palo
Alto, CA), with λex ) 492 nm and λem ) 500-600 nm, λmax

) 525 nm, an excitation slit width of 1.5 nm, and emission
slit width of 10 nm, or with the plate reader. Measurements
were normalized to controls of untreated vesicles in PBS.

Adenylate Kinase Leakage Assay. HeLa cells were plated
at 5 × 104 cells/well in transfection media in 24-well culture
plates and allowed to adhere to the plate for 24 h at 37 °C
in a humid atmosphere containing 5% CO2. Opti-MEM (600
µL) was added to 300 µL of polyplex solution, and 300 µL
was transfected into each well. After four hours, 800 µL of
transfection medium was added to each well. Adenylate
kinase activity was assessed up to 48 h post-transfection
using the Toxi-Light Bioassay kit (Lonza) and measured with
the plate reader. For samples taken prior to 4 h post-
transfection, 5 µL of media was used for the measurement,
with all subsequent measurements using 20 µL to compensate
for dilution. Results are the mean of triplicate measurements,
and data was normalized to DNA only at each time point.

Cell Imaging by Confocal Microscopy. All primary
antibodies were obtained from AbCam (Cambridge, MA).
HeLa cells were plated at 1.2 × 104 cells/well in transfection
media in 12-well culture plates containing sterile 15 mm No.
1 coverslips. Cells were incubated for 48 h at 37 °C in a
humid 5% CO2 atmosphere to allow adherence to the
coverslip. Polyplexes were prepared in the dark. After
removing media and rinsing coverslips with PBS, 1 mL of
Opti-MEM was added to each well, and each well was
transfected with 100 µL of polyplex solution, Opti-MEM
(cells only), or uncomplexed DNA. Controls of primary
antibodies only (no secondary antibody) and secondary
antibody only (no primary antibodies) ensured that nonspe-
cific fluorescence was not occurring (not shown). Polyplexes
were allowed to transfect in HeLa cells for 1 h at 37 °C/5%
CO2. After transfection, coverslips were rinsed 3× with PBS.
For antibody samples, cells were fixed in 1 mL of 4% PFA
in PBS for 10 min at 4 °C. For dextran samples, 300 µL of
TAMRA-dextran (Molecular Probes, 10 mg/mL in PBS) was
added to each well and incubated for 15 min, then fixed.
Cells were permeabilized with 0.5 mL of 0.25% Triton X-100
in PBS, and blocked with 1 mL of 1% BSA in PBS (blocking
buffer). Primary antibodies were diluted in blocking buffer,
and labeling concentrations of primary antibodies were as
follows: anti-clathrin (rabbit polyclonal to clathrin heavy
chain), 1 µg/mL; anti-caveolin-1 (rabbit polyclonal to ca-
veolin-1), 2 µg/mL. For primary antibody labeling, blocking
buffer was removed from each well, and 500 µL of the
appropriate antibody was added to each well, and incubated
at room temperature for 1 h. The excess primary antibody
was removed, cells were rinsed 3× with PBS, and coverslips
placed onto 100 µL of secondary antibody (5 µg/mL, Alexa
Fluor 555 goat, anti-rabbit monoclonal Ab), and incubated
1 h at room temperature in a humid environment. Coverslips
were counterstained with DAPI (Molecular Probes) or Draq-5
(Alexis Biochemicals, San Diego, CA) for nuclear staining,
mounted using Prolong antifade mounting media (Molecular
Probes), and dried overnight. Cell imaging was done using
a 63× oil immersion objective (NA ) 1.4) on a LSM510
confocal system fitted onto an Axioplan 2 upright microscope
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or 40× oil immersion objective (NA ) 1.3) on an Axiovert
100 inverted microscope (Zeiss, San Diego, CA). Images
were acquired using laser excitation and filter sets appropriate
for the dyes of interest (DAPI, λex ) 364 nm, λem ) BP
385-470 nm; FITC, λex ) 488 nm, λem ) BP 505-550 nm;
AF-555, λex ) 543 nm, λem ) BP 560-615 nm; Draq5, λex

) 633 nm, λem ) LP 650). The confocal pinhole was adjusted
to image a vertical optical slice of 1.0 µm (40× objective)
or 0.8 µm (63× objective). Minimal modifications to image
brightness, contrast and noise reduction were completed using
NIH Image J software,24 and all modifications were applied
to the entire image.

Statistical Analysis. Statistical significance of the data was
assessed by Student’s t test, using JMP 7.0 software.

Results and Discussion
Endocytosis Inhibition on PGAA Uptake. The cellular

uptake mechanisms of polyplexes formed with pDNA and
each of our glycopolymer delivery vehicles were investigated
using cellular transfection experiments in the presence of
pharmacological inhibitors to block various cellular uptake
pathways. Polyplexes were formed using Cy5-labeled pDNA,
and HeLa cells were transfected in the presence of endocytic
inhibitors. Chlorpromazine, filipin III, or dimethylamiloride
(DMA) were used to inhibit clathrin, caveolae and macro-
pinocytosis, respectively.10,20 Similarly, phorbol myristate
acetate (PMA) was used to stimulate macropinocytosis.
Cytochalasin D (depolymerizes actin) and Dynasore (inhibits
dynamin) were also used in these experiments to understand
the role of these proteins on polyplex endocytosis. In these
experiments, a decrease in cellular uptake or gene expression
in the presence of an inhibitor indicates that a specific
mechanism is involved in polyplex uptake. The mean
intracellular fluorescence intensity of labeled pDNA was
measured by flow cytometry to characterize the effect on
cellular internalization. Each experiment was compared to
the negative controls of untreated cells (HeLa cells only)
and uncomplexed DNA (DNA only), as well as the positive
controls of cells transfected with PGAA polyplexes without
the drug inhibitors. The results of the polyplex uptake
experiments in HeLa cells cultured in the presence of the
inhibitors are shown in Figure 3 and are presented as the
percent decrease in cellular uptake as normalized to trans-
fected cells not exposed to the drug inhibitors. It should be
noted that one of the potential issues with pharmacological
endocytic pathway inhibition is the possibility of side effects
occurring in the cell as a result of the treatment.25 For
example, inhibiting one cellular pathway sometimes leads
to upregulation of another, as biological systems will adapt

to readily ensure the needs of the cell are satisfied. However,
the signaling pathways that lead to upregulation of other
internalization mechanisms are poorly understood.26 With
these phenomena in mind, these studies were carried out
using the most specific known inhibitors for a given pathway
with the least known potential side effects.20,27

As shown in Figure 3, upon inhibition of caveolae using
filipin III, cellular uptake was nearly abolished for all the
PGAA polyplexes (formulated with G4, D4, M4, and T4),
giving 78-89% inhibition of polyplex uptake into HeLa
cells. Polyplexes formed with Jet-PEI were also inhibited to
a large degree with filipin III. These data suggest that
caveolae-mediated endocytosis is highly involved in uptake
of PGAA and PEI complexes. Likewise, chlorpromazine was
used as a specific inhibitor of clathrin-mediated endocytosis.
Inhibiting clathrin also had a pronounced effect on PGAA
polyplex uptake, reducing the internalization of polyplexes
by between 50% and 60%, suggesting that clathrin, like
caveolae, also contributes significantly to total PGAA

(24) Rasband, W. S. ImageJ; U.S. National Institutes of Health:
Bethesda, MD, USA, 1997-2007.

(25) von Gersdorff, K.; Sanders, N. N.; Vandenbroucke, R.; De Smedt,
S. C.; Wagner, E.; Ogris, M. The Internalization Route Resulting
in Successful Gene Expression Depends on both Cell Line and
Polyethylenimine Polyplex Type. Mol. Ther. 2006, 14 (5), 745–
753.

(26) Conner, S. D.; Schmid, S. L. Regulated portals of entry into the
cell. Nature 2003, 422, 37–44.

(27) Ivanov, A. I. Pharmacological Inhibition of Endocytic Pathways:
Is it specific enough to be useful? In Methods in Molecular Biology
440 (Exocytosis and Endocytosis); Humana Press: Totowa, NJ,
2008.

Figure 3. Percentage decrease in the cellular uptake of
polyplexes upon pharmacological inhibition of the
endocytic pathways. HeLa cells were incubated with the
inhibitors prior to polyplex exposure, and the decrease
in polyplex uptake was determined after 21/2 h via
flow cytometry. Chlorpromazine, filipin III, and dimeth-
ylamiloride (DMA) were used to inhibit clathrin,
caveolae and macropinocytosis, respectively. Phorbol
myristate acetate (PMA) were used to stimulate
macropinocytosis. Cytochalasin D and Dynasore were
used to depolymerize actin and inhibit dynamin,
respectively. The percentage decrease in Cy5-pDNA
fluorescence is determined relative to cells transfected
with each polyplex type without the inhibitors. All values
are statistically different from DNA only (p < 0.05),
unless marked with # (not significant).
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polyplex uptake, but perhaps to a lesser extent. On the other
hand, Jet-PEI polyplex uptake was affected to a much lower
degree by clathrin inhibition, as inhibition decreased uptake
by less than 30%. This suggests that caveolae-mediated
endocytosis is the dominant mechanism leading to PGAA
and Jet-PEI polyplex uptake, but clathrin is more involved
in PGAA polyplex uptake than for Jet-PEI polyplexes with
HeLa cells. The apparent favorability of the caveolar pathway
for the PGAA polymeric vectors could be advantageous for
therapeutic administration, as caveolae are known to be an
efficient mechanism of transcytosis of cargo,28,29 which could
be beneficial for vascular and deep tissue penetration of
nucleic acid drugs. For example, it has been shown that HIV
particles can bind to certain receptors present in caveolar
microdomains and be directly shuttled (transcytosed) across
epithelial cells.29

Formation of macropinosomes in cultured cells can be
specifically inhibited by adding dimethylamiloride (DMA)
into the culture media.10,20,30 Inhibiting macropinocytosis
with DMA caused a small, statistically-insignificant decrease
in cellular uptake of PGAA polyplexes. T4 polyplex inter-
nalization was inhibited to the largest degree (26%), and the
remainder of the PGAA polyplexes formed with G4, D4,
and M4 were inhibited by 16% or less. The results suggest
that macropinocytosis is a minor internalization pathway for
PGAA polyplexes compared to clathrin and caveolae. To
confirm these results, the transfections were done in the
presence of phorbol 12-myristate 13-acetate (PMA), which
has been shown to stimulate macropinocytosis.5,20,31 Thus,
cells treated with PMA were expected to internalize more
polyplexes through macropinocytosis. Instead, treatment with
PMA caused a substantial decrease in polyplex uptake. For
all four PGAAs, the decrease in uptake was greater than 60%,
with polyplexes formed with G4 and T4 approaching 80%
uptake DMA inhibition (Figure 3). Similarly, inhibition of
macropinocytosis causes decreased PEI polyplex uptake, as
inhibition led to 16% inhibition, and PMA stimulation gave
nearly 50% inhibition, which is less than observed for
PGAA-based polyplexes. It is well-known that one of the
primary fates of macropinosomes is recycling to the cell
surface for exocytosis,32,33 so stimulating macropinocytosis
could increase the rate of polyplex recycling back to the cell
membrane. In addition, stimulating this minor pathway could
also decrease the rate of other primary cellular internalization
routes because polyplexes may be quickly internalized,
decreasing interactions with other endocytic machinery. This
hypothesis is supported by the previous experiments that

reveal caveolae and clathrin uptake routes are more effica-
cious pathways.

The three pathways of endocytosis described thus far all
involve actin for the import of vesicles into the cells. The
actin cytoskeleton has been previously demonstrated to be
involved in endocytosis; ligands bound to receptors interact
with actin filaments, which presumably play a role in vesicle
budding.34,35 Clathrin and caveolae have been shown to
require actin for vesicle budding and detachment from the
plasma membrane for release into the cytosol,5,36 and
macropinosomes are formed through the collapse of actin
extensions onto the cell surface.37 The importance of an intact
actin cytoskeleton was studied using cytochalasin D, which
caps the ends of f-actin and leads to depolymerization of
actin filaments.5,20,38 Actin disruption caused a decrease of
75-81% in the uptake of all the PGAA polyplexes (Figure
3), suggesting that an intact actin cytoskeleton is imperative
for efficient polyplex uptake. Jet-PEI uptake was decreased
by a lesser degree, with 47% uptake inhibition. This outcome
suggests that Jet-PEI uptake is less contingent on an actin-
dependent pathway.

Dynamin is an enzyme involved in many pathways of
endocytosis, including clathrin and caveolae,22,26,36 and
possibly macropinocytosis,39 as it is responsible for pinching
off budded vesicles from the plasma membrane, freeing them
into the cytoplasm.22,40 Inhibiting dynamin activity should
halt endocytic processes that require its action for vesicle
scission. To test this hypothesis, a similar experiment was
conducted using Dynasore, a reversible, noncompetitive
inhibitor of dynamin function that has been recently discov-
ered.22 Polyplex uptake was decreased dramatically (between
83% and 88%) upon dynamin inhibition (Figure 3), strongly
suggesting that PGAA uptake is dynamin-dependent. Jet-
PEI also appears to rely heavily on dynamin-dependent
endocytosis, albeit slightly less than PGAAs, since uptake
decreased by 74%. This result suggests that PEI polyplexes

(28) Harris, J.; Werling, D.; Hope, J. C.; Taylor, G.; Howard, C. J.
Caveolae and Caveolin in Immune Cells: Distribution and
Functions. Trends Immunol. 2002, 23 (3), 158–164.

(29) Shin, J.-S.; Abraham, S. N. Caveolae-Not Just Craters in the
Cellular Landscape. Science 2001, 293, 1447–1448.

(30) West, M. A.; Bretscher, M. S.; Watts, C. Distinct Endocytotic
Pathways in Epidermal Growth Factor-stimulated Human Carci-
noma A431 Cells. J. Cell Biol. 1989, 109 (6), 2731–2739.

(31) Lamaze, C.; Schmid, S. L. The Emergence of Clathrin-Independent
Pinocytic Pathways. Curr. Opin. Cell Biol. 1995, 7, 573–580.

(32) Falcone, S.; Cocucci, E.; Podini, P.; Kirchhausen, T.; Clementi,
E.; Meldolesi, J. Macropinocytosis: Regulated Coordination of
Endocytic and Exocytic Membrane Traffic events. J. Cell. Sci.
2006, 119, 4758–4769.

(33) Nichols, B. J.; Lippincott-Schwartz, J. Endocytosis Without
Clathrin Coats. Trends Cell Biol. 2001, 11 (10), 406–412.

(34) Durrbach, A.; Louvard, D.; Coudrier, E. Actin filaments facilitate
two steps of endocytosis. J. Cell. Sci. 1996, 109, 457–465.

(35) Lamaze, C.; Fujimoto, L. M.; Yin, H. L.; Schmid, S. L. The Actin
Cytoskeleton is Required for Receptor-mediated Endocytosis in
Mammalian Cells. J. Biol. Chem. 1997, 272 (33), 20332–20335.

(36) Nabi, I. R.; Le, P. U. Caveolae/Raft-dependent Endocytosis. J. Cell
Biol. 2003, 161 (4), 673–677.

(37) Swanson, J. A.; Watts, C. Macropinocytosis. Trends Cell Biol.
1995, 5, 424–428.

(38) Alberts, B.; et al. Molecular Biology of the Cell, 4th ed.; Garland
Science: New York, NY, 2002.

(39) Muro, S.; Wiewrodt, R.; Thomas, A.; Koniaris, L.; Albelda, S. M.;
Muzykantov, V. R.; Koval, M. A Novel Endocytic Pathway
Induced by Clustering Endothelial ICAM-1 or PECAM-1. J. Cell
Sci. 2003, 116, 1599–1609.

(40) Mayor, S.; Pagano, R. E. Pathways of Clathrin-independent
Endocytosis. Nat. ReV. Mol. Cell Biol. 2007, 8, 603–612.
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can possibly be internalized by dynamin-independent routes
more efficiently that PGAA polyplexes.

To further pinpoint the specific endocytic route of PGAAs,
polyplexes were transfected into cells in which multiple
pathways of endocytosis were inhibited by adding two drug
inhibitors to the experiment. Results of these experiments
are presented in Figure S1 in the Supporting Information.
Inhibiting clathrin and actin using chlorpromazine and
cytochalasin D, respectively, caused a decrease in uptake of
68%, 74%, 72%, and 80% for G4, D4, M4, and T4
polyplexes, respectively. These extents of uptake reduction
are lower than what was observed upon inhibition of actin
values are lower than inhibiting actin alone but higher than
inhibiting clathrin only, suggesting that polyplexes enter the
cell through other actin-dependent pathways. When clathrin
and macropinocytosis were inhibited using chlorpromazine
and DMA, respectively, uptake was inhibited by 80%, 66%,
82%, and 75% for G4, D4, M4, and T4 polyplexes,
respectively. The inhibition of both pathways significantly
decreased uptake, and the percent inhibition nearly equaled
the sum of inhibiting clathrin and macropinocytosis alone.
This was unexpected, as caveolae were also shown to
significantly contribute to uptake. These results support that
clathrin-mediated endocytosis is a significant pathway in
PGAA polyplex uptake. Inhibiting clathrin-mediated en-

docytosis with chlorpromazine while stimulating macropi-
nocytosis with PMA showed a similar degree of inhibition
as inhibiting both clathrin and actin; polyplex uptake was
inhibited by 71%, 73%, 70%, and 76% for G4, D4, M4 and
T4 polyplexes, respectively. For G4 and T4 polyplexes, these
inhibition levels were similar to stimulating macropinocytosis
alone and higher than inhibiting clathrin alone. However,
D4 and M4 polyplex uptake decreased to an intermediate
degree when compared to treatments with chlorpromazine
(inhibiting clathrin) or PMA (stimulating macropinocytosis)
alone. To our surprise, inhibiting macropinocytosis and
disrupting actin resulted in a net increase (less inhibition)
of polyplex uptake compared with internalization of poly-
plexes in cytochalasin D-treated cells. Since macropinocy-
tosis is reliant on actin for formation of macropinosomes, it
was expected that the results would be similar to the actin-
inhibited cellular uptake. This increase in uptake could be
due to upregulation of other pathways.27 These poorly
characterized actin-independent pathways may play a small
role in total polyplex uptake normally, but interfering with
the cytoskeleton and Na+/H+ pumps could stimulate the cell
to upregulate other pathways to ensure that vital endocytic
function is not lost. It should be noted that the likelihood of
drug-induced side effects to internalization are amplified in
these experiments, and further experiments are needed to
discern these possible alternative pathways.

Endocytosis Inhibition on Gene Expression. Transfec-
tion efficiency experiments were carried out using endocytic
pathway inhibition to determine how uptake influences
nuclear trafficking. This data allows us to determine the most
critical pathways for successful shuttling of the pDNA to
the cell nucleus with the studied vehicles and if they differ
from the pathways most prominent for uptake. The results,
shown in Figure 4, support the results of the uptake
experiments with an interesting finding: polyplexes formed
with each of the four PGAAs show similar trends in
transfection in the presence of these drug inhibitors, sug-
gesting similar mechanisms lead to efficient polyplex traf-
ficking to the nucleus. Inhibition of caveolae-mediated
endocytosis with filipin III resulted in decreased luciferase
reporter gene expression for all of the PGAA polyplexes. In
the presence of filipin III, luciferase expression was lower
with G4 and T4 polyplexes than with D4 and M4 polyplexes,
suggesting that G4 and T4 polyplexes are shuttled to the
nucleus through caveolar uptake to a greater extent than D4
and M4, possibly substantiating the high transfection efficacy
commonly observed with T4 and G4.12,13,18 Depolymerizing
actin with cytochalasin D had a similar effect by decreasing
luciferase expression dramatically for all PGAAs. Inhibiting
dynamin activity with Dynasore nearly completely abolished
transfection for all PGAA polyplex types. These data support
our previous data suggesting that actin and dynamin-
dependent pathways are primary methods of polyplex uptake
and trafficking within the cell. Inhibiting and stimulating
macropinocytosis had similar effects on transfection and
cellular uptake, since PMA-induced stimulation of macro-
pinocytosis caused a decrease in reporter gene expression.

Figure 4. Effect of endocytic pathway inhibition on
pDNA trafficking to the nucleus as measured by
luciferase gene expression (shown as relative light
units, RLU). The endocytic pathways were inhibited in
an identical manner as the experiments in Figure 2, and
the effect to transgene expression was assessed after
inhibition of clathrin (chlorpromazine), caveolae (filipin
III), macropinocytosis (DMA), actin (cytochalasin D),
and dynamin (Dynasore), as well as after stimulation of
macropinocytosis (PMA). Luciferase gene expression
was assessed 48 h post-transfection. Inhibition
experiments are compared against controls of gene
expression in the absence of pharmacological inhibitors,
which are represented as the first (black) bars in each
series. Unless denoted otherwise, all values are
significant compared to uninhibited control (p < 0.0001)
* p < 0.001; ** p < 0.005; ˆ p < 0.1; # not significant.
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These results support our previous data suggesting a limited
role of macropinocytosis in the cellular internalization of
polyplexes (Figure 3). Surprisingly, treatment with chlor-
promazine to inhibit the clathrin-mediated pathway resulted
in an enhancement of transfection with respect to untreated
cells. This unexpected result indicates that efficient trafficking
of PGAA polyplexes to the nucleus occurs through a clathrin-
independent mechanism.

Transfection experiments with Jet-PEI resulted in differ-
ences when compared to the PGAAs. Clathrin inhibition
showed little change in transfection as compared to untreated
cells, again supporting our observations that polyplexes
internalized via the clathrin mechanism may not be efficiently
transported to the nucleus. Others have indicated previously
that PEI transfection occurs primarily through caveolae, as
filipin III (blocks caveolae) and genistein (a tyrosine kinase
inhibitor also shown to inhibit caveolae)20 lead to reduced
transfection, but little effect on transfection was seen with
chlorpromazine and K+ depletion (both inhibitors of clathrin-
mediated endocytosis) in HeLa cells.41,42 Filipin III caused
a marked decrease in PEI-mediated transfection, continuing
to suggest that caveolae play a role in polyplex uptake and
shuttling to the nucleus. Dynasore caused a substantial
decrease in transfection, but unlike the PGAA polyplexes,
significant gene expression was still observed with the Jet-
PEI polyplexes. Similarly, depolymerization of actin resulted
in only a slight decrease in transgene expression, supporting
our suggestion that an accessory uptake mechanism is
involved in cellular internalization with Jet-PEI polyplexes,
such as passive membrane disruption, that does not require
actin and dynamin for entry. Drugs affecting macropinocy-
tosis had similar effects on the Jet-PEI and PGAA poly-
plexes, suggesting that macropinocytosis is a minor pathway
leading to gene expression for these delivery vehicles.

Cellular Imaging of Endocytosis. Confocal microscopy
was used to support the data above by visualizing the
endocytic pathways involved in polyplex uptake. Proteins
involved in the specific mechanisms of endocytosis, clathrin
and caveolin-1, were labeled using immunostaining and
imaged after transfection. Additionally, TAMRA-labeled
dextran was used as a marker for macropinocytosis. HeLa
cells were exposed to polyplexes formed with FITC-labeled
pDNA, fixed after 1 h, and analyzed via confocal microscopy
for colocalization between pDNA and the endocytic markers.
In these studies, polyplexes formed with polymers G4 and
T4 were chosen for these imaging experiments due to our
previously published observations that these vehicles gener-
ally have the most promising transfection properties among
the PGAAs.12,13 Polyplexes formed with Jet-PEI were also
imaged for comparison. Figure 5a shows an example of the
component images and the overlaid images of cells trans-

fected with FITC-labeled pDNA (within polyplexes contain-
ing G4, T4, or Jet-PEI) and immunolabeled with the relevant
fluorescent endocytic marker. Remaining component images
are included in the Supporting Information for clarity (Figure
S2 in the Supporting Information). Arrows in the figure point
to regions of colocalization (pseudocolored white), as
highlighted in Image J software. As shown in Figure 5b, G4
polyplexes colocalized with clathrin and caveolin-1 in several
small regions near the cell membrane. This was expected
since fixation was done quickly (1 h) after transfection to
capture the endocytic events. These data corroborate the role
of clathrin and caveolin-based mechanisms for G4 polyplex
entry. Cells labeled with the TAMRA-dextran (for macro-
pinocytosis) showed sparse colocalization with polyplexes
at the cell periphery.

As shown in Figure 5b, cells transfected with T4 poly-
plexes show a few areas around the cell periphery of
colocalization of caveolin-1 and a large aggregate of DNA.
This phenomenon is similar to that seen with G4 colocal-
ization with clathrin. As we have previously published,12,13

PGAA polyplexes are known to aggregate to some degree
in buffer, so it is possible that aggregated polyplexes may
be partially located on the cell surface, and, depending on
the internalization route, the whole or part of the aggregate
(a few or single polyplexes) may be internalized over time.
Indeed, glycosaminoglycans are known to cluster receptors
for internalization, which may serve to bring in polyplexes
as aggregates.20 Others have demonstrated that latex beads
as large as 500 nm may be slowly internalized by a caveolar
mechanism.43 However, not all polyplexes congregate in
aggregates, as noted from the smaller colocalized regions
near the cell periphery (Figure 5). The T4 polyplexes
colocalized with clathrin (Figure 5a), supporting previous
findings that uptake occurs in a clathrin-dependent manner.
Dextran colocalization experiments (Figure 5b) revealed T4
polyplexes in macropinosomes near the cell surface, as well
as in small vesicles localized near the nuclear membrane.
These results confirm that uptake of G4 and T4 polyplexes
occurs through multiple pathways. It is to be noted, however,
that many FITC-labeled polyplexes do not colocalize with
any of the labeled endocytic molecules, suggesting that other
uptake mechanisms may play a role in intracellular transport.

Jet-PEI polyplexes also show some colocalization with
caveolin-1 and clathrin (Figure 5). Colocalization with
caveolin-1 was observed after 1 h, which supports internal-
ization of Jet-PEI polyplexes by caveolae-mediated endocy-
tosis. Colocalization of Jet-PEI with clathrin and caveolin-1
appears to be in regions near the cell surface, possibly
indicating Jet-PEI polyplexes in the process of being
internalized. Colocalization of Jet-PEI polyplexes and dextran
was not observed. This corroborates the inhibition data and
further suggests that macropinocytosis does not account for
significant uptake of Jet-PEI polyplexes.(41) Gabrielson, N. P.; Pack, D. W. Efficient polyethylenimine-

mediated gene delivery proceeds via a caveolar pathway in HeLa
cells. J. Controlled Release 2009, 136 (1), 54–61.

(42) Rejman, J.; Bragonzi, A.; Conese, M. Role of Clathrin- and
Caveolae-Mediated Endocytosis in Gene Transfer Mediated by
Lipo- and Polyplexes. Mol. Ther. 2005, 12 (3), 468–474.

(43) Rejman, J.; Oberle, V.; Zuhorn, I. S.; Hoekstra, D. Size-dependent
internalization of particles via the pathways of clathrin- and
caveolae-mediated endocytosis. Biochem. J. 2004, 377, 159–169.
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Despite the inhibition data suggesting a prominent role
for caveolae, it is interesting that the polyplexes do not
colocalize with caveolin-1 after a one hour transfection to
the degree that we expected. It is reasonable to speculate
that the polyplexes may be associating with lipid rafts, which
are functionally similar to caveolae but do not contain
caveolin-1.36 These domains are also filipin III-sensitive,44

as the drug binds to membrane cholesterol, and are dependent

on actin and dynamin for internalization. These endocytic
vesicles are internalized and traffic through the cell in a
similar fashion,36 and may contain the majority of internal-
ized polyplex. Polyplexes may also be internalized by

(44) Orlandi, P. A.; Fishman, P. H. Filipin-dependent inhibition of
cholera toxin: evidence for toxin internalization and activation
through caveolae-like domains. J. Cell Biol. 1998, 141, 905–915.

Figure 5. Confocal micrographs of HeLa cells transfected with each polyplex type and stained for the various routes of
endocytosis. Polyplexes were formed with FITC-labeled pDNA and each polymer vehicle (PGAA or Jet-PEI). Cells
were fixed and immunostained one hour post-transfection, and colocalization between FITC-pDNA and the labeled
markers of endocytic pathways were imaged. (a) Component images of cells transfected with T4 polyplexes
(containing FITC-pDNA shown in green), regions labeled with primary antibodies against clathrin heavy chain and
fluorescently labeled with Alexa Fluor 555 secondary antibodies (red), and nuclear counterstain (blue). The merged
image is the overlay of the three previous images. The component images for the colocalization experiments with T4,
G4, and Jet-PEI polyplexes (from which this figure was derived) are included in Figure S2 in the Supporting
Information. (b) Merged images of transfection experiments using polyplexes formed with T4, G4, or Jet-PEI and
FITC-pDNA (green), labeled clathrin heavy chain, caveolin-1 (labeled with Alexa Fluor 555-conjugated secondary
antibodies), or TAMRA-dextran. Arrows indicate calculated colocalization (white) between polyplexes (green) and the
endocytic marker (red). Scale bars ) 25 µm.
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caveolae at a different rate than other endocytic pathways,
such that the timing of the experiment may be very important
in capturing these events, and fixation at 1 h may be
suboptimal for visualizing these events. Studies are currently
ongoing to investigate these possibilities.

It is noteworthy that none of the pharmacological treat-
ments alone completely inhibited polyplex internalization.
Furthermore, many polyplexes did not colocalize with
markers for the clathrin, caveolae, or macropinocytic path-
ways, so we cannot rule out that additional internalization
mechanisms independent of these pathways may be involved
in polyplex uptake. Indeed, several recent studies have begun
to discover clathrin- and caveolae-independent pathways
within the cell, and these mechanisms may be involved in
PGAA polyplex uptake.23,45,46 For example, a clathrin- and
caveolae-independent mechanism has been reported that
involves the cell surface marker protein flotillin-1, which
buds into the cell and accumulates in vesicles that are discrete
from clathrin- and caveolae-containing vesicles,46 and traffic
to late endosomes.23 These mechanisms are likely to be
significant to polyplex internalization and warrant future
investigation.

Direct Membrane Penetration by the Polyplexes. Since
we were unable to link all internalized polyplexes to known
mechanisms using available markers and inhibitors, we were
interested in whether these materials have the ability to
directly penetrate the plasma membrane to gain access to
the cytoplasm. This phenomenon has been suggested previ-
ously; Hong and co-workers have shown by AFM that
polycations such as PAMAM dendrimers (G5) and branched
PEI can induce hole formation in supported lipid bilayers,
possibly by lipid removal from the membrane.47,48 The
following experiments were focused on determining the role
nonendocytic uptake plays in total polyplex uptake. We have
approached this question in three ways: (i) monitoring
cellular uptake at 4 °C, where active uptake mechanisms do
not occur,49 (ii) monitoring plasma membrane puncture via
leakage of a small cytosolic enzyme, adenylate kinase (AK),

and (iii) modeling the interaction of polyplexes with lipid
bilayer vesicles to observe vesicle leakage.

The role of direct membrane passage was investigated with
experiments designed to observe nonendocytic internalization
and transgene expression in HeLa cells. Cells were trans-
fected with PGAA or Jet-PEI polyplexes at 4 °C; at this low
temperature, active transport processes, such as endocytosis,
cannot occur.49 Cells were exposed to polyplexes for 2 h,
then removed and washed with 1 mg/mL heparin, a polya-
nion which dissociates surface-bound polyplexes,25 to remove
bound polyplexes from the cell surface. These cells were
then assessed for cellular uptake. A complementary experi-
ment at 4 °C was completed to measure transgene expression.
In this case, after polyplexes were removed with the heparin
solution, the cells were provided with fresh media at 37 °C,
and polyplexes were allowed to traffic for an additional 46 h
before measuring luciferase expression. The results of these
experiments are shown in Figure 6. Cellular uptake (Figure
6a) analysis showed a small degree of direct membrane
penetration for the PGAAs and Jet-PEI polyplexes at 4 °C,
with Jet-PEI and D4 showing slightly higher cell internaliza-
tion than G4, M4, or T4. These results cannot rule out that
that a small degree of nonendocytic uptake may occur for
these polyplexes. Total cellular uptake (at 37 °C) of Jet-PEI
polyplexes is less than that of PGAA polyplexes (Figure 6b),
a phenomenon that is consistently observed between these
two vehicle types.13,14 The luciferase expression experiments,
however, show that the vehicle has a dramatic effect on
cellular processing of polyplexes internalized by nonen-
docytic means. Polyplexes formed with G4 show consider-
ably higher transgene expression at 4 °C than the other
PGAAs in HeLa cells, possibly indicating that G4 encourages

(45) Zuhorn, I. S.; Kalicharan, D.; Robillard, G. T.; Hoekstra, D.
Adhesion Receptors Mediate Efficient Non-viral Gene Delivery.
Mol. Ther. 2007, 15 (5), 946–953.

(46) Glebov, O. O.; Bright, N. A.; Nichols, B. J. Flotillin-1 Defines a
Clathrin-independent Endocytic Pathway in Mammalian Cells.
Nat. Cell Biol. 2006, 8 (1), 46–54.

(47) Hong, S. P.; Leroueil, P. R.; Janus, E. K.; Peters, J. L.; Kober,
M. M.; Islam, M. T.; Orr, B. G.; Baker, J. R.; Banaszak Holl,
M. M. Interaction of polycationic polymers with supported lipid
bilayers and cells: Nanoscale hole formation and enhanced
membrane permeability. Bioconjugate Chem. 2006, 17 (3), 728–
734.

(48) Hong, S. P.; Bielinska, A. U.; Mecke, A.; Keszler, B.; Beals, J. L.;
Shi, X. Y.; Balogh, L.; Orr, B. G.; Baker, J. R.; Banaszak Holl,
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transport. Bioconjugate Chem. 2004, 15 (4), 774–782.

(49) Mislick, K. A.; Baldeschwieler, J. D. Evidence for the role of
proteoglycans in cation-mediated gene transfer. Proc. Natl. Acad.
Sci. U.S.A. 1996, 93, 12349–12354.

Figure 6. Effect of inhibiting active endocytosis on (a)
cellular uptake, as determined via flow cytometry
analysis of cells positive for Cy5-labeled pDNA, and (b)
transfection efficiency of pDNA containing the luciferase
reporter gene. Polyplexes were transfected at 4 °C
(blue bars) and compared to polyplexes transfected at
37 °C (red bars), to observe energy-independent
nonendocytic uptake, and the ability of the internalized
polyplexes to traffic to the cell nucleus for transgene
expression. * p < 0.0001; ** p < 0.05; � p < 0.001.
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trafficking to the cell nucleus or more efficiently dissociates
from the plasmid in a more efficient manner. Other PGAA
polyplexes did not show nonendocytic transfection in these
experiments, but Jet-PEI polyplexes, internalized by a
nonactive endocytic pathway, exhibit significant transgene
expression. The low temperature data also suggests a
nonendocytic component to cellular uptake, which may help
to account for the higher observed transfection of Jet-PEI
with respect to the PGAAs in Vitro. PEI may be able to
passively enter the cell and traffic to the nucleus in a manner
independent of an active vesicular transport mechanism.
These findings may also help explain the lower degree of
drug inhibition observed with PEI polyplexes (Figures 2, 3,
and S1 in the Supporting Information); a non active transport
pathway could play a role in polyplex internalization and
toxicity.

To assess plasma membrane puncture using AK leakage,
HeLa cells were transfected with polyplexes and AK leakage
into the culture media was monitored over time to determine
if and when membrane leakage is occurring. Figure 7
represents AK leakage over time, which is normalized to
DNA only control. AK leakage was observed between 2 and
4 h post-transfection. The highest AK leakage induction
among PGAAs was observed for G4, consistent with earlier
results (Figure 6). AK was released from HeLa cells faster
with Jet-PEI than with the PGAAs, suggesting a higher level
of membrane puncture for Jet-PEI than the PGAAs. PGAA
polyplexes caused statistically insignificant levels of AK
leakage compared to uncomplexed DNA, suggesting a lower

degree of membrane disruption compared to PEI. Indeed,
the leakage was nearly 5-fold higher for Jet-PEI than for
the PGAAs, indicating a higher membrane-disrupting effect.
This suggests nonendocytic internalization of Jet-PEI poly-
plexes or cytotoxicity due to compromise of the membrane
during cell death. These results are in agreement with other
results that have shown that Jet-PEI can potentially damage
membranes by expanding defects in model membranes.47

These results demonstrate that PGAA polyplexes do not
cause significant membrane disruption with respect to PEI.

Further insight into the ability of PGAA polyplexes to
disrupt cell membranes was gained by investigating whether
these materials can directly penetrate model phospholipid
bilayer membranes. To study this, anionic phospholipid
bilayer vesicles were formed that encapsulated a fluorophore,
5(6)-carboxyfluorescein, that was quenched inside the crowded
environment of the vesicle and extruded to form 1 µm
vesicles. The presence of vesicles of desired size and negative
charge were verified by dynamic light scattering and
�-potential (Figure S4 in the Supporting Information), which
showed an average size around 1 µm and a slightly anionic
surface charge of -4 mV. Diluted vesicles were titrated with
polyplex solutions up to a concentration of 0.005 mg/mL
DNA in polyplexes. Immediate titration of polyplexes into
PBS-diluted vesicles did not lead to vesicle rupture for any
of the PGAAs or Jet-PEI, since fluorescence profiles of
vesicles titrated with polyplexes were identical to negative
controls (titration with water) (Figure S5 in the Supporting
Information). To determine the ability of PGAA polyplexes
to puncture vesicles in a time-dependent manner, polyplexes
at various concentrations were incubated at 37 °C with
vesicles in PBS. The results of these experiments are shown
in Figure S6 in the Supporting Information. The dilution
control consists of vesicles incubated with a volume of water
equal to the volume of added polyplex. The dilution control
shows a decrease in fluorescence intensity over the time of
measurement. This decrease is likely due to photobleaching
of unencapsulated fluorophore in the buffer that remained
after purification. For vesicles incubated with G4, D4, and
M4 polyplexes, vesicle rupture (evidenced by increasing
fluorescence) was evident after about 21 h and continued to
increase until about 30 h, especially at biologically-relevant
concentrations (DNA concentration in transfection experi-
ments is equal to 0.0033 mg/mL). Incubating vesicles with
T4 polyplexes resulted in model vesicle penetration after
about 18 h and increasing up through 24 h. At 30 h,
fluorescence decreases, which is likely attributed to quench-
ing of unencapsulated fluorophore and a slowed vesicle
rupture rate. Interestingly, the fluorescence increase with T4
polyplexes was twice that of G4 and four times that of D4
and M4 polyplexes. This suggests that polymer T4 may
interact more closely with the membrane lipids, increasing
its ability to induce charge-mediated lipid disruption. How-
ever, the extended time period required for lipid disruption
suggests that most particles are not internalized by a
membrane-disrupting mechanism, as endocytosis would
occur on a much faster time scale, leaving decreased

Figure 7. Penetration of the cell plasma membrane by
polyplexes as determined by adenylate kinase (AK, a
cytosolic enzyme) leakage from cultured HeLa cells. (a)
0-6 h post-transfection; (b) 25-48 h post-transfection.
AK outside the cell generates ATP which is required for
luciferase activity. Luminescence values (from luciferase
activity) are normalized against a negative control of
cells treated with DNA only at each measured time
point. Error bars represent the standard deviation of the
mean of triplicate measurements. Jet-PEI shows
statistically higher AK leakage; * p < 0.05, ** p < 0.01.
G4 and Jet-PEI are not statistically different at t ) 6 h.
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concentrations of extracellular polyplex to disrupt the
membrane. Interestingly, Jet-PEI showed minimal vesicle
puncture in this experiment. It should be noted that PEI
polyplexes at N/P 5 have a slightly lower zeta potential
(∼ -12-14 mV) than PGAA polyplexes, which may help
to explain this observation. However, previous observations
suggest that PEI can disrupt the plasma membrane.47 In our
experiments, the phospholipid vesicle models account only
for direct electrostatic interactions of the polyplex with the
lipid bilayer. Indeed, anionic glycosaminoglycans and other
cell surface components have been shown to play a role in
polyplex association with the plasma membrane,7,49 and may
serve to protect against direct interaction with the membrane.
Taken together, these experiments suggest that the majority
of polyplexes are internalized through active uptake routes,
but direct membrane interactions and passive endocytic
routes may contribute to total polyplex uptake or represent
a potential interaction leading to toxicity.

Conclusions
Synthetic drug and gene delivery systems are now

ubiquitous in novel targeted therapeutic development because
of their promise to improve treatment specificity and efficacy
and decrease immune response and other side effects. For
this reason, the discovery of the endocytosis and intracellular
trafficking mechanisms taken by synthetic nucleic acid
delivery vehicles is important for the design and optimization
of materials that can efficiently enter the cell and deliver
nucleic acids to specific intracellular sites. These studies are
essential as the number of synthetic materials in human
clinical trials is rapidly increasing.

The data presented herein suggests that a complex,
multifaceted internalization pathway is taken by the PGAA
polyplexes. The dominant mechanism of PGAA polyplex
uptake appears be through active transport via an actin- and
dynamin-dependent mechanism. Of the better-characterized
pathways, clathrin, caveolae, and macropinocytosis all appear
to contribute to total polyplex uptake. Macropinocytosis
appears to be the least involved of the three pathways, with
clathrin- and caveolae-mediated endocytosis playing signifi-
cant roles in polyplex internalization.

An important discovery in this work is that, while a
multitude of pathways contribute to uptake, only certain
pathways may lead to significant gene expression. An actin-
and dynamin-dependent mechanism, likely caveolae-medi-
ated or lipid raft endocytosis, appears to be the predominant
uptake route leading to nuclear trafficking and transgene

expression. An unexpected and interesting result was that,
while clathrin does contribute to the uptake route, it appears
not to be the mechanism of shuttling PGAA polyplexes to
the nucleus as transgene expression actually increased with
clathrin inhibition. This could mean that polyplexes taken
up by this route are either shuttled to lysosomes for
degradation, released into the cytosol, exocytosed, or lack a
viable means of active transport into the nucleus once
escaped from intracellular transport vesicles.

Indeed, targeting specific pathways may be advantageous
for efficient cellular entry, and certain mechanisms may
enable better targeting of the nucleic acid cargo to specific
intracellular locations. As a result, future generations of
polymers could be designed to utilize different pathways
depending on the intended therapeutic target. Since we cannot
account for all polyplex internalization using inhibition of
components of known pathways, we speculate that there are
likely alternate mechanisms at work, including possibly a
clathrin- and caveolae-independent mechanism, which likely
involves actin and dynamin for vesicular internalization.
Nonendocytic uptake routes appear to be minor, but cannot
be ruled out as a potential mechanism leading to internaliza-
tion. Further studies to identify the molecules on the cell
surface and along the endocytic pathways with which PGAA
polyplexes interact will expand our understanding of how
these materials maneuver through the cell. Many of these
additional studies are currently in progress.
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