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Hydrophobic modifications have emerged as a promising approach to improve the efficiency of non-viral
gene delivery vectors (GDV). Functional GDVs from non-toxic polymers have been created with this
approach but the mechanism(s) behind lipid-mediated enhancement in transfection remains to be
clarified. Using a linoleic acid-substituted 2 kDa polyethylenimine (PEI2LA), we aimed to define the
cellular uptake pathways and intracellular trafficking of plasmid DNA in normal human foreskin fibro-
blast cells. Several pharmacological compounds were applied to selectively inhibit uptake by clathrin-
mediated endocytosis (CME), caveolin-mediated endocytosis (CvME) and macropinocytosis. We found
that PEI2LA complexes were taken up predominantly through CME, and to a lesser extent by CvME. In
contrast, its precursor molecule, PEI2 complexes was internalized primarily by CvME and macro-
pinocytosis. The commonly used 25 kDa PEI 25 complexes utilized all endocytic pathways, suggesting its
efficiency is derived from a different set of transfection pathways than PEI2LA. We further applied several
endosome disruptive agents and found that hypertonic media enhanced the transfection of PEI2LA by
6.5-fold. We infer that lipid substitution changes the normal uptake pathways significantly and trans-
fection with hydrophobically modified GDVs may be further enhanced by incorporating endosome
disruptive elements into vector design.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Cellular delivery of exogenous DNA molecules to manipulate
physiological functions at the genetic level has been an indis-
pensable tool in both molecular biology studies and biotechnology
applications. Clinical translation of gene delivery as a form of
molecular therapy has been slow to progress largely due to the
absence of gene delivery vectors (GDVs) that can satisfy both effi-
ciency and safety requirements. Dis-armed recombinant viral
vectors remain as the most efficient method of gene delivery at
present. However, the risk of immunogenicity, residual infectivity
and insertional mutagenesis currently precludes their wide spread
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use [1]. Ongoing efforts into the development of non-viral GDVs
have yielded a large library of biocompatiblematerials capablewith
sufficient DNA packaging and delivery ability in pre-clinical models,
but they have yet to achieve the efficacy that viral vectors are able
to incite. Strategies to improve the efficiency and biocompatibility
of cationic reagents for gene delivery typically involve grafting
functional ligands such as peptides, lipids, sugars, or a combination
thereof, to improve stability, targeting, uptake and sub-cellular
trafficking capabilities of the vectors [2]. In that regard, hydro-
phobic modification of cationic reagents with lipid moieties was
shown to improve membrane binding and enhance gene delivery
efficiency [3]. Our group has demonstrated the feasibility of this
approach by grafting several endogenous lipids to the low molec-
ular weight (2 kDa) polyethylenimine (PEI2). The most effective
polymer, namely linoleic acid substituted PEI2 (PEI2LA), displayed
markedly enhanced transfection efficiency over its relatively inef-
fective precursor molecule in both cultured cell lines and tissue-
derived primary cells [4,5]. We previously showed that the
enhanced efficiency of PEI2LA was partly due to stronger
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associationwith the nuclear membrane, which was correlated with
better nuclear uptake and subsequent transgene expression [5].
However, the specific uptake pathway employed as well as the
subsequent intracellular trafficking events mediated by the PEI2LA
remain to be elucidated.

Lipid substitution is expected to enhance gene delivery by
promoting stronger binding of the polymer/DNA complexes to
hydrophobic domains of the plasma membrane to increase uptake.
Hydrophobic modifications can also alter the physicochemical
properties of the complexes, leading to a change in the uptake
pathways. Uptake pathways are vitally important in determining
the efficiency of GDVs as it relates to the intracellular processing,
trafficking and recycling of the internalized complexes. Uptake of
assembled complexes are widely regarded to proceed via endocy-
tosis [6,7]. Endocytosis is broadly defined into two categories,
pinocytosis and phagocytosis, the latter of which is restricted to
specialized cell types such as lymphocytes and macrophages.
Pinocytosis is further sub-divided into clathrin-dependent endo-
cytosis (CME), caveolin-mediated endocytosis (CvME), macro-
pinocytosis, and clathrin-/caveolin-independent pathway. CvME
was thought to be the uptake pathway most conducive to trans-
fection owing to its non-acidic, non-degradative environment,
which maintained the intracellular integrity of the nucleic acid
cargo. CvME was shown to be the endocytic pathway leading to
efficient transgene expression in COS-7 and HeLa cells for PEI-
mediated transfection [8e10]. However, others suggested the CME
as the most efficient uptake pathway, as it not only provided an
acidic environment for PEI complexes to facilitate endosome
disruption via the proton-sponge effect, but also facilitated move-
ment of the transgene cargo proximal to the perinuclear region,
which subsequently increased the propensity for nuclear import
[11]. Yet, recent studies have also suggested that uptake via mac-
ropinocytosis is the most efficient route of entry leading to trans-
fection in PEI25 [12]. Regardless of which endocytic pathway is the
most effective route for transfection, the notion that a single
pathway can be optimal for all GDVs may not be realistic. Trans-
fection pathways vary among different cell types [13,14] and are
likely to depend on the biochemical nature of the GDVs and the
physicochemical properties of resulting complexes [15]. In that
regard, mechanistic studies and further design optimizations for
non-viral GDVs should be ideally investigated in clinically relevant
primary cell lines so that clinical translation to both ex vivo and
in vivo delivery settings can be streamlined. That was not the case
for previous studies exploring the role of endocytic pathways on the
efficiency of non-viral GDVs, where transformed cell lines were
routinely used [8,9,13,14,16e18].

In this study, we employed normal human foreskin fibroblast
(NHFF) cells to elucidate themechanism of cell entry and trafficking
of polymeric GDVs. NHFF cell is a versatile platform in this regard
since it has clinical relevance in both cell-based therapy for the
induction of pluripotent cells and in cutaneous gene therapy for skin
regeneration and wound repair [19e22]. We aimed to identify the
predominant endocytic pathway involved in the uptake of PEI2LA
complexes inNHFF cells as compared tonative PEIs (PEI2 andPEI25).
We applied a series of pharmacological inhibitors that selectively
inhibitedCME, CvMEandmacropinocytosis todetermine theuptake
pathway by reduction. The specific activities of the inhibitors were
defined by titrating the concentrations of the drug against cell
viability and transfection efficiency. We further examined the
intracellular distribution of the complexes and the role of endosome
release as a rate-limiting step in theoverall transfection. Conclusions
derived from this study would not only provide mechanistic insight
into the impact of lipid-moieties in GDV trafficking but would also
have direct implication on the future design of polymeric GDVs for
therapeutic gene delivery to NHFF cells.
2. Materials and methods

2.1. Materials

The 2 kDa branched PEI (PEI2; Mn ¼ 1.8 kDa, Mw ¼ 2.0 kDa), 25 kDa branched
PEI (PEI25; Mn ¼ 10 kDa; Mw ¼ 25 kDa), Hanks’ Balanced Salt Solution (HBSS, with
phenol red), (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT),
spectrophotometric-grade dimethylsulfoxide (DMSO), sucrose, chloroquine
diphosphate salt, chlorpromazine hydrochloride, methyl-b-cyclodextrin (mbCD),
genistein and trypsin/EDTA were obtained from SIGMA (St. Louis, MO). The PEI2LA
was prepared according to the synthetic scheme outlined in [4], with LA:PEI2 feed
ratio of 0.1, that gave a polymer with an average substitution of 1.2 linoleic acids
per polymer. Opti-MEM� I Reduced Serum Media, Dulbecco’s Modified Eagle
Medium (DMEM; high and low glucose with L-glutamine), penicillin (10,000 U/ml),
streptomycin (10 mg/ml) and non-essential amino acids (100�) were from Invi-
trogen (Grand Island, NY). Fetal bovine serum (FBS) was from PAA Laboratories
(Etobicoke, Ontario). The blank plasmid gWIZ (i.e., no functional gene product) and
gWIZ-GFP (i.e., Green Fluorescent Protein mammalian expression plasmid) were
purchased from Aldevron (Fargo, ND). The photosensitizer aluminium phthalocy-
anine disulfonate (AlPcS2a) was purchased from Frontier Scientific (Logan, UT,
USA). Wortmannin and amiloride hydrochloride were obtained from Santa Cruz
Biotechnology (Santa Cruz, CA). Hoechst 33258, Pentahydrate (bis-Benzimide) and
Alexa Fluor� 488 labeled Dextran (10 kDa) were from Life Technologies (Burling-
ton, ON).

2.2. Cell culture

NHFF cells were isolated from patients as described previously [23] and cultured
in a basic growth medium comprised of DMEM containing 4.5 g/ml D-glucose,
supplementedwith 10% heat inactivated fetal bovine serum (FBS), 2 mM l-glutamine,
0.1 mM MEM non-essential amino acids, 100 U/ml penicillin, and 100 mg/L of
streptomycin. Cells were maintained in a humidified 37 �C incubator with 5% CO2.
NHFF cells passaged between 14 and 24 generations were used in this study, and
were grown in multiwell plates for transfection studies. For both uptake and
transfection studies, cells were seeded in 24-well plates at an initial seeding density
of 3 � 105 cells/well.

2.3. Plasmid DNA (pDNA) labeling

The gWIZ-GFP plasmid is a 5757 bp mammalian expression plasmid, which
contains a modified promoter from the human cytomegalovirus (CMV) immediate
early (IE) genes. gWIZ-GFP was labeled with the fluorophore Cy3 using the Label IT�

Tracker� Intracellular Nucleic Acid Localization Kit (Mirus Bio, WI) as per manu-
facturer’s instructions. Briefly, a 0.2 (v/w) ratio of dye to nucleic acid reaction mix
was prepared and incubated at 37 �C for 90 min. Unbound free Cy3 molecules were
removed by ethanol precipitation according to manufacture suggested protocol.
Purified labeled pDNA was then suspended in ddH2O. Labeling efficiency was
determined by calculating the ratio of base to dye using the equation (Abase * εdye)/
(Adye * εbase) by measuring absorbance at 260 nm (base) and 550 nm (dye) using the
values εCy3 ¼ 250,000; εbase ¼ 6600 and CF260 ¼ 0.05. The contribution of dye to the
A260 reading was corrected by using the equation Abase ¼ A260 � (Adye * CF260).
Plasmid DNA labeled using the concentration outlined yielded approximately 300
Cy3 labels per pDNA.

2.4. Cytotoxicity assessment of endocytosis inhibitors by MTT assay

The cytotoxic effects of the uptake inhibitors were assessed using the MTT cell
viability assay, in which the yellow tetrazolium salt (MTT) is reduced in metaboli-
cally active cells to form insoluble purple formazan crystals, which are solubilized by
the addition of DMSO. Briefly, NHFF cells were seeded in 48-well plates at
a concentration of 1 �105 cells/well. Once the cells reached a density of 50e60% or
after 1e2 days, inhibitors were added and incubated in OPTI-MEM. After 4 h incu-
bation, inhibitors were removed and cells were further incubated for an additional
20 h in fresh growth medium. To process cells for assay, MTT was added directly to
the medium to a final concentration of 1 mg/ml, and incubated at 37 �C for 2 h; the
supernatant was removed by inverting the plates to decant the liquid; crystals
remaining at the bottom of the plate were dissolved in DMSO at 200 ml/well. The
absorbance was measured at 570 nm using an ELx800 absorbance microplate reader
(Bio-Tek, Winooski, VT). Cell viability was expressed as a percentage relative to
untreated cells, which served as the control.

2.5. Preparation of complexes for transfection

Self-assembled polymer/pDNA complexes were formed by diluting pDNA and
polymer solutions separately in equal volumes of salt-free buffer (20 mM HEPES, pH
7.4) for PEI25 and PEI2 or OPTI-MEM for PEI2LA. After 5 min of equilibration, the
pDNA and polymer solutions were mixed together, vortexed for 5 s, and incubated at
room temperature for 25 min. The volume of the complexes at this stage was 1/5 of
the final transfection media volume (i.e., 100 ml complex volume in a total of 500 ml
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tissue culture medium per 24-well). The polyplex solutions were then diluted 1:5 in
OPTI-MEM to bring the final pDNA concentration to 2 mg/ml per well and added
directly to each well; plates were then centrifuged at 210 � g for 5 min (acceleration
and deceleration set to lowest setting) to force the complexes onto the cell surface.
All transfection and uptake studies included this centrifugation step following the
addition of complexes.
2.6. Transfection efficiency and gene expression kinetics

For gene expression kinetics, complexes were prepared for transfection was as
described above. After 4 h incubation, complexes were removed and replaced with
growth medium. At the designated time point, cells were processed for flow
cytometry by first washing with Ca2þ/Mg2þ free HBSS (without phenol red; CMF-
HBSS) for w5 min to remove residual divalent cations then detached by enzy-
matic treatment by incubating with clear 0.01% Trypsin/EDTA for 1e2 min. After
gentle tapping and shaking, detached cells were fixed in 3.7% formalin in HBSS.

For transfection studies involving the inhibitors, cells were pre-treated with the
inhibitors diluted in OPTI-MEM to the concentrations outlined in the figures (400 ml
were dispensed into each well in a 24-well plate). After 2 h incubation, 100 ml of
complexes were added directly to each well (final DNA concentration at 2 mg/ml),
then centrifuged as described above and incubated in the presence of the inhibitors
for an additional 4 h; transfection complexes were subsequently removed and
replaced with growth media. GFP expression was assayed 20 h later by processing
cells for flow cytometry analysis on a Beckman Coulter Cell Lab Quanta with MPL
Option (Missisauga, ON) equipped with a 488 nm laser diode and standard filter
(460 BP, 525 BP, 575 BP and 670 LP).

To investigate the effect of chloroquine on transfection, cells were pre-treated
with 40 mM chloroquine for 2 h prior to transfection. This concentration was
empirically determined to give the overall highest increase in mean fluorescence
without significant reduction in cell viability (data not shown). For light-induced
endosome disruption, cells were pre-loaded with the photosensitizer (PS) by incu-
bating cells with 5 mg/ml of AlPcS2a in growth media for 16 h. Then cells were
washed (�3) with growth media and chased for 2 h in PS-free media to remove
surface-bound PS before transfection. After incubation with transfection complexes
for 3 h, cells were exposed to light emitted by a bank of six T5 wide-spectrum high
output fluorescent lamps (F54T5/841) placed at 30 cm directly above the plate for
45 s, then placed back in the incubator for an additional 3 h before complexes were
removed and replaced with growth media. The utilized concentration of AlPcS2a
and light dose were empirically determined by titrating a range of concentrations (1,
2, 5, and 10 mg/ml) and exposure time (30, 45, 60, 90 and 120 s) against transfection
efficiencies (data not shown). To investigate the effect of hypertonic media on
transfection, cells were incubated in 0.45 M sucrose dissolved in serum-free OPTI-
MEM for 2 h prior to transfection. In all cases, expression of GFP was assayed 24 h
later by flow cytometry.

Analysis for transfection efficiency was performed by calibrating the gated
regions such that the negative control (i.e., polymer complexes prepared with gWIZ)
had 1% auto-fluorescent cells. Transfection efficiency was expressed in terms of the
mean fluorescent intensity value captured in the FL1 channel. The relative trans-
fection efficiency was expressed as a percentage of untreated cells.
2.7. Uptake kinetics and inhibition of endocytosis

Formeasurement of uptake kinetics, Cy3-labeled pDNA (Cy3-pDNA) was used to
quantitate the amount of intracellular pDNA. Cells were seeded in 24-well plates and
transfected as above; Cy3-pDNA were mixed with unlabeled pDNA at a 1:1 ratio
(transfection efficiency of themixture in 293Tcells wasw90% based on GFP-positive
cells, or w70% based on mean GFP expression relative to unlabeled plasmid;
unpublished). Prior to the prescribed time point for analysis, complexes were
removed, and cells were washed twice with growth media, then chased for 30 min
in label-free media to allow residual complexes to be internalized. Cells were then
detached by trypsin and suspended in 3.7% formalin for flow cytometry. Quantifi-
cation of Cy3-pDNA uptake was performed by taking the mean fluorescent values
from the FL2 channel, calibrated to 1% auto-fluorescence in cells transfected with
unlabeled gWIZ complexes.

For uptake studies in the presence of endocytosis inhibitors, cells were pre-
treated for 2 h with the inhibitors diluted in OPTI-MEM to the concentrations out-
lined in the results section (400 ml were dispensed into each well in a 24-well plate).
Then, complexes were prepared as described above (in 100 ml) and added directly to
each well (final concentration of pDNA was 2 mg/ml), then centrifuged as described
above and incubated in the presence of the inhibitors for an additional 4 h. After-
ward, complexes were removed, cells were washed with growth media (�2) and
further chased in dye-free growth media for an additional 2 h to allow residual
complexes to be detached or internalized. Removal of surface-bound complexes was
verified by microscopy (data not shown). Relative percentage of uptake was
expressed in terms of transfected cells that were not exposed to the inhibitors
(buffers only).
2.8. Laser scanning confocal fluorescent microscopy

NHFF cells were seeded onto a 12-well tissue culture plates at 3 � 106 cells/well.
Once attached and cell density has reached w60e70%, endosomes were labeled by
incubating the cells for 16h in thepresence of 500mg/ml ofDextran-Alexa Fluor�488,
diluted in cell media. Cells were then washed twice in dye-free media then trans-
fected as described above. After 4 h incubation, complexes were removed, washed
twicewith basicmedium and chased in dye-freemedium for 30min. Cells were then
washed with CMF-HBSS (�2) and fixed in 3.7% formalin for 15 min. Nuclei were
stained with Hoechst 33258 (300 nm/ml in HBSS). Prior to imaging, CMF-HBSS was
replacedwith a glycerolmixture containing 9:1 glycerol-to-HBSS (v/v).16-bit images
were acquired using an inverted Zeiss LSM 710 Laser Scanning Confocal Microscope
(Carl Zeiss, Oberkochen, Germany) through a 10� 0.45NA EC Plan-Neofluar objective
lenswith a field viewof 125.03 mm� 125.03 mmat 0.08 mm/pixel. Nuclei stainedwith
Hoechstwere visualizedbyexcitation at 405nm,whileDextran-Alexa Fluor�488and
Cy3-pDNAwere excited at 488 nm and at 561 nm, respectively.

For live-cell imaging, cells were seeded onto a glass bottom dish with a No. 1.5
coverglass (0.16e0.19 mm; MatTek Corporation, Ashland, MA). Cells were incubated
with AlPcS2a (5 mg/ml) diluted in growth media for 16 h, then washed twice with
growth media and transfected with Cy3-pDNA complexes as before. After 4 h
incubation, transfection complexes were replaced with cell media, and the cells
directly imaged on a Quorum WaveFX-X1 Spinning Disc Confocal System (Quorum
Technologies Inc., Guelph, ON). Cells were staged in an environmentally controlled
Chamlide TC-A Live Cell Chamber (37 �C incubatorþ 5% CO2 atmosphere) fitted with
a 35 mmmicro-dish adaptor. Images were acquired through a 20X/0.75 dry lens and
detected on a Hamamatsu EMCCD (C9100-13) with a voxel size of 0.499 mm/pixel
(x, y). AlPcS2a was excited by a 45 mW 642 nm pumped diode laser while Cy3-DNA
were visualized with 50 mW 561 nm pumped diode laser.

Wide-field fluorescent microscopy was performed on an Olympus FSX100
equipped with a metal halide lamp. Live-cell imaging of cells seeded in plastic tissue
culture plates were acquired through the LCACHN40�PHP lens (NA0.55) at 20�
magnification. Cy3-pDNAwas visualized in the TRITC channel (BP530-550, BA575IF,
DM570).

2.9. Particle size measurements

The hydrodynamic size range of the polymer/pDNA complexes wasmeasured by
photon correlation spectroscopy (Zetasizer Nano, Malvern Instruments Ltd, Wor-
cestershire, UK). Polyplexes were prepared as above, at polymer-to-DNA weight
ratios of 2.5 for PEI25, 10 for PEI2 and PEI2LA, then diluted to 1 ml in OPTI-MEM at
a final DNA concentration of 2 mg/ml prior to measurement. Measurements were
taken in a heated chamber at 37 �C and 660 nmwavelength, and particle sizes were
calculated by using a medium viscosity of 1.140 cP and a refractive index of 1.333
(at 37 �C). Values reported were from an average of 12 measurements with 10 s
interval between each measurement.

2.10. Statistical analysis

Where indicated, the data is summarized as the mean � standard deviation of
triplicate measurements. Unpaired Student’s t-test was used to assess statistical
differences (p < 0.05) between the group means. All experiments were done in
triplicate with a minimum of three independent experiments.

3. Results

3.1. Particle sizes and transfection efficiencies in NHFF cells

We initially sought out to optimize the complexation conditions
for each GDV so that subsequent uptake and trafficking studies are
investigated under optimal conditions that accurately reflect the
transfection capability of each GDV. Based on an optimization
procedure outlined [24], we found that PEI2LA complexes prepared
in OPTI-MEM transfected more efficiently than those prepared in
salt-free buffers (Supplement Fig. 1). The opposite trend was
observed for PEI25 and PEI2 complexes, in which salt-free buffers
favored formation of more effective complexes. Using the opti-
mized conditions, transfection efficiencies in NHFF at various
polymer-to-DNA weight ratios (w/w) are summarized in Fig. 1. At
a weight ratio of 10, the mean GFP fluorescence of PEI2LA trans-
fected cells was 5-fold higher than those transfected by PEI2. PEI25
was the most effective GDV yielding 1.4-fold and 7-fold higher
reporter gene expression than PEI2LA and PEI2, respectively.
Transfection efficiencies were dependent on the weight ratio; 2.5
was most effective for PEI25, which is equivalent to a nitrogen-to-



Fig. 1. Transfection efficiency of PEI2LA, PEI25 and PEI2 in NHFF cells at various polymer-to-pDNA weight ratios. Bar height depicts the mean cellular fluorescence in the FL1
channel. The efficiency of PEI25 was optimal at a weight ratio of 2.5 while the efficiency of PEI2 and PEI2LA was optimal at a weight ratio of 10. GFP expression in PEI2LA-transfected
cells was 5-fold higher than those transfected by PEI2. PEI25 at a ratio of 10 was toxic and no data could be collected.
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phosphate (NP) ratio of 19.35, while a ratio of 10 (NP ¼ w75.5,
assuming a similar MW for these two polymers) was optimal for
both PEI2 and PEI2LA. These weight ratios were employed for the
subsequent studies.

We further measured the mean hydrodynamic sizes of the
complexes at the weight ratios optimal for transfection. PEI2LA
complexes prepared at aweight ratio of 10 averaged around 570 nm
with >75% in the 530e615 nm range (Fig. 2); PEI2 complexes were
smaller and exhibited a broader size distribution compared to
PEI2LA, where most complexes were in the 295e531 nm range.
PEI25 complexes were the smallest, with w80% falling within the
164e255 nm range.

3.2. Uptake kinetics of pDNA

The pDNA uptake studies were conducted by using Cy3 as the
fluorophore for pDNA labeling since its fluorescence is relatively
Fig. 2. a) Hydrodynamic size ranges of complexes formulated with PEI2LA in OPTI-MEM. T
14.3%; 531.2, 39.3%; 615.1, 35.7%; 712.4, 10.7%). b) Hydrodynamic size ranges of complexes f
295.3, 11.3%; 342, 17.6%; 396.1, 19.5%; 458.7, 17.1%; 531.2, 12.8%; 615.1, 8.5%; 712.4, 5.0%; 825.
with PEI25 in salt-free buffer. Size distribution (nm): 141.8, 3.3%; 164.2, 13.3%; 190.1, 23.2%
insensitive to pH changes that occur in the endosomes. Visual
assessment of cellular uptake under wide-field fluorescent micro-
scope showed differences in fluorescent intensities among the
three complexes (Fig. 3a), where PEI2LA complexes were 27 much
brighter than PEI2 and PEI25 complexes. Quantification of fluo-
rescence of the complexes showed that PEI25 complexes had
intensity similar to free pDNA whereas PEI2 and PEI2LA complexes
were 2 and 2.5 times brighter (Fig. 3b). Accordingly, we did not use
fluorescence intensity as a measure of relative uptake efficiency.
The relative sizes of the complexes as seen under microscopy
(Fig. 3a) were also consistent with sizes measured by DLS, in which
PEI2LA complexes were noticeably larger than the complexes seen
in PEI25.

The kinetics of complex uptake was determined to provide
insights into the uptake pathways, since the rate of internalization is
pathway dependent. CME is considered to be a rapid process
(<10 min), whereas uptake via CvME or macropinocytosis tend to
he sizes of the particles in terms of proportional make up is as follows (in nm): 458.7,
ormulated with PEI2 in salt-free buffer. Size distribution (nm): 220.2, 0.7%; 255, 4.3%;
0, 2.3%; 955.4, 0.7%; 1106, 0.1%). c) Hydrodynamic size ranges of complexes formulated
; 220.2, 24.5%; 255, 18.4%; 295.3, 10.7%; 342, 4.8%; 396.1, 1.5%; 458.7, 0.2%.



Fig. 3. Fluorescent intensity of PEI2LA, PEI2 and PEI25 complexes. a) PEI2LA complexes (left pane) were brighter under fluorescent microscope as judged by the difference between
the signal and background. The fluorescent intensity of PEI2 complexes (middle pane) and PEI25 (right pane) was noticeably dimmer than PEI2LA. b) Quantitative measurement of
the fluorescence of pDNA/polymer particles by a plate reader using the 544/590 nm filter pair.
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exhibit slowerkinetics (>20min [25]). Fig. 4 shows theuptakeof the
Cy3-pDNA/complexes over time, expressed as a percentage of the
highest uptake, which was reached at different time points for each
of the GDV. Uptake of PEI2LA complexes reached a saturation
Fig. 4. Uptake kinetics of PEI2LA, PEI25 and PEI2 complexes in NHFF cells. Prior to the desig
free for 30 min before processing for flow cytometry. Values are represented as a percent
respectively. The level of uptake for PEI2LA reached 70% of maximum at 0.25 h, while PEI2
maximumat 2 h, followed by PEI25 and PEI2 complexes at 3 and 4 h,
respectively. Furthermore, within 15 min of incubation, uptake of
PEI2LAcomplexeswas alreadyat 70%ofmaximum, compared to37%
and 40% for PEI25 and PEI2 complexes. Therefore, we infer that
nated time point, transfection complexes were removed and cells were chased in dye-
of maximum, which took place at 2, 3, and 4 h for PEI2LA, PEI25 and PEI2 complexes,
5 and PEI2 exhibited slower uptake kinetics, starting at 37% and 40%, respectively.
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PEI2LA exhibited a faster rate of internalization than PEI2 and PEI25,
whichmay suggest a greater involvement of CMEduring the uptake.

3.3. Transgene expression kinetics

The kinetics of transgene expressionwas determined to establish
a time frame for intracellular trafficking events leading to gene
expression. Fig. 5 shows the relative GFP expression over a 72 h
period inwhich transgeneexpressionwas expressed as a percentage
of the highest mean fluorescence for each GDV. Highest transgene
expression for PEI2LA and PEI25 were observed at 16 h while PEI2
had maximal expression at 24 h. By 48 h, transgene expression
dropped to 66%, 54% and40% for PEI25, PEI2 andPE2LA, respectively.
Hence, the majority of intracellular processes leading to transgene
expression took place within the first 16e24 h. The gradual decline
in GFP fluorescence suggested there was no additional transgene
expression beyond the first 24 h, indicating a coupling between
the transfection and uptake processes.

3.4. Effect of endocytosis inhibitors on transfection efficiency

To elucidate the endocytic pathways involved in the uptake of
complexes, we employed a number of inhibitors that are specific to
CME, CvM, and macropinocytosis (Table 1). Since the activity of the
inhibitor is highly dependent on the cell type and the administered
concentration [26], the effects of inhibitor were investigated over
a practical range of concentrations to draw our conclusions. Fig. 6a
and b show the effect of CvME inhibitors genistein and mbCD on
transfectionefficiency. Transfectionsbyall threeGDVswere strongly
inhibited by genistein, with 50% reduction at 20 mM, reaching
complete inhibition at 75 mM (Fig. 6a). A dose-dependent effect on
transfection was evident for genistein, where increasing concen-
trations resulted in corresponding reductions in transgene expres-
sion. The effect of genistein did not appear to differ significantly
among the GDVs and suggested an equal dependence on tyrosine
phosphorylation for transfection. mbCD also had a dose-dependent
effect on transfection (Fig. 6b), inwhich transfections were reduced
Fig. 5. Kinetics of GFP expression during the first 72 h following the transfection with comple
for PEI2LA and PEI2, and at 24 h for PEI25. GFP expression in transfected cells for the thre
by50% above 4mM. The effect ofmbCDwasheterogeneous on the cell
population; evenwith>90% reduction in the number of transfected
cells, there remained a few GFP-positive cells that displayed high
fluorescence (data not shown). This accounts for the relatively large
error bars in the figures, in which the overall fluorescence is repre-
sented by a few highly GFP-expressing cells. mbCD inhibited trans-
fection by PEI2 (5% of control) to a greater extent than transfections
by PEI2LA and PEI25 (34% and 23% of control, respectively), sug-
gesting PEI2 complexes have higher dependence on lipid-raft
mediated endocytosis for transfection. However, we noted that
transfection efficiency of PEI2was low to beginwith, whichmay not
provide the same quantitative resolution as PEI2LA and PEI25when
calculating relative transfection efficiency.

Fig. 6c shows the effect of CPZ on transfection efficiency. The
inhibitory effect of CPZ on transfection started at 5 mg/ml; 7.5 mg/ml
was the highest concentration that can be administered without
causing significant toxicity (80% viability). CPZ reduced trans-
fection by PEI2LA significantly more than PEI2 and PEI25 (86%
vs. 50% and 70%, respectively), suggesting a proportionally
greater involvement of CME in the uptake of PEI2LA complexes.

The effects of the macropinocytosis inhibitors amiloride and
wortmannin on transfection efficiency are shown in Fig. 6d and e.
The inhibitory effect of amiloride was greatest on PEI2-mediated
transfection, which completely abolished transgene expression at
30 mM. In contrast, PEI2LA was least affected, with 42% reduction in
GFP fluorescence. Similarly, wortmannin strongly reduced trans-
fection by PEI2 and PEI25 to 20% and 8% of the control groups at
75 nM, respectively (Fig. 6e). PEI2LA again were least affected by
the macropinocytic inhibitor wortmannin (50% reduction).

3.5. Effect of endocytosis inhibitors on pDNA uptake

Since the effect of the endocytosis inhibitors is dose-dependent,
vital cellular processes may be compromised at high concentra-
tions, leading to reduced cell viability and changes in uptake path-
ways in a non-specificmanner.We assessed the cytotoxic effect of the
inhibitors over a concentration range. The line graph overlay in Fig. 6
xes. Values are expressed as a percentage of the maximum, which was achieved at 16 h
e GDVs gradually diminished after 24 h.



Table 1
List of inhibitors and endosome disruptors used in this study.

Drug Mechanism of activity Pathway Concentration Reference

Methyl-b-cyclodextrin (mbCD) A cyclic oligomer of glucopyranoside, extracts
cholesterol from the plasma membrane

CvME 8 mM [58]

Genistein Tyosine kinase inhibitor, blocks the
phosphorylation of caveolin-1

CvME 75 nM [59]

Chlorpromazine (CPZ) A cationic amphiphilic drug, inhibits
clathrin-coated pit formation by relocating
clathrin and its adapter proteins from the
plasma membrane to the endosomes

CME 7.5 mg/ml [60]

Amiloride Interferes with membrane Naþ/Hþ-ATPase
required for ruffling

Macro-pinocytosis 30 mM [61]

Wortmannin Inhibitor of phosphatidyl inositol-3-phosphate (PI3K) Macro-pinocytosis 75 nM [62]
AlPcS2a Taken up via endocytosis and localized in

endosome. Light irradiation induced oxidative
damage to rupture endosomes

Endosome release 5 mg/ml; 45 s
of light exposure

[27,63]

Chloroquine Weak hydrophobic base, buffers acidification in
early endosomes to prevent DNA degradation
and promoting endosomal release of the cargo

Endosome release 40 uM [7]

Sucrose Hypertonic media, induces lysosomal swelling
by increasing osmotic pressure within endosomes

Lysosome 0.45 M [28,64]
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depicts the percentage of viable cells at the same concentrations as
those administered in the transfection studies. There was no signifi-
cant toxicity from genistein or mbCD on NHFF cells for all concen-
trations tested. CPZandamiloridehadadose-dependent effectoncell
viability; 7.5 mg/ml and 30 mM of the drugs resulted in>50% reduction
incellnumber, respectively.Wortmanninalsoreducedcellnumberby
40%without a dose dependence. In addition to a decrease in viability,
toxicity can be seen in the form of altered and irregular cell
morphology for cells treated with amiloride and CPZ (not shown).
Rather than theelongated shape typical offibroblasts, treatmentwith
these drugs resulted in shriveling and detachment from the surface,
suggestive of necrosis. In light of recentwork by Vercauteran et al. on
the proper use of inhibitors to study endocytic pathways [26],
concentrations for specific inhibitor were chosen based on securing
a significant effect on transfectionwithout an equivalent effect on cell
viability. The chosen concentrations for subsequent uptake studies
were 75 mM for genistein,10 mM formbCD, 7.5 mg/ml for CPZ, 30 mM for
amiloride, and 75 nM for wortmannin.

The effect of inhibitors on pDNA uptake was measured 6 h after
transfection and expressed as a percentageof untreated cells (Fig. 7).
Treatment with mbCD significantly inhibited the uptake of all three
complexes (p < 0.05); the extent of inhibition was greatest in PEI2
(45% vs. 26% and 24% for PEI2, PEI2LA and PEI25, respectively).
Genistein interfered with the uptake of all three complexes as well,
but the differences in uptake among the three GDVswere negligible.
Wortmannin reduced the uptake of PEI2 and PEI25 complexes by
27% and 20%, respectively, but otherwise had no effect on PEI2LA
complexes. Similarly, amiloride partially blocked the uptake of PEI2
and PEI25 by 35e40%, but hadminimal effect on PEI2LAuptake. The
CME-inhibitor CPZ significantly reduced the uptake of PEI2LA (38%)
andPEI25 (31%) complexes, butnot thoseof thePEI2 complexes (7%).
Taken together, we infer that PEI25 complexes utilized awide range
of uptake pathways involvingmacropinocytosis, CME, and CvME. In
contrast, PEI2 was taken up predominantly through macro-
pinocytosis and CvME-mediated endocytosis. Linoleic acid substi-
tution on PEI2 re-routed the entry pathways to predominantly CME,
while engaging the CvME to some extent.
3.6. Effect of endosome disruption on transfection

We investigated the role of endosome entrapment on trans-
fection efficiency using a number of complementary endosome
disruptive methods. Chloroquine is a weak hydrophobic base that
buffers acidification in endolysosomal compartments to promote
endosomal release of pDNA [7]. Following 2 h pre-treatment with
chloroquine, transfection by PEI2LAwas increased by 50% (based on
mean GFP fluorescence), but transfection of PEI2 and PEI25
complexes was reduced by 36% and 31%, respectively (Fig. 8).

We then employed the photosensitizer (PS), AlPcS2a to facilitate
light-induced endosome disruption [27]. Endosomes were loaded
with the PS by incubating cells with 5 mg/ml of AlPcS2a for 16 h
prior to transfection. Transfected cells were then irradiated with
a wide-spectrum light at 3 h after the addition of complexes; this
time framewas empirically determined to give the most significant
changes in transgene expression (data not shown). AlPcS2a-
induced endosome release had a positive effect on transfection by
PEI2LA and PEI2 complexes, increasing transgene expression by
60% and 49%, respectively (Fig. 8), but reduced the efficiency of
PEI25 by 27%.

We further transfected the cells in 0.45 M sucrose, which is
a hypertonic media that can cause intracellular cytoplasmic
swelling within endosomes [28] to promote cytosolic release of
endocytosed materials. The hypertonic media enhanced the
transfection of PEI2LA complexes by 655% (based on mean GFP
fluorescence), while PEI25 complexes displayed 60% increase and
PEI2 complexes displayed 85% decrease.

Since endosomal transport is most commonly associated with
CME, the effects of these endosome disruptive methods on the
transfection efficiency of PEI2LA further suggest that uptake of
PEI2LA proceeds predominantly through CME, and that endosome
escape is a rate-limiting step in the transfection pathway of PEI2LA.
3.7. Intracellular distribution of complexes

To complement the quantitative results from flow cytometry,
qualitative information on the intracellular distribution of
complexes was generated using fluorescent microscopy. Fig. 9
shows CLSM images of cells transfected with Cy3-pDNA (red)
complexes, with the nuclei and late endosomes/lysosomes stained
with Hoechst 33528 (blue) and AF488-Dextran (green), respec-
tively. The patterns of distribution in PEI2 resemble that of dextran-
labeled endosomes, which coalesced into regions surrounding the
nuclei (Fig. 9a). The shared patterns between AF488-Dextran and
PEI2 complexes, however, did not appear to indicate co-
localization, as the red and green punctates were distinctly sepa-
rated. The distribution pattern of PEI2LA noticeably differed from



Fig. 6. The effect of the endocytic inhibitors genistein (a), mbCD (b), CPZ (c), amiloride
(d), and wortmannin (e) on transfection efficiency. Bar graph denotes the relative
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PEI2 and appeared throughout the cell as large string-like aggre-
gates (Fig. 9b). PEI25 complexes were much smaller, uniform in size
and morphology, and were generally distributed randomly
throughout the cell (Fig. 9c). Neither PEI2LA nor PEI25 appeared to
be co-localized with AF488-Dextran. We also noted that the DNA-
intercalating Hoechst dye bound to PEI2LA complexes more than
PEI2 complexes (some binding) or PEI25 complexes (no binding), as
evident by the purple colors in the composite image. This may
suggest that DNA complexed with PEI2LA were more accessible to
tertiary binding e a feature that may be beneficial for transgene
expression, which require binding by transcription factors.

We further carried out confocal microscopy on transfected cells
loaded with the photosensitizer AlPcS2a to gain insights into the
observed transfection effects. Because AlPcS2a is extremely sensi-
tive to light and is non-fixable, we employed spinning disk confocal
microscopy to carry out live-cell imaging. Fig. 10 shows confocal
images of transfected cells with AlPcS2a (cyan) and Cy3-pDNA
(orange). Consistent with the fixed cell images acquired with
CLSM above, PEI2 complexes tended to concentrate into defined
regions, whereas PEI2LA and PEI25 complexes appeared more
randomly distributed. AlPcS2a displayed a defined distribution
pattern in which a hollow circular region can be negatively traced
out by the exclusion of AlPcS2a from the area, suggestive of a per-
inuclear localization. The superimposed images indicated a low
degree of co-localization between AlPcS2a and PEI2LA or PEI25
complexes, as evident by the exclusivity between the two colors.
PEI2, appeared to share similar distribution pattern as AlPcS2a, but
we were not able to collect z-stacks required for quantitative
co-localization analysis, since AlPcS2a destabilized after just 20 s of
laser exposure. Regardless, we can conclude by qualitative visual
assessment that AlPcS2a had low degree of co-localizationwith the
complexes, suggestive of distinct sets of uptake pathways for the
molecules.

Given the significant increase in the transfection of PEI2LA
under hypertonic conditions, we next examined the intracellular
distribution of Cy3-pDNA in transfected cells treated with 0.45 M

sucrose (Fig. 11). Untreated cells showed complexes in discrete
regions of bright punctates and appeared more concentrated
around the perinuclear region where a negative outline of the
nucleus can be seen. In contrast, under hypertonic media, both PEI2
and PEI25 complexes appeared diffused, with lower signal-to-
background ratio, which may be indicative of partially decon-
densed or dissociated complexes since free DNA showed lower
fluorescence than complexes, as Fig. 3b indicated. Further, PEI2 and
PEI25 complexes were more evenly distributed in sucrose treated
cells, hinting a disruption to the endolysosomal trafficking,
whereby released complexes were free to move within the cyto-
plasmic space. Despite the contrasting patterns noted in PEI2 and
PEI25, we did not see a discernible difference among cells trans-
fected with PEI2LA. The lack of an observable effect on the intra-
cellular distribution of PEI2LA complexes in hypertonic media may
further suggest that PEI2LA adopts a different mode of intracellular
transport than the unmodified PEIs.

4. Discussion

Cellular uptake of complexes can be processed via a number of
endocytic pathways; the precise pathways to be utilized is expected
to be largely determined by physicochemical properties of the
mean fluorescent (FL1) of transfected cells treated with the indicated inhibitor as
a percentage of control cells (without treatment with inhibitors). Line graphs denote
the cell viability with inhibitor treatment at indicated concentrations as a percentage
of untreated cells (no inhibitors).



Fig. 7. The effect of endocytic inhibitors on the level Cy3-pDNA uptake of PEI2LA, PEI2 and PEI25 complexes. Cells were pre-treated with the inhibitors for 2 h before transfection
and the pDNA uptake was determined 6 h after transfection. The concentrations employed for each inhibitor were noted in the results section. Bar height depicts the relative Cy3-
pDNA fluorescent intensity as a percentage of untreated cells.
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complexes such as the size, charge, surface features, hydrophobicity
or shape [7,29]. Grafting of linoleic acid moieties to the low
molecular weight PEI2 renders new physicochemical features to
the assembled polymer/DNA complexes, which may alter the
uptake pathway in comparison to its unmodified precursor. Indeed,
the results presented herein suggest that uptake of the PEI2
Fig. 8. Effects of the lysosomotrophic agent chloroquine, the photosensitizer AlPcS2a and 0
height depicts the relative fluorescent intensity of transfected cells with the indicated trea
following treatment with chloroquine, by 60% following light irradiation of AlPcS2a-loaded
complexes depended largely on CvME and macropinocytosis, as
pharmacological compounds that either extracted plasma
membrane cholesterol, inhibited the activities of tyrosine kinase,
phosphoinositide-3-kinase, or membrane Naþ/Hþ-ATPase, resulted
in significant reduction in both uptake and transfection. In contrast,
hydrophobically-modified PEI2LA complexes were taken up
.45 M sucrose on the transfection efficiency of PEI2LA, PEI2, and PEI25 complexes. Bar
tment as a percentage of untreated cells. Transection by PEI2LA was increased by 50%
cells and by 655% after 0.45 M sucrose treatment.



Fig. 9. Fixed-cell confocal microscopy images showing the intracellular distribution of Cy3-pDNA (red) complexes of PEI2LA (a), PEI2 (b) and PEI25 (c). Each image shown on the
optical section was representative of the transfected cell population. Cells were stained with Hoechst 33528 and 10 kDa AF488-Dextran conjugate to visualize the nucleus (blue) and
the endosomes (green). Purple images are indicative of both Hoechst 33528 and Cy3 stained pDNA. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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primarily through the CME pathway, as evident by the faster rate of
uptake, a stronger inhibitory effect by CPZ, and enhanced trans-
fection from endosome disruptions, while CvME continued to be
involved in the uptake process, albeit to a lesser extent. On the
other hand, the uptake profile of PEI25 complexes was different
from PEI2 and PEI2LA complexes, and appeared to involve all three
endocytic pathways to the same extent since no single pathway
stood out as being strongly inhibited. It should be noted that the
involvement of the lesser-known clathrin-/caveolin independent
pathways in the uptake of these complexes remains to be clarified.
In all cases, uptake was not exclusive to a particular pathway, but
multiple routes of entry were utilized to varying degrees. Size data
obtained by DLS showed bell-shaped distributions in complex
sizes, and further suggest that more than one pathways would be
required to sufficiently accommodate the uptake of a heteroge-
neous population of complexes. Microscopy images showed PEI2
complexes to be concentrated around regions excluded from the
nucleus, while PEI2LA aggregates were found in and around the
nucleus, which stood to be unique from the whole-cell distribution
pattern in PEI25. Taken together, the intracellular distribution of
complexes complemented the finding from the inhibitor studies,
whereby PEI2, PEI2LA and PEI25 each exhibited a distinct profile of
uptake pathways.

There are several technical aspects of this study that we
consider important to highlight. First, because transfection effi-
ciencies are dependent on the complexation conditions, a single



Fig. 10. Live-cell images acquired with a spinning disk confocal microscope of cells transfected with PEI2LA (a), PEI2 (b), and PEI25 (c) complexes. Cell were pre-loaded with the
photosensitizer, AlPcS2a (cyan) for 16 h, then transfected with Cy3-pDNA (orange). (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)

C.Y.M. Hsu, H. Uluda�g / Biomaterials 33 (2012) 7834e78487844
complexation method may not accurately portray the relative
efficiencies among the GDVs since this will invariably favor one
GDV over another [30]. We therefore formulated the complexes
in different optimal conditions to ensure the results best reflect
the transfection capability of the GDV. Second, there is an
inherent delay between the point when complexes are added to
the media and the point when complexes reach the cells for
internalization. Since complexes formed with different GDVs
display different physicochemical properties, this may translate
into different sedimentation rates. Aggregation or destabiliza-
tion of complexes at different rates may further distort the
uptake efficiencies [31,32]. We compensated for these variables
by applying a centrifugation step immediately following the
addition of the complexes to ensure sedimentation rate and
complex stability are not limiting the uptake process. Finally,
some fluorophores, such as FITC or its derivatives, are sensitive
to pH and their fluorescence may be diminished at low pHs
[33,34]. Since endosomes and macropinosomes involved in CME
and macropinocytosis are known to undergo acidification [7,35],
in which the luminal pH of these compartments can drop to
4.3e4.7, we employed a pH-insensitive fluorophore to ensure
complexes that are localized in acidic compartments do not
result in diminished signal intensity. This is particularly impor-
tant for studies involving comparative evaluation of novel
biomaterials for gene delivery where prior knowledge of the
uptake pathways is largely unknown. Overall, we believe these
steps should improve the design of future studies on complex
uptake and trafficking.
Our results from PS-induced endosome disruption showed
improved transfection efficiency for PEI2LA and PEI2. However, the
enhancement observed was minimal compared to other studies
[36e39]. It should be noted that, in cases of sub-optimal
complexation conditions (e.g., low N/P ratio), PSs are expected to
be more beneficial in transfection [40,41]. Considering that we
optimized transfection conditions for each GDV, it is not surprising
that PS did not make a great impact in transfection efficiency.
Further, the effectiveness of PS-induced endosome disruption is
dependent on the extent of co-localization between the complexes
and the PS [42]. The images captured by confocal microscope in this
study revealed a lack of spatial coordination between PSs and
complexes, confirming that PSs did not promote efficient release of
complexes from the endosome. A method to synchronize the
intracellular location of PS and complexes may lead to a greater
margin of enhancement in transfection.

It is surprising that PEI2LA complexes, despite being the largest,
were nevertheless taken up predominantly through CME rather
than macropinocytosis, even though CME and CvME are often
associated with smaller complexes (up to 200 nm) while macro-
pinocytosis is typically involved with larger complexes (up to 1 mm
[13,25,43,44]). Thus, we did not find a correlation between the sizes
of our complexes and the reported sizes associated with each
endocytic pathways [15,43]. Because uptake pathway is inter-
dependent on physicochemical composition of the complexes and
the cell type [14,15,45], direct comparison of results with previous
studies based on size alone may not be applicable. Further, size
measurements in aqueous environment could be an over-



Fig. 11. Wide-field microscopy images of cells pre-treated for 2 h with hypertonic media (0.45 M sucrose in OPTI-MEM, left column) and in OPTI-MEM only (right column), then
transfected with PEI2LA (a), PEI2 (b), and PEI25 (c) complexes. Images were captured on live cells grown in a plastic tissue culture plate.
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estimation of actual complex size owing to the hydrophobic nature
of the complexes, which has a higher tendency towards aggrega-
tion, leading measurement to the aggregates of the complexes,
rather than individual complex. It is conceivable that size does
impose restriction on the uptake pathway, but in a way that allows
smaller complexes to utilize a wider range of pathways, whereas
larger complexes are restricted to a few specific routes. This notion
came from the observation that PEI25 complexes, being the small-
est of the three, were sufficiently taken up by all of the pathways
examined in this work, whereas the larger PEI2 and PEI2LA, showed
a preference for CvME and CME, respectively. Still, the notion that
LAmoiety could be involved in facilitating receptor-ligandmediated
endocytosis cannot be ruled out; further investigation is needed to
reveal additional mechanistic role of lipid moieties in uptake.

The fact that CPZ had the greatest impact on the transfection
efficiency of PEI2LA may simply imply that a larger proportion of
the complexes were taken up through CME. This does not suggest
that CME is the most efficient pathway or that this route is
responsible for the increase in transfection efficiency of PEI2LA per
se since the shift to CME may be a mere consequence of the change
in the properties of the complexes as a result of LA substitution. The
most efficient pathway would need to be determined by actively
targeting the complexes to each of the endocytic pathways, in
which the pathway with the highest ratio of transgene expression-
to-pDNA uptake would be deemed the most efficient. It is
conceivable that CME in this case is not the most conducive
transfection pathway for PEI2LA and that the enhancement in
transfection is principally derived from the small proportion of the
complexes released into the cytosolic domain, which were able to
mediate highly efficient trafficking for transfection. In other words,
the role of lipid-moieties might not be limited to increasing binding
affinity to cellular membranes, but to further act as signaling ligand



Scheme 1. A proposed model for the uptake and subsequent intracellular trafficking pathway of PEI2LA complexes in NHFF cells. PEI2LA complexes were predominantly taken up
through CME, and to some extent by the CvME. Macropinocytosis is either not involved or plays a minor role in the uptake of PEI2LA. PEI2 complexes are internalized mainly
through CvME and macropinocytosis while PEI25 are taken up by all endocytic pathways to some extent. Following uptake, endosomes undergoes gradual acidification and are
trafficked to the endolysosomal pathway, where the ingested pDNA may become degraded. A portion of the complexes nevertheless is released into the cytosol by yet unknown
mechanism(s) and nucleocytoplasmic transport leads to lipid-moieties associating with the lipophilic domains of nuclear membrane. Subsequent nuclear entry is gained by a flip-
flop mechanism or passively during cell division when the nuclear membrane breaks down [5].
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to mediate active intracellular transport. Endogenous proteins are
often post-translationally modified with lipid motifs as transport
signal molecule for trafficking to various sub-cellular compart-
ments during organelle biosynthesis or activated metabolic func-
tions [46]. For example, palmitylation allows protein to be targeted
to specialized membrane microdomains involved in synaptic scaf-
folding, signaling and cytoskeletal proteins [47] as well as in
retrograde transport during lysosome trafficking [48]. The possi-
bility of lipid moieties acting as a signaling ligand in gene delivery
has never been considered. It is likely that an adaptor molecule or
lipid binding protein, similar in concept to the transcription factor
binding-mediated nuclear transport of nucleic acids via the kar-
yopherin family of proteins, may be employed in the process
[49e51]. Additional biochemical and molecular technique is
necessary to unravel the mechanistic role of lipids in sub-cellular
targeting of GDV conjugates.

Mechanistic studies on the effect of hydrophobicmodification are
currently limited and the few studies that have beenpublished so far
focused primarily on chitosan conjugates. In one instance, the
substitution of chitosan with palmitic acid progressively shifted
dependence towards lipid-raft mediated endocytosis, as degree of
substitution increased [16]. In another instance, glycol chitosan
modified with 5b-cholanic acid was found to be taken up by all
endocytic pathways and was distributed evenly throughout the cell
[52]. Though the cell types and GDVs used in those studies are
significantly different from ours, two aspects were consistent with
our data; (i) biochemicalmodification alters the surface properties of
the complexes and changes the uptake pathways, and; (ii) complex
uptake was not exclusive to one pathway, but employed multiple
pathways to varying degrees. The exact uptake pathway by which
complexes are taken up is beginning to become less important in
recent years as exceptions to their intracellular fate emerge. For
example, CvME has often been regarded as the ideal uptake pathway
since caveolae are generally non-acidic and non-degradative [53].
However, recent evidence demonstrated that caveolae not only
undergo acidification but can also merge with endosome and
become destined for the endolysosomal pathway [16,54]. Even
macropinocytosis, which is not known to be a degradative path,
were recently shown to harbor acidic pH inside macropinosomes
and trafficked to the lysosomal pathway [55,56]. The intracellular
trafficking in these endocytic pathways may be cell type dependent,
making generalization regarding their degradative fate difficult to
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arrive. Regardless of the pH or the degradative environment where
the complexes end up in, it can be agreed upon that disruption of the
vesicular compartment for the eventual cytosolic release is a priority
for trafficking to the nucleus. Thus, we believe that subsequent focus
in GDV design should be on promoting efficient release into the
cytoplasm, rather than targeting to a specific pathway.

Our work presented here provides the first mechanistic view
into the transfection pathway of lipid modified PEIs. Scheme 1
shows a proposed model for the uptake and intracellular traf-
ficking of PEI2LA in NHFF cells. Briefly, LA-substituted complexes
are taken up predominantly via CME, and to a lesser extent by
CvME;macropinocytosis is either not involved or plays aminor role
in the uptake. Following release into the cytosol, the LA moieties
mediate nuclear import either through association with hydro-
phobic domain of the nuclear membrane or through fusion to gain
direct entry [5]. What remains to be determined is the fate of the
complexes within vesicular compartments and the mechanism by
which the portion of complexes manage to be released into the
cytosol. Existing literature on the uptake pathways of cationic GDVs
employed transformed cell lines such as HEK293, CHO, COS-7, and
HeLa cells [8e10,18,57]. To the best of our knowledge, this study is
the first study to probe transfection pathways of polymeric GDVs in
the context of a clinically-relevant primary tissue derived human
foreskin fibroblast cells. The results from this study should further
facilitate the rational design of non-viral gene delivery systems for
clinical applications.

5. Conclusions

Lipid modification to PEI2 alters the cellular uptake pathway of
its assembled DNA complexes from one that is predominantly
macropinocytosis-driven to pathways that are dependent on CME
in primary fibroblast cell culture. The exact pathway responsible for
efficient transfection is not clear in this case, but may not be critical
to the overall design of GDV, unless methods to promote release
into cytosol are coupled to a particular uptake pathway, since
endosome escape continues to be a major rate-limiting step even
with more-effective lipid-modified polymers. Hydrophobic modi-
fications are thought to enhance transfection by promoting asso-
ciation with lipid components of the plasma membrane and
nuclear envelope, but the lipid moieties may have additional roles
as transport signals in intracellular trafficking as well. The use of
primary tissue-derived cells in this study permits direct translation
of research findings to clinical applications, and should be the
preferredmodel, rather than immortal cells, for future evaluation of
non-viral GDVs.
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