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B
iologic drugs such as proteins, pep-
tides, and nucleic acids are often en-
capsulated in delivery vehicles that

both protect against premature degradation
and facilitate uptake. Vehicles containing
drugs with intracellular targets are generally
internalized by cells through vesicular uptake
mechanisms.1,2 The rate and mechanism of
cellular internalization of these vehicles de-
pends on the target cell type as well as on the
physicochemical properties of the vehicles.
The influence of particle shape and size on
internalization mechanism has been studied
in detail for several model nanoparticle sys-
tems, such asnanoparticles composedof poly-
styrene,3 poly(methacrylates),4 silica,5,6 gold,7,8

and carbon.9 However, there are few studies
that have probed the influence of particle
shape on the effectiveness of biologic drug
delivery.3,5

Our group recently synthesized a series of
HPMA-co-oligolysine comb-like polymers
for nucleic acid delivery.10 We found that

two polymers with similar chemical compo-
sition but different comb lengths showed
drastically different gene transfer efficiencies.
Since several reports have indicated that poly-
lysine peptides of different lengths com-
plexed DNA into varying particle shapes,11,12

we hypothesized that polycation structure
could impact supramolecular morphology
after complexation with a polyanion (termed
“polyplexes”). Furthermore, the difference in
particlemorphology couldaffect downstream
transfection efficiency. Particle size and shape
has been shown to affect internalization rates
for solid particles;3,4,6,13 however, it is unknown
how the particle morphology of polyplexes
influences cellular uptake and intracellular
trafficking. In this work, the role of particle
morphology on the various steps of intracellu-
lar nanoparticle delivery is investigated and
quantified through a detailed analysis of up-
take efficiency, endocytosis pathway, subcel-
lular distribution, intracellular trafficking, and
gene transfer efficiency. We find that particle
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ABSTRACT Nanoparticle morphology has been shown to affect cellular

uptake, but there are few studies investigating the impact of particle shape

on biologic drug delivery. Recently, our group synthesized a series of

N-(2-hydroxypropyl) methacrylamide (HPMA)-oligolysine brush polymers for

nucleic acid delivery that varied in oligolysine peptide length and polymer

molecular weight. Interestingly, a 50% longer peptide (K15) transfected very

poorly compared to the optimized polymer comprised of K10 peptide despite

similar chemical composition and molecular weight. We hypothesized that

differences in particle morphology contributed to the differences in plasmid DNA delivery. We found that particles formed with plasmid DNA and a

polymer with the longer oligolysine peptide (pHK15) had larger aspect ratios than particles formed with optimized polymer (pHK10). Even though both

formulations showed similar percentages of cellular association, particles of a higher aspect ratio were internalized to a lesser extent. Furthermore, the rod-

like particles accumulated more in endosomal/lysosomal compartments, leading to delayed nuclear delivery. Other parameters, such as particle surface

charge, unpackaging ability, uptake mechanism, intracellular trafficking, and the presence of heparan sulfate proteoglycans did not significantly differ

between the two polymer formulations. These results indicate that, for this system, polyplex morphology primarily impacts nucleic acid delivery efficiency

through differences in cellular internalization rates.
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morphology significantly impacts rates of cellular up-
take, but has minor influence on subsequent intracel-
lular trafficking and processing. These results highlight
the importance of considering polyplex morphology
when designing nanoparticles for intracellular delivery.

RESULTS AND DISCUSSION

Polyplex Morphology Assessed by Transmission Electron
Microscopy (TEM). pHK10 and pHK15 are comb-like HPMA-
co-oligolysinepolymerswith similar chemical composition
andmolecularweightbutdifferentoligolysinebrush length.
The polymers are synthesized by reversible addition�
fragmentation chain-transfer (RAFT) polymerization to
provide high control over polymer molecular weight
and composition.10 Polylysine, a commercially available
linear polymer, was used for comparison. The polymer
properties are summarized in Table 1. Despite the simila-
rities in material composition and molecular weight,
pHK10 and pHK15 showed significant differences in gene
transfer efficiencies to culturedcells (Figure1). At anamine
to phosphate (N/P) ratio of 5, pHK10/DNA complexes
(polyplexes) transfected HeLa cells comparable to poly-
plexes with bPEI, the most commonly used cationic
polymer for nonviral gene delivery, and with 42.3-fold
higher transfection efficiency than pHK15 polyplexes;
pHK15 polyplexes transfected similarly to PLL.

Previous reports have indicated a difference in poly-
plex morphology as a function of oligolysine length,
ranging from loosely complexed particles11 to linear
rods and oval-shaped particles.12 Therefore, the poly-
plex morphology of pHK10, pHK15, and PLL poly-
plexes, formulated at N/P 5, was assessed by TEM.
pHK10 polyplexes formed oblong particles, ∼25 by
∼74 nm (Figure 2A), while pHK15 particles formed
longer rod-like particles (Figure 2B), with a width of
∼18 nm and length of ∼102 nm, toroids, or twisted
particles. For comparison, PLL polyplexes formed either
long, thin rods, around38�191nmin lengthand6�30nm
in width (∼67% of all measured particles), or toroids,
∼21�52 nm in diameter (∼33% of all measured particles)
(Figure 2C). The length of the minor axis decreased with
increasing oligolysine length (Figure 2D), while the length
of themajor axis was larger in pHK15 particles than pHK10
(Figure 2E). The geometric mean of the aspect ratio,
defined as the length of the major axis divided by the
length of the minor axis, increased with oligolysine length
(Figure 2F), and was 2.9, 5.6, and 6.3, for pHK10, pHK15,
and PLL (rods only) particles, respectively. These results

somewhat differ than prior measurements of the hydro-
dynamic particle diameters, which indicated that HPMA-
oligolysine copolymers formed slightly larger particles in
water (100�150 nm),10 possibly due to the nonspherical
morphology of the lysine-based polymers. Furthermore,
similar differences in polyplex morphology between
pHK10 (more spherical) and pHK15 (more rod-like) for-
mulations were observed by imaging polyplex uptake in
culturedcellsby transmissionelectronmicroscopy (Figure3),
thereby confirmingmorphology differences between the
two formulations under transfection conditions. Poly-
plexes of a twisted morphology were also observed with
PEGylated PLL dendrimers;14 however, the researchers
note that no distinct relationship between particle mor-
phology and transfection was observed.

Cellular Uptake of Polyplexes over Time. Since particle
morphology has been shown to affect the internaliza-
tion pathway and efficiency of uptake into mammalian
cells,5 the kinetics of pHK10, pHK15 and PLL polyplex
uptake was determined using polyplexes formulated
with radiolabeled plasmidDNA (Figure 4). PlasmidDNA
was radiolabeled to provide a sensitive and quantita-
tive method for detection. Cells were incubated with
polyplexes for 4 h, and then washed and replaced with
media for an additional 2, 4, 8, or 20 h. Internalization of
polyplexes after a 2 h incubation was also measured.
After each time point, cells were incubated with Cell-
Scrub to reduce extracellularly bound polyplexes.
pHK10 showed the highest cellular association and

TABLE 1. Properties of HPMA-Oligolysine Polymers

polymer targeted Mn (kD) determined Mn (kD)
a Mw/Mn

a mol % oligolysine monomerb mmol of lysine/g of polymerb

pHK10 61.9 65.5 1.14 20.5 4.9
pHK15 61.4 74.4 1.21 14.0 5.0

a Values determined by SEC coupled with laser light scattering and dRI detection. bMol % of oligolysine and mmol of lysine per gram of polymer determined by amino acid
analysis.

Figure 1. Transfection efficiency of polymers in HeLa cells.
HeLa cells were incubated with polyplexes formulated with
bPEI, PLL, pHK10, or pHK15 and DNA (1 μg) for 4 h in serum-
free conditions, replenished with complete media, and
assessed for luciferase activity at 48 h. The data are repre-
sented as the mean ( SD, n = 3. (*) denotes p e 0.05, as
determined by a two-tailed, unpaired Student's t test with
unequal variance.
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cellular internalization after both 2 and 4 h compared
to pHK15 and PLL. For example, after a 4 h incubation,
pHK10 polyplex internalization efficiency was 4.09 (
0.54%, followed by PLL (1.22 ( 0.33%), pHK15 (0.86 (
0.04%), and DNA (0.32 ( 0.06%). Interestingly, the
amount of internalized DNA continued to increase
after polyplex removal at 4 h, suggesting continued
internalization of surface-bound complexes not re-
moved by CellScrub. At 24 h, pHK10 showed the high-
est uptake efficiency (3.73%), followed by PLL (2.19%),

pHK15 (0.85%), and DNA (0.20%). A complete break-
down of polyplex distribution (solution, cell-associated,
and internalized) is shown in Figure S1 (Supporting
Information). The surface charge of particles were also
determined by zeta potential measurements since catio-
nic nanoparticles have been shown to bind to mamma-
lian cells through electrostatic interactions. No significant
differences were measured in the zeta potential
of pHK10 and pHK15 polyplexes (Figure S2, Supporting
Information). Therefore, these results suggest that larger
aspect ratiosmay reduce the rates of cellular internaliza-
tion despite efficient cellular association.

Figure 2. Transmission electronmicrographs of lysine-based polymers. Particlemorphology of (A) pHK10, (B) pHK15, and (C)
PLL (rods only) in water. The length of the (D) minor axis and (E) major axis were calculated for n = 31 for pHK10, n = 39 for
pHK15, and n = 44 for PLL (rods only). (F) Aspect ratio was calculated by dividing the length of themajor axis by the length of
the minor axis. The line denotes the geometric mean of each set of values. Statistical significance was determined using a
Kruskall�Wallis test, where (*) p < 0.05.

Figure 3. Transmission electron microscopy of polyplex
interaction with HeLa cells. HeLa cells were treated with
polyplexes under serum-free conditions for 1 h prior to
fixation and preparation for TEM. Arrows indicated pHK10
(A,B) and pHK15 (C,D) polyplexes at the plasma membrane
(“pm”) in the process of being endocytosed. Scale bar
indicates 200 nm.

Figure 4. Cellular uptake of [3H]DNA/polymer complexes
over time. HeLa cells were treated with [3H]DNA/polymer
complexes (containing 1 μg DNA) for 4 h under serum-free
conditions, rinsed, and replacedwith completemedia for up
to 20 additional h. The amount of internalized DNA as a
function of total radioactivity (% total DNA)was determined
for DNA alone (closed circles), PLL polyplexes (closed
triangles), pHK10 polyplexes (open circles), and pHK15
polyplexes (open triangles). The data are represented as
the mean ( SD, n = 3.
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Role of Heparan Sulfate Proteoglycans on Cellular Uptake and
Transfection. Heparan sulfate proteoglycans (HSPGs)
have been demonstrated to play an important role in
the nonspecific uptake and processing of cationic
lipids and polyplexes.15�17 In order to determine if
differences in polyplex morphology affect electrostatic
interactions with HSPGs, cellular uptake of polyplexes
formulated with [3H]DNA was assessed in wild-type
Chinese hamster ovary (CHO) cell lines normally ex-
pressing HSPGs on their extracellular surface (CHO-K1)
or mutant CHO cells lacking the presence of HSPGs
(CHO-pgs-A745).16 Surprisingly, polyplex uptake was
20.2% and 45.8% lower in wild-type CHO-K1 compared
to CHO-pgs-A745 for pHK10 and pHK15, respectively,
although gene expression levels were similar between
the two cell lines (Figure 5A) in contrast to observations
seen with other lysine-based vectors.18,19 As observed
in Figure 1, the transfection efficiency of pHK15 poly-
plexes was 79�89% lower than that of pHK10 poly-
plexes in both CHO cell lines (Figure 5B). Interestingly,
the decreased cellular uptake of polyplexes in wild-
type CHO cells did not translate to decreases in trans-
fection efficiency. Therefore, HSPGs do not play a
significant role in internalization of HPMA-co-oligoly-
sine-based particles in these cultured cells. Instead,
these particles may interact with a currently unknown
receptor for cellular uptake.

In Vitro Transfection in the Presence of Endocytic Inhibitors.
The route of polyplex internalization has been shown
to affect subsequent intracellular trafficking and ulti-
mately transgene expression efficiency.20�22 Therefore,
the transfection of pHK10 and pHK15 polyplexes in HeLa
cellswasdetermined in thepresenceof inhibitors formajor
endocytic pathways for polyplexes,23 namely clathrin-
mediated endocytosis (CME), caveolin-mediated endocy-
tosis (CavME), andmacropinocytosis. Cellswerepretreated
with either chlorpromazine, which inhibits CME by
dissociating clathrin from the plasma membrane,24

genistein, which inhibits tyrosine-phosphorylation of
Cav1,25,26 or amiloride, which inhibits Naþ/Hþ ion ex-
change in the plasma membrane,27 for 1 h prior to
transfection and sustained inhibitor treatment during
transfection with pHK10 and pHK15 polyplexes. Inhibi-
tor concentrations were optimized using cell viability
studies. For both polymers, only transfection in the
presenceofgenistein, but not chlorpromazineor amilor-
ide, affected transgene expression, suggesting that
caveolin-mediated endocytosis is the primary internali-
zation route of these particles in HeLa cells. Transfection
efficiency was 70�89% lower than cells transfected
without inhibitor treatment (Figure 6). Similar transfec-
tion trends with uptake inhibitors were observed with
other HPMA-oligolysine polymers.28 Since HSPGs have
been shown to enter cells via a clathrin- and caveolin-
independent pathway,29 these results also confirm
HSPG-independent internalization. Furthermore, differ-
ential internalization mechanisms do not account for

the disparities in gene transfer observed between
pHK10 and pHK15 materials.

Intracellular Distribution via Subcellular Fractionation. To
gain quantitative insight into the subcellular distribu-
tion of pHK10 and pHK15 polyplexes, HeLa cells were
treated with polyplexes formulated with [3H]DNA for
4 h, washed with CellScrub to reduce extracellularly
bound material, and subsequently fractionated into
nuclear, heavymitochondrial (HM), lightmitochondrial
(LM), microsomal (MF), and cytosolic (C) fractions. All
media and washes were also collected to calculate a

Figure 5. Cellular uptake and transfection efficiency of
pHK10 and pHK15 polyplexes in heparan sulfate proteogly-
can (HSPG) normal (CHO-K1) and deficient (CHO-pgs-A745)
cells. (A) Cellular uptake of radiolabeled polyplexes. Cells
were incubated with 1 μg of [3H]DNA alone, pHK10/[3H]DNA
polyplexes, or pHK15/[3H]DNApolyplexes for 4 h under serum-
freeconditions. Theamountof internalizedDNAasa functionof
total DNA (% [3H]DNA internalized) was determined. (B) Trans-
fectionofHSPGnormal (CHO-K1) anddeficient (CHO-pgs-A745)
cells. Cells were transfected with DNA (1 μg) at N/P 5 under
serum-free conditions. Data are presentedmean( SD,n=3. (*)
denotes p e 0.05, as determined by a two-tailed, unpaired
Student's t test with unequal variance.

Figure 6. Transfection efficiency of pHK10 and pHK15
polyplexes in HeLa cells in the presence of endocytic
inhibitors. Cells were pretreated with chlorpromazine, gen-
istein, or amiloride for 1 hprior to the addition of polyplexes
formulated with DNA (1 μg) at N/P 5 under serum-free
conditions. Data are presentedmean( SD,n=4. (*) denotes
p e 0.05, (**) denotes p < 0.01, as determined by a two-
tailed, unpaired Student's t test with unequal variance.
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mass balance. Again, similar amounts of both pHK10
and pHK15 were found remaining in the media after
incubation (Figure 7A). A higher percentage of pHK10/
[3H]DNA polyplexes were found internalized rather
than surface-bound compared to pHK15/[3H]DNA poly-
plexes. Interestingly, a higher percentage of pHK10 poly-
plexeswere found in the nuclear fraction (80%) vs pHK15
polyplexes (65%) (Figure 7B). There are several possible
explanations for this observation. Better nuclear deliv-
ery of DNA may be achieved using pHK10 polymers.
Higher amounts of free DNA in the nucleus has led to
higher transgene expression with polyphophorami-
date vectors.30 Enhanced nuclear accumulation may
also indicate higher stability of pHK10 polyplexes
against DNase I.31 Alternatively the high amount of
[3H]DNA in the nuclear fraction may be an artifact of
degraded plasmid32 or the presence of cytoplasmic
filaments.33,34 Slightly more pHK15 polyplexes were
also found in the LM and MF fractions, suggesting that
pHK15 polyplexes are associated with endosomal and
lysosomal compartmentsmore than pHK10 polyplexes
(Figure 7C),34 although similar amounts of both for-
mulations were found in the cytosolic fraction. These
results may indicate that rod-like morphologies can
preferentially accumulate in endosomal/lysosomal
compartments and delay nuclear localization. A recent
study demonstrated that the display of antibodies on
rod-shaped particles resulted in higher cellular uptake,

perhaps due to the multivalent interactions of anti-
bodies with receptors on the cell surface.3 Similarly,
rod-like cationic polyplexesmay also associatewith the
lipid membranes of endosomes and lysosomes be-
cause of greater surface area of the rod-shaped
polyplexes.

Heparan Sulfate Decomplexation. Premature or delayed
intracellular release of DNA can also lead to inefficient
gene transfer.35 Polymers were tested for their ability
to release DNA using heparan sulfate for competitive
displacement. Polyplex unpackaging was determined
by adding various amounts of heparan sulfate with
polyplexes formulated at N/P 5. Slight differences in
polyplex unpackaging were seen between pHK10 and
pHK15 formulations; pHK10 polyplexes were mostly
unpackaged by 11 μg of heparan sulfate, while pHK15
polyplexes needed at least 14 μg of heparan sulfate to
show unpackaging (Figure S3, Supporting Information).
However, neither formulation fully unpackaged, as
determined by the amount of polyplex still left in the
well, at 22 μg of heparan sulfate (data not shown), the
highest concentration tested. Fluorescence studies
using YOYO-1 as a DNA intercalating agent and high
NaCl concentrations to facilitate complete unpacka-
ging also demonstrated that pHK10 and pHK15 un-
package DNA to similar extents (data not shown).
Therefore, these results suggest that pHK10 and
pHK15 polyplexes unpackage DNA to similar extents.

Figure 7. Subcellular distribution of [3H]DNA/polymer complexes in HeLa cells. HeLa cells (5� 106) were treated with pHK10
(black bars) or pHK15 (white bars) polyplexes (containing 100 μg of DNA) for 4 h prior to being washed with CellScrub to
remove extracellularly bound polyplexes and fractionated into nuclear, heavy mitochondrial (HM), light mitochondrial (LM),
microsomal (MF), and cytosolic (C) fractions. (A) The amount of [3H]DNA found in solution (pulse), surface-bound (CellScrub),
and internalized (trypsinized cells) fractions, (B) nuclear and postnuclear fractions, and (C) postnuclear fractions, composed of
HM, LM,MF, C fractions. Data are presented asmean( SD, n = 3. (*) denotes pe 0.05, as determinedby a two-tailed, unpaired
Student's t test with unequal variance.
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Intracellular Particle Trafficking via Multiple-Particle Track-
ing. Multiple-particle tracking is a useful tool to mea-
sure the intracellular trafficking kinetics in live cells.36

Previous differences in intracellular trafficking kinetics
have been observed with the attachment of a targeting
moiety37 or PEG,38 and polyplexes undergoing nonde-
gradative versus degradative trafficking pathways.39,40

To determine if there were differences in intracellular
polyplex trafficking between pHK10, pHK15, and PLL,
cellswere treatedwith Alexa Fluor 568-labeled polymer/
DNA polyplexes for 1 h, rinsed, and then allowed to
incubate with polyplexes for an additional 2 h, after
which 20 s videos of particle movement were captured.

The effective diffusivity (Deff) of the ensemble-average
mean-squared displacement (MSD) for pHK10 (n = 139
in 5 cells), pHK15 (n = 154 in 5 cells), and PLL (n = 87 in 6
cells) was 4.04 � 10�3, 6.27 � 10�3, and 4.28 � 10�3

μm2/s, respectively. The MSD for pHK15 was slightly
greater than that of pHK10 (Figure 8). To further char-
acterize particle transport, particle transport mode
(hindered, diffusive, active) was determined by calculat-
ing a relative change (RC) value, defined as Deff,probed/
Deff,reference (Figure S4, Supporting Information). The
average velocities of actively transported particles were
not statistically significant at long time scales by the
Kruskall�Wallis test (geometric mean = 0.0720 μm/s
for pHK10 vs 0.0942 μm/s for pHK15). These results
indicate that there are insignificant differences in the
intracellular trafficking kinetics for these polymers.

CONCLUSIONS

In summary, HPMA-oligolysine copolymers of differ-
ent peptide lengths (K10 and K15) formed polyplexes
that differed in particle morphology, leading to major
differences in cellular uptake and transfection efficiency.
The presence of HSPGs decreased cellular uptake for
both polymer formulations, but did not affect transfec-
tion efficiency. Interestingly, pHK15 polyplexes accumu-
lated more in endosomal/lysosomal compartments
than pHK10 polyplexes. Furthermore, charge density,
unpackaging ability, and intracellular trafficking kinetics
did not differ significantly between pHK10 and pHK15.
These results suggest that polyplex morphology may
play an important role in determining the transfection
efficiency of cationic gene carriers. Therefore, polyplex
morphology should be considered when designing
polymer structures as well as reproducible formulation
conditions.

EXPERIMENTAL SECTION
Materials. N-(2-Hydroxypropyl)methacrylamide (HPMA) was

purchased from Polysciences (Warrington, PA). The initiator
VA-044 was purchased from Wako Chemicals USA (Richmond, VA).
Chain transfer agent ethyl cyanovaleric trithiocarbonate (ECT)
was a generous gift from Dr. Anthony Convertine (University of
Washington). Rink amide resin was purchased from Merck
Chemical Int. (Darmstadt, Germany). HBTU and Fmoc-protected
lysine were purchased from Aapptec (Louisville, KY). N-Succini-
midyl methacrylate was purchased from TCI America (Portland,
OR). Copper grids for electronmicroscopy studies were purchased
fromElectronMicroscopy Sciences (Hatfield, PA). 20-Deoxycytidine
50-triphosphate tetraammonium salt, [50-3H], was purchased from
Moravek Biochemicals and Radiochemicals (Brea, CA). Fluorescent
dyes were purchased from Life Technologies (Green Island, NY).
Ultima Gold scintillation fluid was purchased from Perkin-Elmer
(Santa Clara, CA). All cell culture reagents were purchased from
Cellgro/Mediatech (Fisher Scientific, Pittsburgh, PA). All other
materials, including polylysine (PLL, 12 000�24000 g/mol), were
reagent grade or better and were purchased from Sigma-Aldrich
(St. Louis, MO) unless otherwise stated. Endotoxin-free plasmid
pCMV-Luc2 was prepared by using the pGL4.10 vector (Promega,
Madison, WI) and inserting the CMV promoter/intron region from
the gWiz Luciferase (Aldevron, Madison, WI). The plasmid was

isolated and produced with the Qiagen Plasmid Giga kit (Qiagen,
Germany) according to the manufacturer's instructions.

Synthesis and Characterization of Peptides and Polymers. Synthesis
of peptide monomers, methacrylated AhxK10 (MaAhxK10), and
methacrylated AhxK15 (MaAhxK15) were completed exactly as
described previously.10 Briefly, peptidemonomers were synthe-
sized on a solid support of Rink amide following standard Fmoc/
tBu chemistry and cleaved off the solid support with a solution
of TFA/TIPS/1,3-dimethoxybenzene (92.5:2.5:5 v/v/v). Cleaved
peptide monomers were precipitated in cold ether, dissolved in
methanol, and reprecipitated in cold ether. Each peptidemono-
mer was analyzed by RP-HPLC and MALDI-TOF MS and was
shown to have greater than 95% purity after cleavage. MALDI-
TOFMS calculated for MaAhxK10 (MHþ) 1479.98, found 1479.85.
MALDI-TOF MS calculated for MaAhxK15 (MHþ) 2120.85, found
2120.19. Copolymers of HPMA and eitherMaAhxK10 orMaAhxK15
were synthesized via RAFT polymerization (DP 150) and char-
acterized by size exclusion chromatography and amino acid
analysis, as described previously.10

Polyplex Formulation and Characterization. Stock solutions of
polymers were prepared at 10 mg/mL in 0.1� phosphate
buffered saline (PBS), and the pH was adjusted to 6.5 by adding
0.1 N HCl. To formulate polyplexes, pCMV-Luc2 plasmid DNA
was diluted to 0.1 mg/mL in DNase/RNase-free H2O and mixed

Figure 8. Ensemble-average mean-squared displacement
using multiple-particle tracking (MPT). HeLa cells were
incubated with Alexa Fluor 568-labeled polymer/DNA com-
plexes for 1 h in serum-freemedia, rinsed, and then allowed
to incubate in complete media for an additional 2 h. After-
ward, 20 s videos of particle trajectories were captured.
Ensemble-average mean-squared displacement of PLL
(n = 87 in 6 cells), pHK10 (n = 139 in 5 cells), pHK15
(n = 154 in 5 cells) particles.
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with an equal volume of polymer at desired lysine to DNA
phosphate (N/P) ratios. Polyplexes were then allowed to incu-
bate for 10 min at room temperature prior to use for experi-
ments. For ζ potential measurements, 20 μL of polyplexes were
diluted with 180 μL of dH2O and 800 μL of 10 mM NaCl prior to
measuring ζ potential using a Zetasizer Nano ZS (Malvern
Instruments Inc., Southborough, MA) using the Smoluchowsky
model for aqueous suspensions.

Transmission Electron Microscopy. Polyplex morphology was
imaged by electron microscopy on a hydrophilic surface. To
render a hydrophilic surface, 400-mesh copper/Formvar grids
were treated with glow discharge for 45 s. Ten microliters of
polyplexes (in dH2O)was applied to the Formvar-side of the grid
for 30 min. The grid was washed four times in dH2O and then
dipped in 4% (w/v) uranyl acetate (in dH2O) to negatively stain
the sample. Excess solution was wicked off the grid with filter
paper, and the grid was allowed to dry overnight prior to
imaging. Images of the sample grids were taken with a JEOL
1010 transmission electron microscope (Electron Microscopy
Facility, Fred Hutchinson Cancer Research Center). Measure-
ments of particle length were completed using ImageJ, and
expressed in the text as the mean ( SD.

For visualizing polyplex uptake by TEM, 5 � 106 HeLa cells
were seeded into 150-cm plates overnight. The cells were then
treated with either pHK10 or pHK15 polyplexes (containing
100 μg DNA) at N/P 5 in OptiMEM for 1 h at 37 �C, 5% CO2. Cells
were washed once with PBS and fixed with 1:1 (v/v) mixture of
1/2 Karnovsky's fixative:OptiMEM for 10 min at room tempera-
ture. The fixative was removed, and the cells were then further
incubated with full-strength 1/2 Karnovsky's fixative for 1 h. Cells
were then scraped off the plate, pelleted, and resuspended in a
small volumeoffixative for preparation for TEM (FredHutchinson
Cancer Research Center, Electron Microscopy Services).

Cell Culture. HeLa (human cervical carcinoma) cells were
grown in minimum essential medium (MEM) supplemented
with 10% fetal bovine serum (FBS) and antibiotics/antimyotics
(AbAm) (100 IU of penicillin, 100 μg/mL of streptomycin, and
0.25 μg/mLof amphotericin B). CHO-K1 (Chinese hamster ovary)
cells were grown in F12K media supplemented with 10% FBS
and AbAm. CHO-pgs-A745 cells were grown in F12K media
supplemented with 10% FBS, 200 μM L-asparagine, 200 μM
L-proline, and AbAm. Cells were passaged when they reached
80% confluency.

Labeling of Plasmid DNA with Tritium. Plasmid DNA was radiola-
beled using nick translation and 20-deoxycytidine 50-triphosphate,
[5-3H], according to manufacturer's instructions (GE Healthcare).
For uptake studies, [3H]DNAwasdilutedwithunlabeledplasmid so
that the final concentration was 0.1 g/L at ∼1.67 pCi.

Uptake of Tritium-Labeled Polyplexes. HeLa, CHO-K1, and CHO-
pgs-A745 cells were seeded in 24-well plates at a density of
3� 104 cells per well (1 mL/well) 24 h prior to polyplex addition.
Cells were washed once with PBS and 200 μL of polyplexes,
formulated at N/P 5 with [3H]DNA (1 μg at 0.1 g/L,∼1.67 pCi) in
OptiMEM, added on top of cells, and allowed to incubate for up
to 4 h at 37 �C, 5% CO2. At various time points (0, 2, 4 h), cells
were washed twice with PBS, allowed to incubate with 200 μL
CellScrub (Genlantis) for 15 min at room temperature, washed
twice with DPBS (without divalent cations), trypsinized, and
then collected with scintillation counting. For other time points
(6, 8, 12, 24 h), cells were washed once with PBS after 4 h
incubation with polyplexes and replaced with complete media.
At various time points after media replacement (2, 4, 8, 20 h),
cells were washed with PBS, CellScrub, DPBS, and trypsinized as
above. All washes and solutions were collected and analyzed for
radioactivity. To determine radioactivity, samples were dis-
solved in Ultima Gold scintillation fluid and counted for 10 min
on a scintillation counter (Beckman LS-6500).

In Vitro Transfection. HeLa, CHO-K1, and CHO-pgs-A745 cells
were seeded overnight in 24-well plates at a density of 3 � 104

cells per well (1 mL/well) at 37 �C, 5% CO2. Polyplexes were
formulated as described above. After the polyplexes were
formed, 20 μL (containing 1 μg of DNA) was mixed with 180 μL
of Opti-MEM medium (Invitrogen). Seeded cells were washed
once with PBS and then treated with 200 μL of polyplexes in
Opti-MEM, which was added dropwise on top of the cells. After a

4 h incubation at 37 �C, 5% CO2 in a humidified environment, the
cells were washed once again with PBS and incubated in 1 mL of
fresh complete medium for an additional 44 h. Cells were
harvested and assayed for luciferase expression at 48 h. This
was done by washing cells once with PBS, adding 200 μL of
reporter lysis buffer (Promega, Madison, WI), and then perform-
ing one freeze�thaw cycle to complete the lysis of cells. Lysates
were collected and centrifuged at 14000g for 5 min at 4 �C.
Luminescence was carried out following the manufacturer's
instructions (Promega, Madison, WI). Luciferase activity is re-
ported in relative light units (RLU) normalized by mg of protein
(RLU/mg), as measured by a microBCA Protein Assay Kit (Pierce).

In Vitro Transfection with Chemical Inhibitors. Stock solutions of
genistein (5 mg/mL in DMSO), chlorpromazine (1 mg/mL in
DMSO), and amiloride (2.5 mg/mL) were further diluted to
working concentrations in OptiMEM (genistein, 50 μg/mL,
chlorpromazine, 10 μg/mL, amiloride, 25 μg/mL), and used for
transfections. For transfection with inhibitors, HeLa cells were
seeded overnight in 24-well plates at a density of 3 � 104 cells
per well (1 mL/well) at 37 �C, 5% CO2. Polyplexes were for-
mulated as described above. Cells were washed once with PBS
and pretreatedwith one of the chemical inhibitors (in OptiMEM)
for 1 h at 37 �C, 5% CO2 prior to polyplex transfection. Twenty
microliters of polyplexes were then added to the cells and
incubated for an additional 2 h at 37 �C, 5% CO2. Cells were then
washed once with PBS and incubated with fresh complete
media for an additional 46 h. Cells were lysed and assayed for
luciferase expression as described above.

Subcellular Fractionation. Subcellular fractionation experi-
ments were completed as previously described,34 with minor
modifications. HeLa cells were seeded into 150 mm2 dishes at
5 � 106 cells per dish 24 h prior to the start of the experiment.
Cells were then treated with polyplexes formulated at N/P 5
with [3H]DNA (100 μg at 0.1 g/L, dosed at ∼1.67 pCi) for 4 h at
37 �C, 5% CO2. To limit further intracellular trafficking and
internalization, all future steps were done on ice, at 4 �C, and/or
with prechilled reagents/equipment. Cells were washed once
with PBS, incubated with CellScrub for 15 min at room tem-
perature, washed twice in DPBS (no MgCl2, CaCl2), lifted off the
plates in PBS, and then transferred to conical tubes. To remove
dead/compromised cells, cells were then washed twice with
PBS, pelleting cells at 500g for 5 min after each wash. The cells
were then washed once with homogenization buffer (HB)
(250 mM sucrose, 10 mM HEPES-NaOH, 1 mM EDTA, pH 7.4),
pelleting the cells at 1000g for 6 min. The resulting pellet was
then resuspended in 2.5� the wet pellet mass of HB (containing
1� protease inhibitors, Thermo Fisher HALT). Cells were then
homogenized with a 25-gauge needle until greater than 90%
cell lysis was achieved. Fractionation into a heavymitochondrial
(HM), light mitochondrial (LM), microsomal (MF), and cytosolic
(C) fractions was then completed exactly as previously
described.34 Samples were stored at �80 �C. For radioactivity
analysis, samples were mixed with an equivolume of 1 M NaOH
prior to mixing with 4�5 mL of Ultima Gold XR scintillation fluid
(Perkin-Elmer) and then analyzed for radioactivity using a
scintillation counter (Beckman LS-6500).

Heparan Sulfate Competition Assay. Tenmicroliters of polyplexes
(in dH2O) were treated with various amounts of heparan sulfate
(5 g/L stock in dH2O) and incubated at room temperature for
5 min. The entire sample wasmixed with 10� BlueJuice loading
buffer, loaded onto a 0.8% agarose gel containing TAE buffer
(40 mM Tris-acetate, 1 mM EDTA) and ethidium bromide
(0.5 μg/mL final concentration), and electrophoresed at 100 V.
DNA was visualized using a UV transilluminator (laser-excited
fluorescence gel scanner, Kodak, Rochester, NY).

Labeling of Polymer with Alexa Fluor 568. To fluorescently label
PLL, the polymer was reacted with Alexa Fluor 568 carboxylic
acid, succinimidyl ester, in 1 M sodium bicarbonate, pH 8.3, at a
3:1 dye to polymer ratio for 1 h in the dark at room temperature.
For labeling of pHK10 and pHK15, polymers were reacted with
maleimide-functionalized Alexa Fluor 568 in PBS, containing
10 molar equiv of immobilized tris(2-carboxyethyl)phosphine)
(TCEP), purged with N2, and reacted for 2 h in the dark at room
temperature. Excess dye was removed using a PD-10 column,
using dH2O as the eluent (GE Healthcare, Piscataway, NJ).
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Reaction efficiency was calculated by comparing the absor-
bance of the labeled polymer against a standard curve of the
dye. Polymer concentration was calculated using a 2,4,6-trini-
trobenzene sulfonic acid (TNBS) assay for primary amines, using
the unlabeled polymer as a standard. Polymers were calculated
to contain ∼1�2 dyes per polymer.

Multiple-Particle Tracking (MPT). For multiple-particle tracking
experiments, HeLa cells were seeded in 35 mm poly-L-lysine-
treated glass-bottom Petri dishes (MatTek, no. 1) at 4� 104 cells
per dish 24 h prior to the start of the experiment. Polyplexes
were formulated with Alexa Fluor 568-labeled polymer and
plasmid DNA (containing 0.25 μg DNA) at N/P 5 for 10 min at
room temperature. The cells were washed with PBS and treated
with polyplexes (in OptiMEM) for 30 min at 37 �C, 5% CO2.
Afterward, cells were washed with PBS and then placed in
phenol red-free complete media for 2 h at 37 �C, 5% CO2. After
locating a cell under 100� magnification, 20 s videos (at 5 fps)
were acquired using a monochromatic camera on an inverted
fluorescent microscope (Nikon Ti-E, Melville, NY), using an
appropriate filter set (ex. 560/40 nm, em. 630/75 nm, Chroma
49000 series, Rochingham, VT). Particles were then automati-
cally tracked using Volocity v.6.2 (Perkin-Elmer). Mean-squared-
displacement was calculated using a custom-written MATLAB
script (MathWorks, Natick, MA). Relative change (RC) values at
short (τreference = 0.2 s, τprobed = 0.2 s) and long time scales
(τreference = 1 s, τprobed = 5 s) were calculated and analyzed as
previously described.41 To characterize transport modes, tra-
jectories of purely Brownian particles were created using a
Monte Carlo simulation and confirmed by tracking 100 nm
fluorescent polystyrene beads in glycerol. The effective diffu-
sivity (Deff) of the ensemble-average MSD was calculated using
the following equation:

MSD ¼ Cþ 4Deff τ
R

where C is an adjustment factor dependent on the tracking
resolution (μm2/s), τ is the time lag (s), and R is an adjustment
factor for subdiffusive motion (R = 1 for diffusive motion).36

C was calculated to be 0.00657 ( 0.00445 μm2.
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