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ABSTRACT

We have recently reported that liposomes in combin-
ation with histidine (HK)-containing polymers enhanced
the expression of luciferase in transfected cells. In
transformed or malignant cell lines, branched HK
polymers (combined with liposome carriers) were
significantly more effective than the linear HK
polymer in stimulating gene expression. In the
current study, we found that the linear HK polymer
enhanced gene expression in primary cell lines more
effectively than the branched polymers. The differ-
ences in the optimal carrier (linear versus branched)
were not due to initial cellular uptake, size of the
complexes or level of gene expression. There was,
however, a strong association between the optimal
type of HK polymer and the pH of endocytic vesicles
(P = 0.0058). By altering the percentage of histidines
carrying a positive charge, the endosomal pH of a
cell may determine the amount of DNA released from
the linear or branched HK polymer. In the two cell
lines in which the linear HK was the optimal polymer,
the endocytic vesicles were strongly acidic with a pH of
<5.0. Conversely, in the four cell lines in which the
branched polymers were optimal transfection
agents, the pH of endocytic vesicles was >6.0.
Furthermore, binding data support the relationship
between DNA release from the optimal HK polymer and
endosomal pH. The interplay between optimal HK poly-
mers and the endosomal pH may lead to improved
gene-delivery polymers tailored to a particular cell.

INTRODUCTION

Non-viral carriers offer the potential of delivering genes to
targets in a highly efficient, safe and specific manner. There
are several non-viral candidates for gene delivery including
liposomes, peptides, proteins and synthetic polymers (1–6). A
problem associated with non-viral carriers, however, is their
low in vitro and in vivo transfection efficiency (7,8). As most
non-viral carriers of DNA depend on endocytosis for their
import into cells, one strategy for increasing gene expression

has been to discover polymers/peptides that disrupt endo-
somes. pH-buffering polymers represent an important class of
these endosomolytic carriers, and such polymers (6,9–13) have
been shown to increase transfection in vitro and in vivo. Once
endocytized, pH-buffering polymers such as PEI are thought to
enhance transfection by acting as ‘proton sponges’ resulting in
passive chloride influx. This series of events may lead to endo-
somal swelling and disruption (14). Disruption of endosomes by
these pH-buffering carriers appears to be dependent on the
vacuolar proton pump, V-type H(+) ATPase, as bafilomycin A1,
a specific inhibitor of the proton pump, reduces transfection (14).

Similar to other pH-buffering polymers, we found that
pH-buffering co-polymers composed of histidine and lysine
(HK polymers) in combination with cationic liposomes, were
highly efficient carriers of plasmids. The potential advantages
of the HK polymer compared with many other pH-buffering
agents include: (i) a peptide-base bond that is likely to be
metabolizable; (ii) a well-defined sequence and structure; and
(iii) the ability to vary the ratio of histidine and lysine. In
addition to the ability of histidine to buffer and disrupt endo-
somes, there are several other mechanisms by which the HK
co-polymer may increase the transfection of liposome carriers.
For example, the lysine moiety of the co-polymer may
neutralize, in part, the negative charge of the plasmid DNA and
the cationic liposomes may neutralize the remainder of DNA
charge and provide a scaffold for the polymer:DNA complex.
Furthermore, a reduction in size of the complexes containing
HK polymers may contribute to increased gene expression
(15,16).

In most cell lines, we found that branched polymers were
clearly superior at augmenting transfection compared with the
linear polymers (16). This enhancement of gene expression by
branched polymers compared with linear polymers may partly
be due to the reduced size of the complexes because of DNA
condensation. Surprisingly, we have found recently that in a
few cell lines the linear HK polymers were more effective
transfection agents than the branched HK polymers. As a
result, the differences in the optimal transfection HK polymers
(linear or branched) among different cell lines cannot be
attributed solely to the reduction in size of transfection
complexes or their ability to disrupt endosomes.

An alternative mechanism that may explain this variability
of optimal HK polymers between cells may be differences in
the endosomal pH in the cells. By affecting the percentage of
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histidines in the polymer that contains a positive charge, and
thus the release of negatively charged DNA, the pH of endo-
cytic vesicles may be the critical factor that determines the
optimal HK polymer (linear versus branched) in a particular
cell type. In this study, we established a strong correlation
between the optimal HK polymer (linear or branched) and the
pH of endocytic vesicles in several cell lines.

MATERIALS AND METHODS

Cells

MDA-MB-435 (a gift from Dr Erik Thompson, Lombardi
Cancer Center, Washington, DC), MDA-MB-231 [American
Tissue Culture Collection (ATCC), Manassas, VA], CRL-5800
(ATCC), Chinese hamster ovary (CHO) cells, bovine aortic
endothelial cells (BAE; Coriell Cell Repositories, Camden,
NJ) and normal human dermal fibroblasts (NHDF; Clonetics,
San Diego, CA) were maintained in Dulbecco’s modified
Eagle’s medium (DMEM) containing 10% fetal calf serum and
2 mM glutamine. MDA-MB-435 and MDA-MB-231 cells are
undifferentiated estrogen-independent breast cancer lines
obtained from unrelated human donors, whereas the CRL-
5800 cell line was isolated from a human non-small cell lung
cancer. Transfection and endocytic pH experiments on the two
primary cell lines, BAE and NHDF, were carried out between
passages 3 and 6 of these cells.

Polymers

The polymers were synthesized in the biopolymer core facility
at the University of Maryland as described previously (15,16).
The sequences of polymers derived from the HK or HHK
series were as follows: (i) HK (19mer) |K-H-K-H-K-H-K-H-
K-G-K-H-K-H-K-H-K-H-K|; (ii) HK2b (39mer) |K-H-K-H-K-
H-K-H-K-G-K-H-K-H-K-H-K-H-K|2 K; (iii) HK3b (59mer)
|K-H-K-H-K-H-K-H-K-G-K-H-K-H-K-H-K-H-K|3 K-K; (iv)
HK4b (79mer) |K-H-K-H-K-H-K-H-K-G-K-H-K-H-K-H-K-
H-K|4 K-K-K; (v) HHK (20mer) |K-H-K-H-H-K-H-H-K-H-H-
K-H-H-K-H-H-K-H-K|; (vi) HHK2b (41mer) |K-H-K-H-H-K-
H-H-K-H-H-K-H-H-K-H-H-K-H-K|2 K; (vii) HHK3b (62mer)
|K-H-K-H-H-K-H-H-K-H-H-K-H-H-K-H-H-K-H-K|3 K-K;
and (viii) HHK4b (83mer) |K-H-K-H-H-K-H-H-K-H-H-K-H-H-
K-H-H-K-H-K|4 K-K-K. Sequences i–iv represent increasing
complexity of the HK series whereas sequences v–viii represent
increasing complexity of the HHK series; furthermore, the
designations 2b, 3b and 4b indicate the number of branches
emanating from a lysine core.

Preparation of liposomes and plasmids

Preparation of the 1,2-dioleoyl-3-trimethylammonium-propane
(DOTAP) liposomes and plasmids has been described previously
(17). In brief, DH5α bacteria (Life Technologies, Gaithersburg,
MD) containing the plasmids encoding luciferase (PCI-Luc)
were grown in Superbroth to mid-log phase. The plasmids
were then purified by using Qiagen columns. An analytical gel
of each plasmid (cut and uncut) was performed to ensure that
there was no contamination with other nucleic acids. Liposomes
were composed of DOTAP lipids (Avanti, Birmingham, AL).
After hydration of the lipids, the liposomes were sonicated
until clear with a Branson 1210 bath sonicator in the presence
of argon. The liposomes were then extruded through 100 nm

polycarbonate membranes with LipsoFast-Basic (Avestin Inc.,
Ottawa, ON). The final concentration of the liposome stock
was 1 mg/ml.

Transfection of cells

From 2 × 104 to 4.5 × 104 cells were initially plated in 24-well
plates and incubated for 48 h. The cells, which were 50–70%
confluent, were then transfected with PCI-Luc. In transfection
experiments, the co-polymer (from 0.375 to 7.5 nmol) was
incubated with PCI-Luc (0.75 µg) for 30 min in OptiM. Cationic
liposomes (1.5 µg) were then added, gently mixed and allowed
to stand for an additional 30 min. The resulting polymer:lipo-
some:DNA complex was then diluted with OptiM. Four hours
after transfection the complexes were removed and DMEM
with 10% serum was added. Incubation was continued for
another 48 h for MDA-MB-231, MDA-MB-435, CRL-5800,
CHO and NHDF cells and 24 h for BAE cells. Luciferase
levels were measured with the direct current Turner 20/20
luminometer (Turner Design, Sunnyvale, CA) as described
previously (15,16). Relative light units were converted to
picograms (pg) of protein of luciferase by using recombinant
luciferase (Promega, Madison, WI) as a standard. Duplicate
measurements were performed for each concentration and three
separate experiments were conducted.

Uptake studies

MDA-MB-231 and BAE cells were plated into 24-well plates
and incubated for 48 h. The cells, which were between 50 and 70%
confluent, were then incubated with the polymer:DNA:liposome
complexes for 30 min and 4 h. At the desired time point, the
medium was removed, cells were then washed with PBS and
50 mM of methylamine was added to the cells and incubation
was continued for 1 h. The cell fluorescent density was
recorded at 520 nm using the CytoFluor 2350 fluorescent
multi-well reader (Millipore, Bedford, MS), set at an excitation
wavelength of 485 nm. The fluorescent density was then
converted to nanomoles of polymer using fluoresceinylated
polymers as standard. For preparation of complexes, the fluo-
resceinylated polymers (7.5 nmol of HK and 0.375 nmol of
HHK4b) were incubated with PCI-Luc (0.75 µg) in OptiM for
30 min. Cationic liposomes (1.5 µg) were then added, gently
mixed and allowed to stand for an additional 30 min. To ensure
intracellular uptake, cells exposed to the labeled complex for
30 min and 4 h were also examined with a fluorescence micro-
scope (Diaphot-TMD, Nikon, Tokyo, Japan).

Confocal microscopy pH measurement

Cells were plated in 8-well coverglass bottom chambers (Lab-Tek,
Naperville, IL). After 24 h when the cells were 30–50%
confluent, they were incubated in 1 mg/ml of the pH indicator
LysoSensor Yellow/Blue dextran (Molecular Probes, Eugene,
OR) for 12 h (18) and then washed with cold PBS. LysoSensor
is an UV-excited fluorophore with emission maxima at 450 and
530 nm that are proportional to pH. This dextran-conjugated indi-
cator is taken up by vesicles that are part of the endocytic
pathway and are comprised of endosomes and lysosomes.
Higher 530/450 nm ratios correlate with a lower pH. The
labeled cells were observed with a laser scanning confocal
microscope (Zeiss LSM410, Thornwood, NY), using excitation at
360 nm and an emission filter at 450 nm and a long pass emis-
sion filter at 515 nm. With the dextran-labeled LysoSensor
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Yellow/Blue dye, the ratio of 530/450 nm emission was calcu-
lated for endocytic vesicles by using the MetaMorph Image
processing system (Version 4.5r5, Universal Imaging Corp.,
PA) and averaged for each image (18). The 530/450 nm ratio
was calculated on a minimum of 50 intracellular vesicles in
each of the four images analyzed per experiment and each
experiment was repeated three times. Dye emission at 530 nm
was assigned the color red (R), whereas the emission at 450 nm
was assigned the color green (G).

To establish a pH titration curve (18–20), CHO cells were
first incubated with the pH-sensitive dye overnight and then
treated with 10 µM monensin and 20 µM nigericin. The treated
cells were equilibrated for 10 min with a reaction buffer
consisting of 5 mM NaCl, 115 mM KCl, 1.2 mM MgSO4 and
25 mM 4-morpholineethanesulfonic acid (MES) buffer titrated
between pH 4.5 and 7.0. After these incubations, the 530/450 nm
intensity ratio of the endocytic vesicles was determined as
described above.

For the pH-sensitive dextran, DM-NERF (Molecular Probes)
dye (21), a laser scanning confocal microscope (Zeiss LSM
510) equipped with an argon laser was used to measure the
endocytic vesicle pH of cells. In contrast to LysoSensor
Yellow/Blue, whose emissions are pH-dependent, it is the
excitations of DM-NERF (maxima 488 and 514 nm) that are
pH dependent. The dye-labeled cells were excited at 488 and
514 nm and their emissions at 560 nm using a barrier filter
were recorded. Consequently, for the DM-NERF indicator, the
more acidic the endosome the stronger the 488 nm excitation/
540 nm emission pair will be compared with the 514 nm excitation/
540 nm emission pair. pH titration curves were established,
and ratiometric calculations were made as described above for
the LysoSensor indicator.

Co-localization experiment

BAE cells were plated in 8-well coverglass bottom chambers.
After 48 h, when the cells were 50 and 70% confluent, the fluo-
resceinylated HHK4b:DNA:liposome complexes (prepared as
described above) and/or 0.5 mg/ml AlexaFluoR 594 dextran
(Molecular Probes) were added to cells. Two hours later, cells
were incubated with 15% FCS in OptiM for 10 min and
washed with PBS. These probes were observed with the
LSM410 using 488 nm excitation and 515–545 nm emission
filters for fluorescein, and 568 nm excitation and a 590 nm
long pass emission filter for AlexaFluoR 594.

Stability of the polymer:DNA complexes at different pH

First, 200 µl of MagnaBind™ streptavidin beads (Pierce,
Rockford, IL) were washed with 3× 200 µl vol of PBS, magneti-
cally separated using an external magnetic field (MPC-E-1,
Dynal, Norway) and aliquots were placed in two fresh tubes;
then 3 µg of biotinylated DNA in 20 µl of Tris–EDTA pH 7.4
was added to the washed beads and incubation for 2 h was
continued at room temperature. Biotinylated DNA was
prepared using 0.75 µg of Biotin-Chem-link (Roche, Indianapolis,
IN) to label 100 µg of PCI-Luc. At the end of the incubation,
the beads with the attached biotinylated DNA were washed
with 3× 200 µl vol of PBS, then 15 nmol of fluoresceinylated
HK or 3 nmol of fluoresceinylated HHK4b was added to the
DNA-bound beads, and incubated for another 2 h. After
washing the beads three times with aliquots of PBS, both
HK:DNA- and HHK4b:DNA-bound beads were placed in two

fresh tubes. MES buffer (pH 6.5 or 4.5) was added to each of
them. Thirty minutes later, the supernatant in each tube was
collected and the free fluorescent HK polymer (free HK) was
measured with the CytoFluor 2350 multi-well reader. Then,
the bound beads were washed twice with PBS and the washes
were also collected. To strip off the remainder of the polymer
from the DNA-labeled beads, 100 µl of 2 M sodium chloride
was added to the bound beads for two 10-min time periods and
the supernatant was collected (bound HK). Finally, additional
PBS was added to each fraction so that the final volume was
300 µl. The fluorescence intensity of these fractions was measured
at 520 nm by using CytoFluo 2350 at an excitation wavelength
of 485 nm. To compensate for non-specific binding to streptavidin
beads, similar measurements were made on beads with no
bound DNA. The relative association of the polymer with
DNA at pH 4.5 and 6.5 was calculated as follows: bound HK /
total HK (free + bound) where HK represents the difference
between HKpH 4.5 or 6.5, DNA:resin – HKpH 4.5 or 6.5, resin only. As a result,
the greater the association number, the less polymer is released
from DNA. These binding experiments of the different HK
polymer with DNA were repeated three times.

RESULTS

The optimal gene-delivery carrier, linear or branched
polymers in combination with liposomes, varies in
MDA-MB-231 and BAE cells

We have shown previously that the highly branched HHK4b
polymer is more effective than the linear HK polymer in
increasing transfection efficiency in several cell lines,
including MDA-MB-231 cells (16). Surprisingly, the linear
HK polymer in combination with liposomes was found to
enhance gene expression significantly in the BAE cell line
compared with the HHK4b:liposome combination (Fig. 1A).
To further investigate the effect of polymer complexity on
transfection in MDA-MB-231 and BAE cells, we compared
eight polymers with various degrees of branching derived from
the HK or HHK series (HK series: HK, HK2b, HK3b, HK4b;
HHK series: HHK, HHK2b, HHK3b and HHK4b). In MDA-
MB-231 cells, there was a strong positive correlation between
polymers with increasing branching and transfection (Fig. 1B)
(for HHK series, r = 0.97, P = 0.015). In contrast, a different
pattern of transfection with branching polymers was observed
in BAE cells (for HHK series, r = –0.94, P = 0.029). We found
that polymers with greater complexity correlated inversely
with transfection (Fig. 1C). In BAE cells, the linear HHK
polymer enhanced transfection 24-fold more than the HK4B
polymer. Furthermore, the maximal percent difference in
transfection enhancement in BAE cells was observed between
the linear HHK and HK polymers (64.5%), whereas in
MDA-MB-231 cells, the maximal difference in enhancement
was between the HHK3b and HK3B polymer (39%).

Different gene expression patterns with HK and HHK4b
polymers observed in several cell lines

In addition to MDA-MB-231 and BAE cells that showed
discrepant polymer transfection patterns, we screened several
cell lines and determined that cells could be separated into two
groups according to their response to HK and HHK4b. One
group of cells (MDA-MB-435, CRL-5800 and CHO) behaved
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similarly to MDA-MB-231 cells. That is, the highly branched
HHK4b polymer was more effective than the linear HK in
enhancing the transfection efficiency of liposomes (Fig. 2A).
On the other hand, linear HK was more efficient than HHK4b
in increasing gene expression in two primary cell lines (BAE
and NHDF cells) (Fig. 2B). Notably, we observed that the
optimal HK carrier (linear or branched) for a particular cell did
not change over a wide range of concentrations tested. Similar
to other investigators, we investigated if bafilomycin, a H+
vacuolar proton pump inhibitor, could affect transfection and
increase our understanding of polymer complexity and trans-
fection. With these bafilomycin studies, however, we found
marked inter-experimental variation in the transfection results
in several cell lines.

Uptake is not a major factor in the transfection differences
in MDA-MB-231 and BAE cells by HK and HHK4b
polymers

As differential uptake of HK or HHK4b complexes in MDA-
MB-231 and BAE cells may explain the differences in optimal
carriers, we compared the quantities of these complexes taken
into these cells in 30 min (Fig. 3). The linear HK complexes

Figure 1. Effect of linear and branched derivatives of histidine–lysine co-polymers
on transfection efficiency in MDA-MB-231 and BAE cells. The co-polymers
were mixed with 0.75 µg of DNA (PCI-luc) before 1.5 µg of liposomes was
added; 24–48 h after transfection, luciferase activity was determined.
(A) Transfection efficiency of 7.5 nmol of the linear HK or 0.375 nmol of the
highly branched HHK4b in MDA-MB-231 and BAE cells (*P = 0.05, unpaired
t-test). (B) Transfection efficiency of four branched HK polymers (linear HK,
HK2b, HK3b and HK4b) or four HHK polymers (linear HHK, HHK2b, HHK3b
and HHK4b) at concentrations of 7.5, 0.375, 0.375 and 0.375 nmol in MDA-
MB-231 cells. (C) Similarly, transfection efficiency of polymers as described in
(B) for BAE cells. The data represent the mean ± SEM of luciferase at each
concentration of polymer (n = 3).

Figure 2. Comparison of gene expression in various cell lines with HK or
HHK4b in combination with liposomes. After the HK (7.5 nmol) or HHK4b
(0.375 nmol) polymers were mixed with DNA and liposomes, these complexes
were incubated with the different cell lines for 4 h. Luciferase activity was
measured 24–48 h later. Transfection efficiency was compared in the trans-
formed cell lines, MDA-MB-231, MDA-MB-435, CHO and CRL-5800 (A), as
well as the primary cell lines, BAE and NHDF (B). *P < 0.05, HHK4b versus
HK, unpaired t-test. The data represent the mean ± SEM of luciferase at each
concentration of polymer (n = 3).
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had a higher rate of uptake in BAE and in MDA-MB-231 cells
than did HHK4b complexes. In contrast to the uptake results,
the HHK4b enhanced gene expression significantly in
MDA-MB-231 cells compared with the linear HK polymer.
The amount of uptake at 4 h for the HK and HHK4b complexes
was similar to the 30 min measurement (data not shown).
Confocal microscopy of the cells exposed to the labeled HK
and HHK4b complexes for 30 min showed intracellular accu-
mulation in discrete regions consistent with entrapment in
endocytic vesicles (data not shown). As the uptake of these
complexes in MDA-MB-231 cells did not correlate with the
optimal transfection polymer, uptake does not appear to be a
major factor for the different optimal carriers in either cell line.

The pH of endocytic vesicles correlates with the effects of
HK and HHK4b on gene expression

Once uptake of the transfection complex occurs by endo-
cytosis, translocation of DNA from endosomes to cytosol plays
an important role in transfection efficiency. Endosomal pH, by
altering the affinity of DNA binding to the HK-containing
polymer, will probably affect this translocation and, thus,
transfection efficiency. We investigated whether cells in which
the highly branched HHK4b is the optimal polymer had a
higher endocytic pH compared with the cells optimally trans-
fected with the linear polymer. As a result, we examined the
pH of endocytic vesicles, using the pH-sensitive dye, Lyso-
Sensor Yellow/Blue. This dextran-linked dye accumulates in
endocytic vesicles (endosomes and lysosomes) through endo-
cytosis and exhibits pH-dependent dual-emission spectra. At
acidic pH, the dye emits maximally at 530 nm, whereas at
neutral pH the dye emits maximally at 450 nm. Thus, the ratio
of 530 (assigned R) to 450 nm (assigned G) provides an accurate
measurement of endocytic pH. In comparing these ratiometric
measurements with those obtained from pH standards, the
LysoSensor Yellow/Blue dye can distinguish pH values
ranging from 4.5 to 7.0 with an accuracy of ∼0.5 U (Fig. 4).

After preparing the standard pH calibration curve, the pH of
endocytic vesicles was calculated in several cell lines. Since

endosomes increase their acidity progressively until they
merge with lysosomes, we not surprisingly observed some
heterogeneity in the pH of endocytic vesicles within a cell (Fig. 5).
Nevertheless, the primary BAE cell line with a higher 530/450 nm
(R/G) ratio had a significantly lower pH (pH 4.48) than
MDA-MB-231 cells (pH 6.19) (Fig. 5 and Table 1). In addition
to BAE cells, the primary cell line, NHDF, had a significantly
lower pH (pH 4.99) than the transformed MDA-MB-231, CHO
(pH 6.57) and CRL-5800 (pH 6.86) cells. As there may be
several endocytic entry pathways in cells (e.g. clathrin-
dependent and caveolae), we also determined whether dextran-
conjugated dyes co-localized with HK-containing complexes;
we found that HK-containing complexes and the dextran dyes
co-localized in endocytic vesicles (Fig. 6). Thus, the data

Figure 3. Uptake of HK and HHK4b-associated complexes in BAE and MDA-
MB-231 cells. The fluoresceinylated polymers (7.5 nmol HK or 0.375 nmol
HHK4b) were initially incubated with plasmid DNA (0.75 µg) for 30 min in
OptiM, and cationic liposomes (1.5 µg) were then added to form the ternary
complex. BAE and MDA-MB-231 cells were incubated with the complexes for
30 min as described in the Materials and Methods. Cell fluorescent density was
recorded at 520 nm by using the fluorescent multi-well reader at an excitation
wavelength of 485 nm. Data represent the mean ± SEM of replicate experiments.

Figure 4. Standard calibration curve for the LysoSensor Yellow/Blue pH indi-
cator dye. CHO cells were incubated for 12 h with LysoSensor Yellow/Blue
dextran, and equilibrated with MES calibration buffers (pH from 4.5 to 7.0)
containing nigericin and monensin. Indicator emissions at 450 and 530 nm
from endocytic vesicles were measured with confocal microscopy using a 360 nm
excitation wavelength. The 530/450 nm fluorescence ratio (R/G) of these
endocytic vesicles was measured as described in the Materials and Methods.

Figure 5. Endocytic pH as indicated by LysoSensor Yellow/Blue Dextran dye
in BAE and MDA-MB-231 cells. After BAE and 231 cells were incubated for
12 h with the indicator dye, these cells were examined with confocal microscopy.
The emissions 530 and 450 nm were assigned the colors red (R) and green (G),
respectively. The more acidic the vesicles of the endocytic pathway, the greater
the R/G ratio. See Materials and Methods for further details. These results show
that the endocytic vesicles in the primary BAE cell line (A) are substantially lower
than the pH of those in the transformed MDA-MB-231 cell line (B).
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suggest that the pH of endocytic vesicles as measured with
dextran-linked dyes (LysoSensor Yellow/Blue and DM-NERF) is
similar to the pH milieu surrounding the HK-containing
complexes.

We were unable to evaluate the pH of the MDA-MB-435 cell
line with the LysoSensor Yellow/Blue dye because of the low
endocytic fluorescence intensity and the green autofluorescence
of these cells. Therefore, we used the pH-sensitive dye DM-
NERF to measure the endocytic pH in MDA-MB-435 cells.
DM-NERF is a dextran-linked fluorescent dye with dual-excitation

peaks at 514/488 nm; the ratio of emissions at 560 nm resulting
from these excitation wavelengths correlates with pH. This
approach established that MDA-MB-435 cells (pH 6.07) have
a higher endosomal pH compared with BAE cells (Table 1).

Taken together, the data show that in cell lines in which the
optimal HK polymer was linear, the pH was lower in these
endocytic vesicles. Conversely, in cell lines in which the
branched polymer was optimal, the pH was found to be signif-
icantly higher. The association between linear or branched
polymers and the pH of vesicles from the endocytic pathway was
significant (P = 0.0058, r2 = 0.8792). We expect that delineation
of the various endocytic pathways and precise location within
the endosomes in which DNA dissociates may further improve
the correlation. Current methodologies do not allow simulta-
neous identification of the specific location in the endocytic
pathway and measurement of the pH of acidic vesicles. Despite
the technical limitations and the complexity of the endocytosis
pathway that could mask relationships between endocytic pH
and transfection, there was a statistically significant association
between the branching of the polymer and the endocytic pH.

Stability of the polymer:DNA complex is pH dependent

As the optimal HK polymer appears to depend on the endo-
somal pH, we measured the binding of the polymer to DNA at
pH 6.5 and 4.5. The more positive the association number, the
greater the affinity between the polymer and DNA at that
particular pH. Moreover, the association number correlated
inversely with the amount of polymer released from the DNA.
As shown in Figure 7, we found that compared with the linear
polymer, the branched polymer was released from DNA at a
reduced rate. More important, the binding of the branched
polymer, HHK4b, was much stronger at a highly acidic pH
than at a more basic pH. This is consistent with our hypothesis
that at more acidic pH the branched polymer binds to the DNA
more tightly and, as a result, there is decreased gene expression
because endosomes merge with lytic lysosomes. Similar meas-
urements with the linear HK polymer further support the
importance of the relationship between polymer:DNA binding

Table 1. The pH of endocytic vesicles from different cell lines

After cells became 30–50% confluent, LysoSensor Yellow/Blue or NERF
dextran was added and incubated with the cells for 12 h. Excess dye was
removed with cold PBS. The labeled cells were observed with a laser confocal
microscope. Dual emission was measured at 450 and 530 nm for LysoSensor
Yellow/Blue-labeled cells. The 530/450 nm fluorescence ratio was calculated
and pH was obtained from the pH calibration curve.
aBecause of interfering autofluorescence in MDA-MB-435, DM-NERF dye
was used to measure the pH of endocytic vesicles in these cells. In MDA-MB-435
cells labeled with DM-NERF, dual excitations were performed at 488/514 nm
with their respective emissions recorded at 560 nm. The values are expressed
as mean ± SEM of these experiments (n = 3). See Materials and Methods for
further details.

Cells Endocytic pH Optimal polymer linear
HK versus HHK4b

BAE 4.48 ± 0.156 Linear HK

NHDF 4.99 ± 0.182 Linear HK

MDA-MB-231 6.19 ± 0.238 HHK4b

MDA-MB-435 6.07 ± 0.283a HHK4b

CHO 6.57 ± 0.168 HHK4b

CRL-5800 6.86 ± 0.140 HHK4b

Figure 6. Co-localization of dextran and polymer:liposome:DNA complexes
within endocytic vesicles. After BAE cells were 50 and 70% confluent, fluo-
resceinylated HHK4b:DNA:liposome complexes and AlexaFluoR 594 dextran
were added to cells. Two hours later, cells were incubated with 15% FCS in
OptiM for 10 min and washed with PBS. These probes were observed with the
LSM410 using 488 nm excitation and 515–545 nm emission filters for fluorescein
(complexes appear green), and 568 nm excitation and a 590 nm long pass emission
filter for AlexaFluoR 594 (dextran appears red). The polymer complexes co-
localized with the dextran within the endocytic vesicles.

Figure 7. Stability of polymer:DNA complexes at pH 6.5 and 4.5. The amount
of HK or HHK4b associated with DNA-bound beads was measured after 30 min
of incubation at pH 6.5 and 4.5. The greater association numbers correlate with
reduced release of the polymer from the DNA. The polymers were labeled with
flurorescein and the amount of bound polymer was measured with a flurorescent
microplate reader (485 nm excitation/530 nm emission). The graph indicates that
the branched polymers bind DNA with substantially higher affinity at low pH than
linear polymers. *P < 0.01, HHK4b (pH 4.5) versus HHK4b (pH 6.5) or HK
(pH 6.5, 4.5).
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and endosomal pH. Compared with the branched HHK4b
polymer, the linear HK polymer binds with significantly less
affinity to DNA at both pH 4.5 and 6.5. Furthermore, the linear
HK polymer binds to DNA with less affinity at pH 4.5 than at
6.5 (Fig. 7) or 7.4. Thus, at a strongly acidic endosomal pH, the
linear HK polymer would readily release the DNA, thereby
increasing gene expression compared with the highly branched
HHK4b polymer.

DISCUSSION

When several HK polymers were tested as transfection agents
on different cell lines, we recognized an additional layer of
mechanistic complexity. Although the linear HK polymer
stimulates plasmid transfection in all cell lines tested, different
HK polymers stimulate transfection efficiency to varied
degrees. The branched HK polymer is clearly superior to the
linear HK polymer in many malignant or transformed cells,
whereas the linear HK polymer is significantly better than the
branched HK polymer at enhancing the transfection of plasmid
DNA in two primary cell lines. Therefore, this study was
designed to investigate the mechanisms that might explain the
varied cell specificity of transfection enhancement with the
linear and branched HK carriers.

One mechanism for different optimal carriers as gene-
delivery agents may involve the interplay of the polymer:DNA
binding affinities with the degree of acidity within the endo-
some. Our data showed a positive correlation between degree
of branching and transfection efficiency in malignant cells; in
contrast, there was a negative correlation between branching
and transfection efficiency in primary cells. Although these
findings suggest that binding between the polymers and DNA
is involved in transfection enhancement, an additional factor
affecting binding is required to explain the differential cellular
transfection of HK polymers. Our experiments with fluorescent
indicators showed that in primary cell lines, for which the
optimal polymer is linear HK, the vesicles of the endocytic
pathway were strongly acidic; in contrast, in malignant or
transformed cells with a higher pH, the branched HK polymers
were the optimal carriers. Our finding that endocytic vesicles
of malignant cells are more basic than primary cell lines is in
agreement with findings of other investigators (19,22). Neverthe-
less, more cell lines are required to establish that malignant or
primary cell lines have a specific transfection profile with HK
polymers. More importantly, these two groups of cells identified
by different optimal HK transfection polymers have enabled us
to recognize the relationship among endocytic pH, complexity
of the polymer and transfection.

The mechanism underlying the varied endocytic pH between
the cell lines in this and other studies is unknown. Acidification of
endosomes and lysosomes is controlled by a vacuolar H(+)
ATPase and chloride channels (23,24); in addition to specific
inhibitors of the vacuolar type H(+) ATPase (e.g. bafilomycin), a
number of factors (e.g. intracellular pH, ion composition,
membrane potential) have been identified that may affect the
pH of these endocytic vesicles (25–29). Currently, neither
extrinsic factors (e.g. chloride concentration, intracellular pH)
nor phenotypic variation in the proton pump and its associated
ion channels can be dismissed as the cause for different endo-
cytic pH in cells. Notably, the ability to regulate the endosomal

pH may result in different optimal carriers within the same cell
line.

A lower pH within endocytic vesicles of BAE and NHDF
cells results in a higher percentage of histidines with a positive
charge; consequently, the HK polymer is likely to bind with
higher affinity to the DNA. Thus, with a pKa of 6.0 for histidine
(30,31), 10% of the histidines in the HK polymer have a positive
charge at pH 7.0, 50% of histidines have a charge at pH 6.0 and
90% of the histidines have a charge at pH 5. As the association
between the branched HK polymer (HHK4b) and plasmid
DNA may be sufficient to retard the dissociation within a more
acidic endothelial endosomal vesicle, gene expression may be
reduced because endosomes merge with the lytic lysosomes.
This hypothesis was further supported by our binding data. In
experiments using streptavidin beads:biotinylated plasmid
DNA, the branched HHK4B polymer bound to DNA 20-fold
more tightly at pH 4.5 compared with the linear HK polymer.
As a result, the release of plasmid DNA from the linear HK
polymer occurs readily; in contrast, the branched polymer
releases DNA slowly at pH 4.5.

We have no doubt that there are additional levels of
complexity essential for understanding transfection with the
HK polymers. For example, at a more basic endocytic pH
(e.g. pH 6–7) in which DNA dissociates from linear or branched
HK polymers, other transfection-enhancing mechanisms are
essential to enable the branched polymer to be a more effective
carrier compared with the linear polymer. Two properties of
branched polymers that might account for augmented transfection
are increased DNA compaction and endosomal disruption.
Increased condensation of DNA by cationic polymers is associ-
ated with increased transfection (32–34) and we found previ-
ously that the branched polymers decreased the size of
liposome complexes by >2-fold compared with linear polymers
(15,16). In addition, delineating the ability of the different HK
polymers, once the DNA is released, to enhance fusion and
disrupt endosomes may provide insight on these HK transfection
polymers (35). We are currently investigating whether
branched polymers once released from DNA disrupt endosomes
significantly more than linear HK.

Although the size of these complexes (15,16) or enhanced
endosomal disruption at acidic pH by the HK polymers may
have important roles in gene expression, these mechanisms by
themselves cannot explain the variation of optimal carriers in
different cells. However, the binding and pH mechanisms
postulated here are consistent and explain in part the various
patterns of gene expression in different cells with these synthe-
sized polymers. Notably, the transfection findings in this study
were obtained with HK polymers (linear or branched) in
combination with liposomes. Linear HK polymer in combination
with liposomes was significantly more effective as a transfec-
tion carrier in certain cell lines compared with the branched
HHK4b:liposome combination. Nevertheless, the linear HK
polymers alone were very poor transfection carriers in all cells
tested, whereas the branched HK carriers were effective
carriers in cells that have endocytic vesicles with a higher pH.
Thus, without liposomes the linear HK polymer would have
been discounted as a transfection carrier in both endothelial
cells and fibroblasts, and the relationship between branching
and the pH of endocytic vesicles would have been difficult to
discern.
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These mechanistic studies may form the basis for developing
improved carriers that are tailored for a particular cell type. In
one primary cell line with more acidic vesicles, the linear HHK
polymer with a greater buffering capacity than the linear HK
polymer was significantly more effective at enhancing trans-
fection. Furthermore, by adding a histidine-rich tail to the
linear HK polymer, preliminary results in BAE cells show that
this polymer in combination with liposomes enhanced trans-
fection by >8-fold compared with the linear HK polymer. On
the basis of these studies, we are currently developing carriers
that will target specific cell types and produce higher gene
expression.
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