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Abstract

Bone marrow stromal cells (BMSC) represent an important cell phenotype for pursuit of successful gene therapy. Non-viral methods
to enable expression of exogenous genes in BMSC will accelerate clinical application of gene therapy, without the concerns associated
with the viral means of gene transfer. Towards this end, this study investigated the potential of cationic polymers poly-L-lysine (PLL) and
branched polyethylenimine (PEI) as gene carriers for modification of BMSC. Both polymers rapidly (�30 min) condensed a 4.2 kb
Enhanced Green Fluorescent Protein (pEGFP-N2) plasmid into 100–200 nm particles. PLL and PEI were both readily internalized with
BMSC with >80% of BMSC exhibiting polymer uptake by flow cytometric analysis. The relative uptake of PEI, however, was signifi-
cantly higher as compared to the PLL. The majority of the BMSC (>60%) exhibited nuclear presence of the polymers as analyzed by
fluorescent microscopy. Although both polymers were able to deliver the pEGFP-N2 into the cells under microscopic evaluation, only
a small fraction of the cells (<10%) displayed nuclear localization of the plasmid. Consistent with better uptake, PEI gave a higher deliv-
ery of pEGFP-N2 into the BMSC, which resulted in a more sustained expression of the model gene EGFP in short-term (7-day) culture.
We conclude that both PLL and PEI readily displayed cellular uptake, but PEI was more effective in delivering plasmid DNA intracel-
lularly, which was likely the underlying basis for a more sustained gene expression.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Cells derived from the bone marrow are being actively
pursued in human gene therapy protocols [1,2]. Bone mar-
row stromal cells (BMSC) are readily harvested from
patients, obviating the ethical concerns associated with
the use of embryonic stem cells in clinics. The harvested
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and modified BMSC can be grafted into the host without
systemic immunosuppressants, an important consideration
that limits application of the therapy to specific patient
populations. Significant efforts were recently devoted to
BMSC expansion ex vivo [3], and it is now a practical pro-
cedure to achieve a clinically sufficient cell mass using the
current cell expansion technologies. Moreover, BMSC
can be manipulated during ex vivo culture to direct them
into multiple lineages, including osteoblastic, chondrogen-
ic, adipogenic, and myogenic phenotypes [4]. Such a
manipulation of BMSC enables construction of functional
tissues suitable for tissue replacement in a host. Un-differ-
entiated BMSC, due to their plasticity, may also augment
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the functioning of intact but diseased tissues, such as the
case of BMSC injections to alleviate cardiac failure [5].

The modification of BMSC has been primarily achieved
with viral vectors. Some studies reported almost complete
modification of BMSC with reporter genes, such as Green
Fluorescent Protein (GFP) genes, by using retroviral vec-
tors on mouse-derived (96–98%, [6]), and rat-derived
BMSC (90–95%, [7]). Other studies reported lower extent
of GFP transfections (based on flow cytometric analysis)
by retroviral vectors, ranging from relatively low levels of
�5% for mouse BMSC [8], to intermediate levels of 20–
30% for mouse BMSC [9,10], to high levels of 60–80%
for mouse, canine and human BMSC [10–12]. Other viral
vectors, such as lentiviral and adenoviral vectors, similarly
exhibited a wide range of (25–80%) transfection efficiencies
in BMSC [13,14]. Our experience with an adenoviral vector
delivery was lower than these reported values (10–15%)
[15]. Unlike the viral vectors, non-viral vectors offer better
safety profiles in a clinical setting, but little quantitative
information was reported on the transfection efficiency of
non-viral vectors in BMSC. A �5% efficiency was reported
for a lipid-based (FUGENE�) carrier in one report [16]
and a higher transfection efficiency (5–17%) was reported
for the liposomal Lipofectamine� in rat BMSC [17]. A
cationized gelatin carrier was not effective for modification
of rat BMSC, but cationic polymer polyethylenimine (PEI)
provided 4–12% cell modification after 48 h of transfection
[17]. These results were indicative of lower effectiveness of
the non-viral methods of gene transfer; however, due to
heavy reliance on transgene expression as an end-point,
these studies yielded little information about the limitations
of non-viral methods.

In this study, the potential of cationic polymers to deliver
exogenous genes to BMSC was further investigated. The use
of polymers as gene carriers, as opposed to lipid-based carri-
ers, might offer an important advantage if one wishes to engi-
neer the carrier properties to further control the intracellular
trafficking of polymers, for example, to facilitate endosomal
escape or to protect against intracellular nucleases. Two cat-
ionic polymers commonly used for delivery of plasmid
DNA, namely PEI [18] and poly-L-lysine (PLL) [19], were
used in this study as the polymeric carriers. Both polymers
have a high cationic charge density necessary for DNA con-
densation, but PEI additional exhibits membrane-perturb-
ing activity necessary for escape of internalized DNA from
endosomal compartment. Despite their relatively long histo-
ry of use for modification of immortal cells, only one study
reported the use of PEI on BMSC in a short-term study
[17], and no studies reported the use of PLL on BMSC. This
study systemically compared the cellular internalization of
both polymers, as well as their ability to transport a model
plasmid (pEGFP-N2) into the BMSC. The relative effective-
ness of PEI and PLL to enable EGFP expression was com-
pared in short-term (�7-day) culture. Our results indicated
a more preferential uptake of PEI by BMSC, as well as a bet-
ter delivery of plasmid DNA intracellularly, resulting in a
more sustained expression of the model gene EGFP.
2. Materials and methods

2.1. Materials

Branched PEI(25 kDa),PLLhydrobromide(25 kDa),5%
(w/v) 2,4,6-trinitrobenzosulfonic acid (TNBS), Hanks’ bal-
anced salt solution (HBSS), and trypsin/EDTA were
obtainedfromSIGMA(St.Louis,MO).Dulbecco’smodified
Eagle’s medium (DMEM; high glucose with L-glutamine),
penicillin (10,000 U/mL), streptomycin (10,000 lg/mL)
and Lipofectamine-2000� were from Invitrogen (Carlsbad,
CA). Dialysis tubing with a MW cut-off of 12–14 kDa was
purchased from Spectrum Laboratories (Gardena, CA).
Fetal Bovine Serum (FBS) was obtained from Atlanta Bio-
logicals (Lawrenceville, GA). A succinimide ester of Cy5.5
(Cy5.5-NHS) used for labeling of plasmid DNA was
obtained from AMERSHAM (St. Laurence, QC). Fluores-
cein isothiocyanate (FITC) and AlexaFluor-350 (AF-350)
were purchased from PIERCE (Rockford, IL) and Molec-
ular Probes (Portland, OR), respectively. A 4.7 kb plasmid
incorporating an enhanced green fluorescent protein (pEG-
FP-N2) and a kanamycin resistance gene was obtained
from BD Biosciences, and replicated in kanamycin resis-
tant DH5-a E. coli strain grown in Luria–Bertani medium
[15]. The purified plasmid was dissolved in ddH2O at
0.4 mg/mL.

2.2. Atomic force microscopy (AFM)

The MultiMode scanning probe microscope (Digital
Instruments Inc., Santa Barbara, CA) was used for all
AFM studies. A large-area scanner (J type) with a maxi-
mum xy scan range of 125 · 125 lm and a z vertical range
of 5 lm was used, except for imaging naked plasmid
DNA, where a small-area scanner (A type) with a maxi-
mum xy scan range of 0.4 · 0.4 lm and a z vertical range
of 0.4 lm was used for higher resolution. Single crystal sil-
icon cantilevers were cleaned by exposure to high intensity
UV light for 3 min before use. The oscillation amplitude
of the scanning tip was registered at 0.5 V and the
frequency of the oscillation was in the range of 200–
400 kHz. All AFM imaging was conventional ambient
tapping mode AFM. The scan rate was typically 1.0–
2.0 Hz and the data collection was at 512 · 512 pixels.
Images were processed and analyzed using the Nanoscope
III software (V5.12).

To visualize naked pEGFP-N2, the plasmid solution at
0.4 mg/mL was diluted to 2.5 lg/mL with 3 mM NaCl (in
ddH2O), vortexed for 10 s, and 10 lL of this solution was
transferred onto freshly cleaved mica. After 3 min, the mica
disk was dipped into water and excessive water was
removed by filter paper. After drying at room temperature
for 30 min, the surface was blow-dried with N2 (if neces-
sary). To visualize pEGFP-N2/polymer complexes, the
plasmid DNA and the polymers were dissolved separately
in 3 mM NaCl solution. Calculated amount of plasmid
DNA and PEI solutions was transferred to a tube main-
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taining a desired PEI/DNA mass ratio with the final DNA
concentration of 2.5 lg/mL. The samples were then imaged
under tapping mode as described above. Particles with
smaller than �20 nm were ignored since these were also
visualized with 3 mM NaCl solution alone and were likely
to represent NaCl crystals. An equivalent diameter for the
larger particles was measured assuming a spherical
geometry.

2.3. BMSC isolation and expansion [15]

The BMSC were isolated from both femurs of �8-week-
old female Sprague–Dawley rats and pooled to obtain a
single cell suspension. The marrow was removed by cutting
the femur at distal and proximal ends with a bone-cutter,
and aspirated using a 5-mL syringe with an 18 G needle.
The bone marrow was flushed out with �15 mL of DMEM
containing 10% FBS, 50 lg/L ascorbic acid, 100 U/mL
penicillin and 100 lg/L of streptomycin (referred as basic
medium). The cells were centrifuged (600g for 10 min), sus-
pended in fresh basic medium and seeded on a single
75 cm2 flask. After a medium change on day 3, the cells
were trypsinized on day 7, and expanded on 75 cm2 flasks
(1:4 dilution). The BMSC passaged between 2 and 4 gener-
ations were used in this study, and the cells were grown in
either 6-well plates (Corning), or on 2 cm · 2 cm glass cov-
erslips (FISHER) in 6-well plates for testing as described
below. The osteogenic potential of the BMSC from our
laboratory was described in separate publications [20,21],
and will not be further described here.

2.4. Cell uptake of polymers and pEGFP-N2 by fluorescent

microscopy

The PEI and PLL were labeled with 1 mM FITC
according to the manufacturer’s directions, dialyzed
against 0.1 M phosphate buffer, and then against ddH2O
to remove the unreacted FITC. TNBS assay was then used
to determine the polymer concentrations in the dialyzed
samples, as described [22]. The cells grown on coverslips
(in 6-well plates with 2 mL medium) were rinsed with
HBSS (2·) and incubated with 3 lg/mL FITC-labeled
polymers at 37 or 4 �C. After 3 h, the medium was
removed, and the cells were fixed with 70% alcohol. Cells
treated with PLL were stained with 0.5% Coomassie blue
(in 70% methanol, 10% acetic acid), but not PEI treated
cells since this abolished the fluorescence in cells. The pres-
ence of FITC-labeled polymers in BMSC was investigated
using a epifluorescent microscope (LEICA DM-RL), and
cell counts were manually taken (�100 for each treatment
group) to determine (i) the percentage of cells displaying
FITC-fluorescence and (ii) the percentage of cells display-
ing FITC-fluorescence at the nucleus.

A similar procedure was used for investigating the cellu-
lar uptake of plasmid DNA. The pEGFP-N2 was labeled
with 1 mM AF-350 or FITC according to the manufactur-
er’s directions, dialyzed against 0.1 M phosphate buffer,
and then against ddH2O to remove the unreacted AF-
350. The labeled pEGFP-N2 (�2 lg) was then incubated
with PEI (2 lg) and PLL (12 lg) (P:N ratio of 1:2 and
1:10, respectively) for �45 min, and the complexes were
added to the cells grown on coverslips for 3 h. The chosen
plasmid:polymer ratios were based on agarose gel-electro-
phoresis analysis of the complexes, which corresponded
to minimal ratios for complete plasmid complexation. Cells
were then visualized with the epifluorescent microscope as
above.

2.5. Cell uptake of polymers and pEGFP-N2 by flow

cytometry

To quantitatively assess polymer and pEGFP-N2
uptake by BMSC, FITC-labeled PLL and PEI (1–9 lg/
mL) were incubated with BMSC in 6-well plates (in
2 mL basic medium/well) for �24 h. After removing the
polymer-containing media, the cells were washed with
HBSS, trypsinized, centrifuged, and suspended in HBSS
with 3.7% formalin for flow cytometric analysis
(kex = 488 nm). The instrument threshold for the negative
control sample (i.e., BMSC incubated with no polymers)
was setup at �1% level. The percentage of cells exhibiting
FITC-fluorescence beyond this threshold value was calculat-
ed as a function of polymer concentration in the medium.

For assessment of pEGFP-N2 uptake, 20 lg of pEGFP-
N2 solution (in 300 lL ddH2O) was incubated with 100 lL
of Cy5.5-NHS dye solution (1 mg in 300 lL DMSO), and
allowed to react for 2 h at room temperature. The reaction
was stopped by extensive dialysis against TBE buffer. 5 lL
of this solution was mixed with 1, 3 and 9 lg/mL PEI and
PLL in 150 mM NaCl, and incubated for 30 min before
addition to cells in 6-well plates (2 mL basic medium/well)
for 20 h. After removing the pEGFP-N2-containing media,
the cells were washed with HBSS, trypsinized, centrifuged,
and suspended in HBSS with 3.7% formalin for flow
cytometric analysis (kex = 635 nm). The instrument was
calibrated so that the negative control sample (i.e., pEG-
FP-N2 incubated with BMSC without any polymeric
carrier) gave �1% cell uptake. The percentage of cells
exhibiting Cy5.5-fluorescence beyond this threshold value
was calculated as a function of polymer concentration in
the medium.

2.6. Transfection of BMSC

The polymer/pEGFP-N2 polyplexes used for transfec-
tions were prepared by mixing 0.4 mg/mL pEGFP-N2 (in
ddH2O) with 1 mg/mL polymer solutions (in ddH2O),
and bringing the volume to 50 lL with 150 mM NaCl.
The polyplexes for each transfection contained 3 lg of
pEGFP-N2, and 2, 6 and 18 lg of polymer (either PLL
or PEI) in 2 mL medium. After 30 min of complex forma-
tion, the polyplexes were added to the cells grown on 6-well
plates. The BMSC were incubated for either 8 or 48 h with
the transfection reagents, after which the cells were either
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trypsinized for assessment of EGFP expression, or the
medium was replaced with fresh medium for longer time
cultures. Flow cytometry was performed on a BD FACscan
where the cell fluorescence was detected by kex = 488 nm
for EGFP expression. The instrument settings were cali-
brated for each run so as to obtain a background level of
EGFP expression of �1% for control samples (i.e., cells
incubated with pEGFP-N2 alone without any carrier).
An aliquot of the cell suspension used for flow cytometry
was manually counted with a hemocytometer to obtain
total number of cells recovered from the wells.

2.7. Statistical analysis

Where indicated, all results are summarized as
means ± standard deviation, and statistical variations
(p < 0.05) between the group means were analyzed by the
Student’s t-test.

3. Results and discussion

This study focused on the use of two prototypical cat-
ionic polymers, PEI and PLL, for expression of a model
gene (EGFP) in primary BMSC. Both polymers have been
utilized in the past for gene delivery, but their utility has
been usually evaluated in immortal cells that are not clini-
cally useful. BMSC, on the other hand, provides a relevant
cell phenotype that can realistically evaluate the potential
of non-viral carriers for a clinical application. We are not
aware of any studies that compared the two cationic poly-
mers head-to-head for their effectiveness in gene delivery to
BMSC. This study, therefore, specifically focused on eval-
uating the interactions of the polymers with the BMSC,
and assessing their ability to deliver extracellular plasmid
DNA intracellularly as a means to understand their effec-
tiveness in transgene expression.

3.1. pEGFP-N2 binding by PEI and PLL

The ability of PEI and PLL to condense the circular
pEGFP-N2 plasmid was investigated by AFM. Although
condensation of plasmid DNA is paramount, mammalian
cells display much flexibility in the size of polymer/DNA
complexes for uptake; particles from <50 nm to as large
as �1 lm could be internalized by different mechanisms
[23]. The pEGFP-N2 alone gave long, string-like morphol-
ogies without any sign of compact, spherical structures
(Fig. 1A). Using a PEI and pEGFP-N2 mixture with a
mass ratio of 1:5, the complexation between the oppositely
charged molecules was investigated after 1, 10 and 30 min
of mixing of the macromolecules. After 1 min, a network
of string-like structures was evident, whose density was
considerably higher than the structures seen with pEG-
FP-N2 alone (Fig. 1B). Presumably, the presence of the
polymer resulted in better retention of the pEGFP-N2 on
anionic mice surfaces. At 10 min, a relatively high-density
of compact, spherical structures was visible (Fig. 1C)
and, after 30 min, a lower density of condensed structures
was present (Fig. 1D). There was no evidence of string-like
pEGFP-2 molecules as was seen in the absence of cationic
polymers. The sizes of the observed spherical particles were
dependent on the pEGFP-N2:PEI ratio (see Table in
Fig. 1); a general reduction in particle size (from �240 to
�100 nm) was observed with higher PEI concentrations
used to form the complexes. The size range observed under
AFM was similar to those of other studies reported by
independent investigators; for example, Twaites et al. [24]
and Petersen et al. [25] reported plasmid/PEI particles of
60–100 nm (N:P > 2:1) and 80–100 (N:P � 9), respectively,
under the low ionic salt conditions similar to ours. Pro-
longed (>30 min) incubation of the plasmid DNA and
the polymer was expected to led to a gradually increasing
particle size [26], but this issue was not further explored
in this study. All particles utilized in this study were formed
after 30–45 min of complexation before incubation with the
cells.

The particle sizes obtained by complexing pEGFP-N2
with PLL were also similar; an average particle size of
�120 nm with a range of 80–200 nm was obtained after
30 min of complexation (not shown). The distribution of
the particles was uniform over this size range, with no
apparent preferential size range. A greater degree of heter-
ogeneity was reported by Chan et al. [27] for the PLL/plas-
mid DNA particles, ranging from �20 nm to as large as
800 nm (depending on N:P ratio). Miyata et al. [28], on
the other hand, reported PLL/DNA particles in the 80–
300 nm range. Unlike tursoid-like particles reported in
some studies, our particles were all spherical and compact.
Taken together, it was evident that the both polymers used
in this study were able to condense the chosen plasmid
DNA into a size range similar to the previously reported
values, and more importantly, sizes which are suitable for
cellular uptake.

3.2. Cellular uptake of polymers

To determine the percentage of BMSC displaying poly-
mer uptake, FITC-labeled PEI and PLL were incubated
with the cells and the percentage of FITC-fluorescent cells
was determined by the flow-cytometry. Almost all of the
cells (80–100%) exhibited PLL and PEI uptake after a 24-
h incubation period with the polymers (Fig. 2A). This
was the case for all polymer concentrations tested (1–
10 lg/mL), indicating an effective uptake even at low poly-
mer concentrations in serum-protein rich medium. The
extent of polymer uptake by the BMSC, given by the aver-
age fluorescence for the FITC-positive cells, was directly
proportional to the polymer concentration in the medium
(Fig. 2B), as expected. Although PEI-incubated cells had
a higher fluorescence in this analysis, it was not appropriate
to interpret it as a higher uptake due to differences in
FITC-labeling efficiencies of the two polymers. To compare
the relative propensity of the two polymers to be internal-
ized, the intracellular fluorescence values (from flow cytom-



pEGFP-N2: PEI ratio Mean Size Size Range
1 : 8 240 nm 190 – 270 nm
1 : 4 230 nm 180 – 310 nm
1 : 2 360 nm 190 – 490 nm
1 : 1 170 nm 130 – 240 nm

1 : 0.5 100 nm 60 – 160 nm

Fig. 1. Atomic force microscopic investigation of pEGFP-N2 condensation by PEI. pEGFP-N2 without any polymers (A) and pEGFP-N2 incubated with
PEI for 1, 10 and 30 min (B, C, and D, respectively). The mean size and the size range of the particles format by pEGFP-N2/polymer complexes at
different mass ratios were shown in the Table after 30 min of complex formation. Note that the size of the particles formed was reduced at higher pEGFP-
N2:PEI mass ratios.
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etry) were normalized with the original fluorescence incu-
bated with the cells (from fluorometry). The normalized
uptake of the polymers (Fig. 2C) indicated a 30–50 fold
higher propensity of the PEI to undergo cell uptake.

A critical issue with the uptake of the polymers was the
intracellular localization of the polymer, i.e., cytoplasmic
vs. nuclear. To explore this issue, BMSC grown on cover-
slips were incubated with the FITC-labeled polymers at
37 and 4 �C, and the percentage of cells exhibiting nuclear
fluorescence was quantified under an epifluorescent micro-
scope. At 37 �C, almost all cells had visually detectable lev-
els of polymers. With PEI and PLL, 75 ± 8% and
74 ± 13% of the cells displayed fluorescence in the nucleus,
respectively (Fig. 3). These levels of uptake were consistent
with the flow cytometric observations from Fig. 2. The
nuclear uptake was significantly reduced to 21 ± 1%
(p < 0.001) and 18 ± 10% (p < 0.01) for PEI and PLL,
respectively, after incubation of the BMSC at 4 �C. Since
endocytosis is effectively reduced by the low temperature
incubation, the cellular uptake of polymers appeared to
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be strongly dependent on this active internalization
process.

These results have indicated a relatively uniform uptake
of the polymers by the BMSC. Although BMSC are known
to represent a relatively heterogeneous mixture of pluripo-
tent cells, both polymers were internalized and located in
the nucleus of the majority of cells. The latter observation
was particularly encouraging, since nuclear localization is
an essential requirement for long term expression of trans-
genes [29]. Nuclear localization was expected for the PLL,
since peptide-based nuclear localization signals typically
incorporate consecutive lysine residues [29]. The PEI,
although being a synthetic polycation, was also shown to
be capable of crossing the nuclear membrane in immortal
cells [30,31]. A 2.5- to 3.5-fold higher nuclear concentration
of PEI was estimated as compared to extracellular concen-
tration [30], suggesting active accumulation of this polymer
in the nuclear compartment of certain cells. The BMSC,
hence, appeared to behave in the similar manner for nuclear
binding of PEI as well. Conjugating nuclear targeting pep-
tides to PLL [26] and PEI [32] was shown by others to
enhance the expression of delivered genes, presumably due
to more effective transport of this carrier to the nuclear com-
partment. It remains to be seen whether such moieties can
further enhance nuclear transport of the polymers in BMSC.
3.3. Cellular uptake of pEGFP-N2 with polymeric carriers

A parallel set of studies was conducted with AF350- and
FITC-labeled pEGFP-N2 using epifluorescent microscopy
to investigate whether the cationic polymers were able to
deliver the exogenous plasmid into the cells. Two different
chromophores were utilized to ensure that the labeling
technique did not affect assessment of intracellular uptake.
Without a polymeric carrier, only a small fraction (<2%) of
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the cells contained any internalized pEGFP-N2, irrespec-
tive of the chromophore used for labeling (Fig. 4A). This
was expected given (i) the non-compact nature of the plas-
mid DNA in the absence of polymers, and (ii) the incom-
patibility of the anionic nature of both the cell-surface
and the plasmid DNA. With PEI as the carrier, 64 ± 18%
of the cells exhibited plasmid uptake, but only a small per-
centage of the cells (7 ± 12%) exhibited nuclear uptake of
the AF350-labeled plasmid. A similar result was obtained
with the FITC-labeled pEGFP-N2; 79 ± 20% of the cells
exhibited pEGFP-N2 uptake but only 9 ± 10% of the cells
gave nuclear localization of the pEGFP-N2. Since the plas-
mid uptake was similar with both labeling approaches
(p > 0.05 for both plasmid uptake and nuclear localization
between the two labeling techniques), further experiments
to compare the relative effectiveness of PEI and PLL were
performed with only AF350-labeled pEGFP-N2 (Fig. 4B).
Co-delivery with PLL and PEI resulted in 98 ± 3% and
67 ± 7% of BMSC exhibiting pEGFP-N2 uptake, respec-
tively. However, only 8 ± 6% and 14 ± 3% cells exhibited
nuclear localization of the plasmid with PEI and PLL,
respectively (p > 0.05). Therefore, this analysis indicated
no discernable differences between the two polymers; both
polymers delivered the plasmid DNA into majority of cells
(>60%), but nuclear localization was displayed in only a
small percentage of cells (<10%). The relatively low nuclear
delivery was in contrast to the polymer localization, which
was readily evident in most cellular nuclei. The plasmid
DNA clearly experiences a higher impediment for nuclear
location in BMSC. This was, however, not unusual consid-
ering the nuclear uptake shown by other cell types, such as
immortal RCFTE290-cells (�20%, [33]), and primary bron-
chial epithelial cells (�5%, [33]) were also in the range dis-
played by the BMSC in this study. It is important to note
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that this microscopic analysis was based on visual assess-
ment of the fluorescent cell population, and not quantita-
tive levels of fluorescence in the cells. As such, the results
provide a measure of the cell population amenable for
polymer-mediated plasmid uptake, but do not attest to
the quantitative extent of delivery by the polymers.

Complementary information about the effectiveness of
the polymers to deliver pEGFP-N2 into BMSC was
obtained from flow cytometry. For this, Cy5.5-labeled
pEGFP-N2 was formulated with PEI and PLL, and the
percentage of cells displaying intracellular uptake of the
labeled plasmid was determined. Both polymers exhibited
a concentration-dependent increase in the intracellular
pEGFP-N2 delivery (Fig. 5). Whereas PLL was effective
at polymer concentration of P3 lg/mL, PEI exhibited an
effective delivery of the plasmid even at the lowest concen-
tration tested (1 lg/mL). More importantly, a �10-fold
higher percentage of cells displayed significant pEGFP-
N2 uptake when the plasmid was formulated with PEI as
compared to PLL. Note that assessment by flow cytometry
generally indicated a smaller percentage of cells with the
plasmid uptake, except for the plasmid formulated with
the highest PEI concentration. This was unlike the good
agreement observed when both of these techniques were
applied for assessment of polymer uptake. The lower plas-
mid uptake indicated by flow cytometry was presumably
due to lower sensitivity of this assessment technique as
compared to direct visual assessment by epifluorescent
microscopy. Flow cytometry also relies on the use of tryp-
sinized cells, which might lead to signal reduction from the
cells as a result of enzymatic treatment. Nevertheless, a
clear difference between the two polymers was evident, with
PEI providing a more effective delivery of the extracellular
plasmid DNA.
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3.4. Transfection efficiency by PLL and PEI

The expression of pEGFP-N2 was initially evaluated by
epifluorescent microscopy. It was possible to observe
EGFP-positive cells when pEGFP-N2 was delivered with
PEI or PLL, in contrast to BMSC incubated with pEG-
FP-N2 alone (not shown). However, due to relatively weak
nature of autofluorescence and its rapid decay, quantita-
tion of EGFP-positive cells was considered unreliable in
this setup. Alternatively, the transfection efficiency was
assessed by flow cytometry. The BMSC was initially
exposed to the plasmid DNA/polymer particles for 48 h.
A relatively low percentage of cells (<4%) displayed EGFP
expression initially (Fig. 6A), but after 1 week, a clear dif-
ference between the PEI and PLL-mediated delivery was
evident at 3 and 9 lg/mL (p < 0.02), the PEI enabling a
more effective EGFP expression as compared to PLL
(Fig. 6A). Direct cell counts, however, indicated significant
toxic effects on the cells by both polymers; Whereas DNA-
exposed BMSC (control) cells displayed 2.4-fold increase in
cell numbers from day 1 to 7, cells exposed to the polymer/
pEGFP-N2 complexes did not exhibit cell growth during
the 1-week period (Fig. 6B). By day 7, BMSC exposed to
polymer/pEGFP-N2 complexes had lower cell counts than
the day 1 cell counts (Fig. 6B), indicating significant imped-
iment of the cell growth during the 1-week analysis period.

The transfection time was then reduced in a subsequent
experiment to 8 h to minimize polymer effects on cell
growth. As in 48-h exposure, BMSC exposed to polymer/
pEGFP-N2 complexes similarly gave a relatively low trans-
fection efficiency (<4%) on day 1. By day 7, 10–11% of
BMSC were transformed with PLL-mediated delivery
irrespective of the PLL concentration, whereas PEI result-
ed in 21–42% BMSC transfection depending on the concen-
tration used (Fig. 6C). Due to large variation in EGFP
expressed (given by relative fluorescence from flow cytom-
etry) among the BMSC, it was not possible to correlate the
level of GFP expression with the percentage of GFP-posi-
tive BMSC (not shown). This observation was in accor-
dance with the previous studies utilizing linear PEI on
cancer cell lines [34]. Unlike the 48-h transfection, a signif-
icant cell growth was seen with the 8-h transfections
(Fig. 6D), indicating better tolerability of the complexes
with the shorter exposure time. The only exception to this
was (i) the BMSC exposed to highest concentration of PEI
and PLL (9 lg/mL), which did not exhibit cell growth dur-
ing the 7-day study period, and (ii) the BMSC exposed to
highest concentration of PLL (9 lg/mL), where the
increase in cell number did not reach a significantly higher
value. This was indicative of the toxic nature of both poly-
mers on the cells, a fact well appreciated and lead to exten-
sive modification of the polymers to improve its
compatibility with cells without affecting its transfection
efficiency. Based on the plasmid delivery results (see
Fig. 5), it appears that better effectiveness of the PEI was
due to higher intracellular DNA delivery. It is not possible
to rule out other beneficial effects of PEI, such as facilita-
tion of endosomal escape [35].

The results presented in this study further confirm the
feasibility of using polymeric carriers for transfection of
bone marrow-derived cells, in addition to liposomal [36]
and other lipid based carriers [37]. Effective expression
was obtained with the latter carriers, but it is not possible
to compare the current results with the lipid-based carriers
from independent studies, since the percentage of cells
transfected were not reported in the latter studies. As com-
pared to some viral-based carriers, the polymeric-carriers
explored in this study displayed an effectiveness that was
at the lower end of the performance spectrum (especially
with PLL), but the performance of PEI was considered rea-
sonably successful; under conditions that allowed cell
growth, transgene expression was sustained in �20% of
the cells for a 7-day period. This could be sufficient for
applications that require transient expression, for example,
when one needs to deliver osteogenic proteins with BMSC
to initiate osteoinductive bone repair [36]. More studies for
the duration of transgene expression will need to be per-
formed to determine the potential of polymeric carriers
for long-term transgene expression, which is necessary for
diseases requiring constitutive gene expression. Towards
this goal, two specific limitations suggested by this study
were (i) the relatively low nuclear localization of the inter-
nalized plasmid (as compared to the nuclear localization of
polymeric carriers), and (ii) undesirable effects of BMSC
growth following polyplex treatment of the cells. To
address the former limitation, one might need to engineer
the polymers not to release their plasmid payload before
reaching the nucleus. To address the latter limitation, more
cell-compatible polymers will be required, perhaps by low-
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ering their cationic charge density that appears to be the
basis of the polymers’ toxicity [38]. Given its more effective
internalization and its ability to deliver the plasmid cargo
intracellularly, PEI might be a more desirable option when
future attempts to overcome these limitations for clinically
effective modification of BMSC.
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