Chapter 2

Revisiting Complexation Between DNA
and Polyethylenimine: The Effect

of Uncomplexed Chains Free

in the Solution Mixture on Gene
Transfection

2.1 Introduction

In comparison with viral vectors, more efforts have recently been spent on the
development of non-viral vectors because of few fatal accidents in clinical trials of
viral carriers [1-3]. It has been well recognized that non-viral vectors have their
own advantages, such as low immune toxicity, construction flexibility and facile
fabrication, in the gene transfection, especially for clinical applications [4-6].
However, they are still much less efficient than their viral counterparts. Among
thousands of experimentally tested non-viral vectors, PEI is still considered as one
of the most efficient candidates to deliver genes and often served as a “golden
standard” [7-9]. Previously, PEI has been chemically modified in different ways
so that additional functions were introduced for a better gene delivery, including
the incorporation of intracellular biodegradable linkers [10, 11], the PEGylation to
improve the serum stability during circulation [12, 13] and the attachment of some
functional molecules to target specific cells or tissues [12-15]. Less attention,
however, has been paid to why PEI remains one of the best non-viral carriers and
how it facilitates the intracellular trafficking [16-27].

The first step in the development of non-viral vectors is how to package long
anionic DNA chains into a small particle, i.e., the DNA complexation and conden-
sation. Previous study showed that the physical and colloidal characteristics of
resultant polymer/DNA polyplexes are important for an effective delivery of gene
[28-32], but results were controversial and not conclusive. Much of the past effort
has been devoted to the synthesis of state-of-the-art polymers [33-37] and
subsequent polyplex formation [38—41], rather than the fundamental understanding
of how a non-viral vector promotes the intracellular trafficking of DNA besides its
roles in DNA encapsulation and protection. The proposed proton-sponge effect has
been well accepted and taken as granted by those who entered this field later [7, 42].

Using a combination of different methods to characterize the size, molar mass
and surface charge of the DNA/PEI polyplexes formed under different conditions,
we confirmed some of the previous literature results, but revealed that the average
size and chain density of the resultant polyplexes are not that important in the gene
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transfection. In order to achieve an optimal transfection efficiency, the polyplexes
in the solution mixture should have a slightly positively charged surface with a N:P
ratio higher than 10. It is understandable that a positively charged surface facili-
tates the attachment of polyplexes to the negatively charged cellular membrane so
that the endocytosis is promoted. However, it is still not clear why a high N:P ratio
is required. Few previous studies showed that when the N:P ratio is high, a large
amount of PEI chains are free in the solution mixture of DNA and PEI [43, 44]. It
was also revealed that these excessive polycationic chains are much more toxic
than those bound to DNA inside the polyplexes [44, 45]. Moreover, Wagner et al.
found that the removal of free PEI chains by size exclusion chromatography
significantly reduced the gene transfection efficiency [44]. To our knowledge, only
few previous studies have noted such an effect of free polycationic chains on the
gene transfection [43—47]. Most of the researchers in this field have overlooked
such a finding. The current study was designed to elucidate the impact of polymer
chains free in the solution mixture on gene delivery.

2.2 Materials and Methods
2.2.1 Materials and Cell Lines

Branched PEI with a weight-averaged molar mass of 25,000 g/mol (bPEI-25 K,
Sigma-Aldrich) was used without further purification. Initial plasmid DNA pGL3-
control vector (5,256 bp) encoding modified firefly luciferase and pEGFP-N1
(4,700 bp) expressing enhanced green fluorescent protein (EGFP) were purchased
from Promega (USA) and Clontech (Germany), respectively. A large amount of
these plasmids were prepared using a Qiagen Plasmid Maxi Kit (Qiagen, Germany).
POPO-3 iodide, fluorescein-5-isothiocyanate (FITC) and di-4-ANEPPDHQ were
purchased from Invitrogen (USA). Fetal bovine serum (FBS), Dulbecco’s modified
Eagle’s medium (DMEM) and penicillin—streptomycin were purchased from GIB-
CO (USA). 293T cells were grown at 37 °C, 5 % CO, in DMEM supplemented with
10 % FBS, penicillin at 100 units/mL and streptomycin at 100 pg/mL.

2.2.2 Formation of DNA/PEI Polyplexes

Plasmid DNA was complexed with PEI in either distilled water or phosphate
buffered saline (PBS) to form the DNA/PEI polyplexes as follows. Different
amounts of PEI solution (C =1 x 107*—1 x 107> g/mL) were added dropwise
into a dilute DNA solution (C = 14.5 pg/mL), resulting in different molar ratios of
nitrogen from PEI to phosphate from DNA (N:P). Each resultant DNA/PEI dis-
persion was incubated for 5 min at room temperature before its administration to
the cell culture medium.
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2.2.3 DNA Binding Assay

The binding of DNA to PEI to form polyplexes in the solution mixture was
evaluated by the gel-shift assay. Each DNA/PEI dispersion with a desired N:P ratio
was mixed with 6 x loading buffer and then loaded on a 0.8 % (w/v) agarose gel
containing ethidium bromide in tris—borate EDTA buffer. The amount of DNA
loaded into each well was 0.4 g in a total volume of 10 pL. The electrophoresis
was performed under 100 V for 45 min. DNA bands were visualized under UV.
The DNA binding was also characterized using laser light scattering (LLS).

2.2.4 POPO-3 Fluorescence Quenching Assay

Plasmid was labeled with POPO-3 dye at 1 dye to 100 base pair ratio. DNA/PEI
polyplexes with different N:P ratios were prepared as described above. The final
DNA concentration is 1.45 pg/100 pL solution. After 5-min incubation, the rel-
ative fluorescence intensity (F) of each solution mixture was collected using a
Hitachi F4500 fluorescence spectrophotometer (excitation 530 nm, emission
570 nm). The fraction of the uncomplexed DNA chains (x) was determined by

X = (Fpolyplex_Fblank)/(FDNA_Fblank)~

2.2.5 Laser Light Scattering

A commercial LLS instrument (ALV5000) with a vertically polarized 22-mV He—
Ne laser (632.8 nm, Uniphase) was used. The measurable angular range is
15-154". In dynamic LLS, the intensity—intensity time correlation function
(G(z)(r)) of each DNA/PEI polyplex solution mixture was measured at different
scattering angles. The Laplace inversion of each G‘*(7) can lead to a line-width
distribution of G(I") by the CONTIN program or by the double-exponential fitting,
if there are only two relaxation modes, as

{[6%(q.0) ~BI/BY? = Ai(g)e™ """ "+ Agg)e (@)

where B is the measured baseline; </"> and A(g) are the average line-width and
the normalized intensity contribution of each relaxation mode, respectively, and
A(q) + Ax(q) = 1; g is the scattering vector defined as g = (4nn/lg)sin(6/2)
with 0, Ay and n, the scattering angle, the incident wavelength in vacuum and the
refractive index of solvent, respectively. </'> can be related to the average
translational diffusion coefficient <D> as </'> = <D> ¢*. Using the Stokes—
Einstein equation [48], <D> is further related to the average hydrodynamic radius
(<Rp>) by <Ry,> = kgT/(6nn <D>), where 1 is the solvent viscosity. In this way,
each G(I') can also be converted into a hydrodynamic radius distribution f(Ry,).
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On the other hand, the time-averaged scattering intensity from each relaxation
mode can be calculated from the total time-averaged scattering intensity (<I(g)>)
and A(g), respectively, measured from static and dynamic LLS, ie.,
<l(g)>1 = <l(@)>A(g) and <I(q)>, = <l(g)>A,(q). The plot of 1/<l(g)>; or 1/
<l(q)>, versus q2 leads to an average radius of gyration (<Ry>; or <R,>) and the
time-averaged scattering intensity at g — 0 (</(0)>; or <I(0)>,) using [48, 49]

11
<I(q)> ~ <I(0)

1
= (1+§<R§ > q?) (2.2)

Where </(0)> is proportional to the weight-averaged molar mass. Therefore,
individual short PEI chains with a much lower molar mass are invisible in LLS
when long DNA chains exist in the solution mixture. The formation of DNA/PEI
polyplexes with some DNA chains collapsed inside leads to a relaxation mode
faster than that of individual swollen DNA chains. This is why we mainly focused
on how N:P ratio affects the fast mode in the current study.

2.2.6 Zeta-Potential Measurement

The average mobility (ug) of the polyplexes under an electric field in an aqueous
solution was determined from the frequency shift in a laser Doppler spectrum
using a commercial zeta-potential spectrometer (ZetaPlus, Brookhaven) with two
platinum-coated electrodes and one He—Ne laser as the light source. Each data
point in the mobility measurement was averaged over 20 times at 20 °C. The
zeta-potential ({porentia) can be calculated from ug using pup = 2&l,otential IR/
(3n), where ¢ is the permittivity of water and 1/x is the Debye screening length
[50]. When xR, << 1 (the Hiickel limit), fixR,) ~ 1; while kR, >> 1 (the
Smoluchowski limit), fixR,) ~ 1.5. In the current study, the Hiickel and
Smoluchowski limits are respectively used to calculate {,otential in Water and PBS.

2.2.7 Determination of the Content of Free PEI
in DNA/PEI Dispersion

The content of free PEI in the DNA/PEI dispersion was determined using a
combination of filtration and copper complex assay. The DNA/PEI dispersion at
N:P = 10 was prepared as described above, with a final concentration of 219 pg
pGL3/1 mL PBS. After 4-h incubation, the DNA/PEI dispersion was centrifuged
and the supernatant was carefully filtered using a 20-nm filter. The content of
uncomplexed PEI chains in the filtrate was determined using a copper complex
assay by adding 100 pL of the filtrate into 900 puL. of 0.02 M cupric acetate
solution containing 5 % potassium acetate (pH 5.5). The absorption of the filtrate
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was recorded at 630 nm (Ag30) using a UV—Vis spectrometer (Hitachi, Japan), and
converted to the corresponding PEI concentration according to the calibration
curve.

2.2.8 In Vitro Gene Transfection

The in vitro gene transfection efficiency was quantified by using the luciferase
transfection assays, in which plasmid pGL3 was used as an exogenous reporter
gene. 293T cells were plated in 48-well plate at an initial density of 1.5 x 10> per
well, 24 h prior to transfection. The DNA/PEI dispersion with a desired N:P ratio
was further diluted in serum-free medium and then added at a final concentration
of 0.4 pg DNA per well. The complete DMEM medium (800 pL per well) was
added 6 h after the gene transfection. Using a GloMax 96 microplate luminometer
(Promega, USA) and the Bio-Rad protein assay reagent, we respectively deter-
mined the transgene expression level and corresponding protein concentration in
each well 48 h after the polyplex administration. The gene transfection efficiency
is expressed as a relative luminescence unit (RLU) per cellular protein
(mean & SD of triplicates). Alternatively, the transfection efficiency can be
directly visualized under a fluorescence microscopy when the plasmid pEGFP-N1
is used.

2.2.9 Cytotoxicity Assay

The cytotoxicity of free PEI chains and DNA/PEI dispersion was evaluated on
293T cells by using the MTT assay. 293T cells were seeded in a 96-well plate at an
initial density of 5000 cells/well. After 24 h, free PEI chains alone or with DNA to
form DNA/PEI dispersion were respectively added to cells at different chosen
concentrations and N:P ratios. For the DNA/PEI dispersion, the final DNA con-
centration is 0.2 pg/well in a total volume of 100 pL. The treated cells were
incubated in a humidified environment with 5 % CO, at 37 °C for 48 h. The MTT
reagent (in 20 pL PBS, 5 mg/mL) was then added to each well. The cells were
further incubated for 4 h at 37 °C. The medium in each well was then removed and
replaced by 100 pL DMSO. The plate was gently agitated for 15 min before the
absorbance (A) at 490 nm was recorded by a microplate reader (Bio-rad, USA).
The cell viability (y) was calculated by y = (Ageated/Acontror) X 100 %, where
Agreated a0d Acongror are the absorbance of the cells cultured with polymer/polyplex
and fresh culture medium, respectively. Each experiment condition was done in
quadruple. The data was shown as the mean value plus a standard deviation
(£SD).



34 2 Revisiting Complexation Between DNA and Polyethylenimine

2.2.10 DNA, PEI Labeling and Flow Cytometry

Plasmid pGL3 was covalently labeled with the fluorophore Cy5 using the Label IT
kit (Mirus, Madison, WI) according to the manufacturer’s instructions. For
labeling of PEI, 11.2 mg of FITC (28.8 umol) was mixed with 360 mg of bPEI-
25 K (14.4 pmol) in EtOH, and the reaction mixture was stirred overnight at room
temperature in the dark place. In order to separate labeled PEI from unreacted
FITC, size exclusion chromatography (SEC) was performed using a gel-filtration
column (Sephadex G-25 superfine) preequilibrated with HBS (20 mM HEPES, pH
7.4, 150 mM NaCl). The separated sample was freeze-dried and resolved in water.
The gel electrophoresis results confirmed that the labeling on DNA and PEI chains
has no obvious impact on the formation of DNA/PEI polyplexes (data not shown).

To explore the effect of free PEI chains on the cellular uptake of polyplexes,
FITC-PEI, Cy5-pGL3/PEI polyplexes alone (N:P = 3) or polyplexes plus 7 por-
tions of free FITC-PEI (N:P = 10) were added to the cells in serum-free DMEM
and, after incubation at 37 °C, cells were harvested at the indicated time points.
Briefly, cells were first rinsed twice with PBS containing 0.001 % SDS and then
PBS to remove the extracellularly attached polyplexes [51]. Further, cells were
detached by 0.05 % trypsin/EDTA supplemented with 20 mM sodium azide to
prevent further endocytosis [52]. Finally, cells were washed twice by pelleting and
then resuspended in ice-cold PBS containing 2 % FBS. Confocal microscopy
images of cells were taken to ensure the effective removal of polyplexes from the
cell surfaces (data not shown). Cellular uptake of polyplexes and free PEI chains
was assayed by flow cytometry using a FC 500 flow cytometry system (Beckman
Coulter, USA). The fluorophores FITC and Cy5 were excited at 488 and 635 nm,
respectively, and the corresponding emissions were detected at 525/10 and 675/
15 nm, respectively. To discriminate viable cells from dead cells and to exclude
doublets, the cells were appropriately gated by forward/side scattering and pulse
width. 1 x 10* gated events per sample were collected. Experiments were per-
formed at least in triplicates.

2.2.11 Confocal Laser Scanning Microscopy

6 x 10° cells were seeded in a p-Dish™™™ ™M&" (ibidi GmbH, Germany). After
24 h, the cellular membrane was stained with di-4-ANEPPDHQ for 15 min and
then washed 2-3 times. Afterwards, the cell culture medium was carefully aspi-
rated and FITC-labeled bPEI-25 K in serum-free DMEM was applied at a final
concentration of 1 x 107> g/mL. Live cell imaging was performed for 1.5 h using
a Nikon Clsi confocal laser scanning microscope equipped with a spectral imaging
detector (Nikon, Japan) and a INU stage-top incubator (Tokai Hit, Japan). Image
sequences were captured at approximately 30 s intervals. FITC and di-4-ANE-
PPDHQ were visualized by the 488-nm excitation and the corresponding emission
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spectral was acquired in the 495-650 nm range at 5-nm wavelength resolution.
The mean FITC-PEI fluorescence intensities at the cellular membrane and inside
the cell are recorded at 520 nm and normalized by that outside the cell. All the
spectral data was analyzed using the Nikon EZ-C1 software.

2.3 Results and Discussion

To investigate the complexation profiles of PEI-mediated vectors, we first moni-
tored the formation of DNA/PEI polyplexes in PBS using a combination of static
and dynamic LLS. Figure 2.1 shows the N:P ratio dependence of hydrodynamic
radius distribution (f(Ry,)) of pGL3 without and with the addition of different
amounts of PEL In the pure pGL3 solution (N:P = 0.00), the peak located at
~ 1.4 um represents the swollen and extended DNA chains. The addition of a
small amount of branched PEI (N:P = 0.25) leads to a new peak located at
~ 120 nm, presumably corresponding to the newly formed contracted DNA/PEI
polyplexes. The shifting of the DNA peak from ~1.4 to ~1 pm indicates the
partial contraction of DNA chains due to the incomplete complexation. Further
addition of PEI leads to polyplexes of a larger size with more DNA and PEI chains
incorporated into the individual complexes. When N:P ~ 3, the DNA peak
completely disappears, suggesting that nearly all the DNA chains are complexed
with PEI, i.e., no DNA chains are free in the solution mixture.
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The complexation between PEI and DNA was also evaluated by the gel-shift
assay (Fig. 2.2a). Progressive condensation can be revealed from the retarded
mobility of the DNA bands and their reduced fluorescence intensity. Clearly, the
two DNA bands (supercoiled and relaxed forms) disappear when N:P ~ 3. Fur-
thermore, we quantitatively estimated the extent of DNA complexation at each
given N:P ratio using a double-strand DNA intercalating dye, POPO-3, whose
fluorescence is dramatically increased upon its binding to DNA. The complexation
of DNA with PEI excludes POPO-3 molecules from the DNA double helix,
resulting in a reduced fluorescence emission intensity. Figure 2.2b shows that over
90 % of the DNA chains have been condensed into the polyplexes when N:P ~ 3.
In static LLS, we also found that the average scattering intensity (</(0)>) nearly
remains a constant after N:P > 3.

It is known that </(0)> ~ KCM,, ~ (derc)ZCMW. Therefore, we can calcu-
late the apparent weight-averaged molar mass (M,,, poiypiex) Of the polyplexes at
each given N:P ratio using

2
<1(0) > poiyplex Cona () pxa (2.3)

M. =M X
w,polyplex w,DNA <I(0) > DNA Cpolyplex (%)i(’lyplex

where C is concentration and (dn/dc) is the differential refractive index increment.
Note that (dn/dc)poiypiex = Wona(dn/dc)pna + wegi(dn/dc)pgr, where wpna and
wpgp are two normalized weight fractions of DNA and PEI inside the polyplexes,
i.e., wpna + wpgr = 1. It is necessary to estimate Cpolypiex and wpgy in order to
calculate My, poryplex- When N:P < 3, we can assume that nearly all the PEI chains
are complexed with DNA, while the fraction of DNA associated with PEI can be
estimated using the POPO-3 fluorescence assay mentioned above. Therefore,
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Cpolyplex = CPEI + (1 - X) CDNA and Wpgr = CPEI/Cpolyplex (24)

where Cpgy and Cpya are the initial PET and DNA concentrations, respectively; and
x is the fraction of those uncomplexed DNA chains in the solution mixture. On the
other hand, when 3 < N:P < 10, nearly all the DNA chains are complexed with
PEI so that Cp1ypiex is a constant in this range and Cporypiex X Cpolypiex (N:P = 3).

Figure 2.3 summaries the N:P ratio dependence of the average hydrodynamic
radius (<R,>), the apparent weight-averaged molar mass (M, poiyplex)s the zeta-
potential ({potential) and the gene transfection efficiency (RLU/mg protein) of the
DNA/PEI polyplexes formed in PBS. The initial decrease of <Ry,> and increases
of both My, potyplex and {porential Upon the addition of PEI (N:P = 0.125-1.50)
indicate that the positively charged PEI chains are gradually complexed with the
negatively charged DNA chains so that both PEI and DNA contract in the solution
mixture. The sharp increases of both <Rp> and My, poiypiex at N:P ~ 2 reflect the
merge of initially formed small polyplexes. Further addition of PEI in the range of
N:P > 3 has nearly no effect on <Ry,>, M, polypiex and {potential> clearing revealing
that those PEI chains added afterwards are free in the solution mixture.

Only few previous studies have noted the existence of free PEI, and estimated
the amount of those free polycationic chains in the DNA/PEI dispersion used for
gene delivery. Clamme et al. found that, by using a two photon fluorescence cor-
relation spectroscopy, ~86 % of the PEI chains are in the free form at N:P = 10
(i.e., polyplexes is completely formed at N:P ~ 1.4) [43], whereas Wagner and his
coworkers showed that the purified polyplexes by SEC have an ultimate N:P ratio of
~2.5 [44]. Our LLS results here clearly shows that the anionic DNA chains are not
fully condensed by the cationic PEI chains when N:P ~ 1.4, also reflected in its
corresponding negative zeta-potential of the resultant polyplexes. Besides LLS,
herein we used a simple filtration method combined with copper complex assay to
determine the content of uncomplexed PEI chains in the DNA/PEI dispersion.
Figure 2.4 shows that the PEI concentration after the removal of the polyplexes by a
20-nm filter is ~68.6 % of the initial PEI concentration at N:P = 10, further
confirming that DNA is fully condensed by PEI only when N:P > 3. For N:P = 10,
~70 % of the PEI chains are free in the solution mixture of PEI and DNA. On the
other hand, our results in Fig. 2.3d consolidate that the polyplexes with 7 portions
of free PEI chains (N:P = 10) are ~ 10° times more efficient in the gene trans-
fection than those formed at N:P = 3 without free PEI chains.

Previous literature also repeatedly showed that when N:P > 3, nearly all the
DNA chains are completely complexed with PEI, but a higher N:P ratio leads to
much better gene transfection. Putting these two experimental facts together, one
should ask an obvious, but certainly overlooked, question; namely, is it the free
PEI chains, rather than those inside the DNA/PEI polyplexes, that play a vital role
in the gene transfection? To generalize such a question, we have tested PEI-
mediated vectors with different chain lengths in both salt-free water and salt-rich
PBS. All of our results (not shown here) confirm that the solution mixture with
polyplexes alone have a much lower gene transfection efficiency.
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On the other hand, we evaluated the cytotoxicity of free PEI chains and the
corresponding DNA/PEI dispersion on 293T cells using the MTT assay (Fig. 2.5).
The initial cell viability of DNA/PEI at N:P = 3 is ~85 %, and is stably reduced
as the increasing amount of free PEI chains, especially when Cpg; > 2.7 pg/mL,
corresponding to N:P > 10, clearing revealing that those free PEI chains are
indeed the major cause of toxicity of DNA/PEI at high N:P ratios. It is also worth
noting that in the general N:P range for transfection, i.e., N:P < 10, both the DNA/
PEI dispersion and free PEI chains exhibit relatively low cytotoxicity, with the cell
viability well above 70 %.

Furthermore, we decided to add the 7 portions of free PEI chains at different
times; namely, hours before or after the administration of the DNA/PEI polyplexes
(N:P = 3), so that the final and total N:P ratio remains 10. We define t = 0O for the
simultaneous addition of the DNA/PEI polyplexes (N:P = 3) and 7 portions of free
PEI chains. Therefore, the negative time means that free PEI chains are added
before the polyplex administration. Figure 2.6 shows that in the presence of free
PEI chains, the transfection efficiency is typically 10°~10° times higher than that
without free chains no matter whether these free polycations are introduced before
or after the polyplex administration. To our knowledge, this is the first demon-
stration that the addition of free PEI chains even prior to the polyplexes can
facilitate the gene transfection. It is clear that the simultaneous addition of the
polyplexes (N:P = 3) and free polycationic chains (i.e., t = 0) leads to the highest
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transfection level, indicating a possibly cooperative role of the bound and free PEI
chains in gene delivery.

Figure 2.6 also reveals that in the delayed addition of free PEI chains, i.e.,
t > 0, the gene transfection efficiency gradually decreases with the time interval
between the administration of polyplexes and the addition of free PEI chains. To
explain such a decrease, we have to find whether this decline is due to the
insufficient incubation time since the incubation time was fixed to be 48 h, starting
from the polyplex administration. The incubation-time dependence of the trans-
gene expression, as shown in Fig. 2.7, clearly excludes such a possibility because
the luciferase expression reaches its maximum at ~36 h after the polyplex
administration. Therefore, the total 48-h incubation time is sufficient. The next
question is whether these free PEI chains promote the cellular uptake in the
extracellular space or other processes inside the cell. In the extracellular pathway,
free PEI chains could facilitate the cellular internalization by increasing either the
uptake rate or the endocytosis amount. To estimate the internalization timescale of
the DNA/PEI dispersion, the cell culture medium with the polyplexes, if any, was
replaced at different times after the polyplex administration. Figure 2.8 shows that
the cellular uptake nearly ceases after ~6 h regardless of whether there are free
PEI chains, but these free polycations enhance the final transfection levels by
~500 times even though they do not shorten the time required for internalization.
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Furthermore, flow cytometry was used to explore the internalization kinetics of
DNA/PEI polyplexes and free PEI chains in the gene transfection. Generally, three
characteristics can be extracted from the flow cytometry data; namely, (1) the
fraction of cells containing Cy5 fluorescence (Fig. 2.9a); (2) the median of Cy5-
DNA fluorescence intensity of Cy5-positive cell population (Feys.pna, cys+s
Fig. 2.9b); and (3) the median of Cy5-DNA fluorescence intensity of total cell
population (Fcys.pna, o Fig. 2.9¢). Figure 2.9a shows that in the presence of 7
portions of free PEI chains, more than 80 % of the cells have internalized
polyplexes after a 30-min incubation, whereas the internalized polyplexes without
free PEI chains are detected in only ~ 10 % of the cells. At 4 h post-incubation,
~95 % of the cells are Cy5-positive regardless of the addition of free PEI chains.
In addition, Fcys.pna, cys+ Which is indicative of the polyplex amount per Cy5-
positive cell, is stably 3—-6 times higher during the first 6-h incubation when the
extra 7 portions of PEI chains are applied (Fig. 2.9b). In combination, the addition
of free PEI leads to a significant faster and remarkably increased internalization
(Fig. 2.9¢).

Moreover, different cellular uptake kinetics is revealed for polyplexes in the
absence/presence of the free PEI chains (Fig. 2.10). When the polyplexes are
applied alone, the number of cells they entered and their content per cell elevate
simultaneously in the first 6 h of incubation. With the aid of 7 portions of free PEI
chains, in contrast, the fraction of Cy5-positive cells quickly rises to ~80 %
within just 0.5 h, and the enhanced internalization afterwards (1.5-6 h) is mainly
attributed to the increasing amount of polyplexes inside one cell.

On the other hand, the 7 portions of free PEI chains, whether applied alone or
with DNA/PEI polyplexes at N:P = 3, exhibit similar internalization kinetics
(Fig. 2.11). Within just 30 min, these free PEI chains enter ~80 % of the cells,
with their intracellular fluorescence intensity almost reaching the maximum pla-
teau. Moreover, our CLSM result also confirms that the concentrations of free PEI
chains at the cellular membrane and inside the cell quickly approach to the
maximum ~ 30 min after they are added outside the cell (Fig. 2.12). This indi-
cates that the free PEI chains have a significantly faster uptake rate, and perhaps a
different internalization pathway, compared to the DNA/PEI polyplexes (~6 h).
Notably, the major uptake timescale of free PEI (~0.5-1.5 h) is in good
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Fig. 2.9 Effect of free PEI
chains on the internalization
of DNA/PEI polyplexes by
flow cytometry. 293T cells
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accordance with the sharp increase in the number of polyplex-containing cells at
N:P = 10 (Fig. 2.9a), suggesting that these excessive PEI chains might mainly
play their roles in the first 1.5 h. It is still to be elucidated that how the free PEI
chains promote the cellular internalization. They might either destabilize the
cellular membrane to allow direct make the endocytosis of polyplexes more easily,
or help the polyplexes to utilize an internalization pathway more favorable for
intracellular trafficking [27, 28, 53].

To compare the contribution of free PEI chains in the extracellular and intra-
cellular pathways, we added free PEI chains with or without removing the cell
culture medium that contains the polyplexes (Fig. 2.13). Since the cellular inter-
nalization stops after ~6 h, those polyplexes in the extracellular space, if any,
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Fig. 2.10 Schematic illustration of cellular internalization of DNA/PEI polyplexes (N:P = 3) in
the absence and presence of 7 portions of free PEI chains, where different colors represents the
median of DNA fluorescence intensity (MFI) inside one cell. Note that the depictions of different
components do not reflect their actual sizes

should still remain there. For N:P = 10, when the polyplexes are removed, at 6 h
post-incubation, before the addition of 7 portions of free PEI chains, the gene
transfection efficiency is only attenuated by 2-fold in comparison with the non-
removal group, indicating that those free PEI chains promote the cellular uptake a
little. However, it is worth noting that this reduced transfection efficiency is still
~50-fold higher than that without the addition of free PEI chains (N:P = 3),
clearly indicating that the free PEI chains mainly play their role inside the cells.

Finally, we explored the effect of FBS on the gene transfection efficiency of
polyplexes alone (N:P = 3), or polyplexes with 7 portions of free PEI chains
added at different times (N:P = 10). When the cell culture medium is supple-
mented with 10 % FBS, the initial transfection efficiency of polyplexes at N:P = 3
is reduced by ~5 times (Fig. 2.14a). Moreover, the 7 portions of free PEI chains
added afterwards only increase the transfection level by 1-150 folds, whereas, in
the serum-free medium, they can enhance the transfection efficiency by
10-300 times (Fig. 2.14b). This decreased efficacy is mainly attributed to the
association of the cationic polyplexes and PEI chains with the negatively charged
proteins in FBS; namely, it reduces the effective amount of free PEI chains, which
indirectly supports our finding that free PEI chains plays a significant role in
promoting the transfection. Therefore, for the future in vivo study, we have to
consider how to incorporate free PEI chains together with polyplexes and keep
their integrity in the blood stream so that they can be safely delivered to the
targeted cells or organs.
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Fig. 2.11 Comparison of
cell internalization kinetics of
free FITC-PEI chains applied
alone or with DNA/PEI
polyplexes of N:P = 3 in the
gene transfection.
Internalization extent is
expressed as a percentage of
FITC-positive cells; b median
of FITC-PEI fluorescence
intensity of FITC-positive
cells (Fgrreper, Frres); and

¢ median of FITC-PEI
fluorescence intensity of total
cell population (Fgrrc-per, tot)

Fig. 2.12 Cellular
membrane translocation
kinetics of FITC-labeled
bPEI-25 K chains, where the
mean FITC-PEI fluorescence
intensities at the membrane
(on the circle 2) and inside
the cell (inside circle 1, scale
bar: 10 pum) are normalized
by that outside the cell
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Fig. 2.13 Effect of free PEI
chains on the intracellular
trafficking of DNA/PEI
polyplexes formed in PBS,
where 7 portions of free PEI
chains were added,
respectively, at 6 h and 8 h
post-administration of the
polyplexes (N:P = 3), with
or without the removal of cell
culture medium

Fig. 2.14 a Effect of FBS
(10 % in the cell culture
medium) on the transfection
efficiency of polyplexes alone
(N:P = 3), or polyplexes
with 7 potions of free PEI
added at different times

(N:P = 10). b Relative
transfection efficiency of
polyplexes plus free PEI
(En:p = 10) to polyplex alone
(En.p = 3) in the serum-free
(—) and serum-containing (+)
medium, respectively. The
cell culture medium is not
replaced before the addition
of free PEI chains
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In sum, our results reveal the existence of some cooperative actions between the
polyplexes and free polycationic chains. The cationic PEI chains inside each
polyplex condense anionic DNA chains into a small and compact particle so that
the endocytosis is facilitated. These bound PEI chains also shield DNA from the
intracellular degradation; while those free PEI chains in the solution mixture
mainly navigate some unknown intracellular trafficking barriers, including
endolysosomal formation and/or escape and the subsequent nuclear localization. It
is a remaining challenge to map these intracellular trafficking pathways and
understand how free PEI chains exactly promote the gene transfection inside the
cell by using various existing tools of molecular biology.
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2.4 Conclusion

A combination of LLS and gel electrophoresis results confirms that most of
anionic DNA chains are complexed and condensed by cationic PEI chains when
the molar ratio of nitrogen from PEI to phosphate from DNA (N:P) reaches ~3,
independent of the PEI chain length and solvent (pure water or PBS), revealing
that the charge neutrality (electrostatic interaction) is the main driving force for the
polyplex formation. In the solution mixture with N:P > 3, there are two kinds of
PEI chains: bound to DNA and free in the solution mixture. The bound PEI chains
inside the polyplexes provide charge compensation so that DNA is condensed and
protected from degradation. Our current study convincingly reveals that it is those
free PEI chains, rather than other physical properties of the DNA/PEI polyplexes,
that play a vital role in promoting the gene transfection. The addition of free PEI
leads to a significant faster and more efficient cellular uptake of polyplexes, but
these free PEI chains mainly contribute to the subsequent intracellular trafficking.
Our finding leads to a different thinking in the development of non-viral vectors;
namely, we might not need to invest much of our effort on the synthesis of
different cationic polymers, but focus on how the free polycationic chains promote
the intracellular trafficking of the polyplexes. As for in vivo experiments, we have
to consider how to incorporate free chains together with polyplexes and keep their
integrity during circulation so that they can be safely delivered to the targeted cells
or organs.
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