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ABSTRACT: The mechanism of polyethylenimine—DNA and poly(i-lysine) —DNA
complex formation at pH 5.2 and 7.4 was studied by a time-resolved spectroscopic .,
method. The formation of a polyplex core was observed to be complete at approximately

N/P = 2, at which point nearly all DNA phosphate groups were bound by polymer amine 80
groups. The data were analyzed further both by an independent binding model and by a
cooperative model for multivalent ligand binding to multisubunit substrate. At pH 5.2, the
polyplex formation was cooperative at all N/P ratios, whereas for pH 7.4 at N/P < 0.6 the
polyplex formation followed independent binding changing to cooperative binding at

higher N/Ps.

B INTRODUCTION

The development of safe and effective nonviral vectors for gene
medicines (DNA, siRNA, miRNA) is an important biomedical
challenge." Viral vectors are more effective than nonviral
systems, but the latter have advantages of easier up-scaling and
better safety. Polyethylenimine (PEI) is a cationic polymer that
is able to complex DNA and it is widely used for DNA
transfection in vitro.” > PEI constitutes a high concentration of
positively charged amine groups (primary, secondary, tertiary)
which enable effective electrostatic binding and condensation of
negatively charged DNA.° Similarly, poly(r-lysine) (PLL), a
polycation with primary amines only, has been used to
condense DNA into nanoparticles. However, in the presence
of a competing polyelectrolyte, such as heparin sulfate, a
glycosaminoglycan, PEI and PLL respond differently; PEI—
DNA complexes dissociate, whereas PLL—DNA complexes do
not dissociate as readily.” > These different responses to a
competing polyelectrolyte may in part explain the 100-fold
higher transfection efficacy for branched PEI compared to PLL
polyplexes as DNA must release from the polyplexes prior to its
transcription and translation.”'

Linear and branched PEI have been used to construct
polyplex systems that have been applied in gene delivery and
transfection studies.”>'" Linear PEI (LPEI) is composed
almost exclusively of secondary amines while branched PEI
(BPEI) is composed of primary, secondary and tertiary amines
(Figure 1). The chemical structure of PLL constitutes primary

-4 ACS Publications  © 2013 American Chemical Society

Independent vs. Cooperative Binding Method
atpH 7.4 and at pH 5.2

_______
-

(2]
=]

Bound DNA (%)
-
o

N
S
V-

[e]

, O Measured
Cooperative
= =Independent

0.0 0.5 1.0 1.5 20
N/P ratio

o

amines in the side chains which take part on binding DNA. At
the physiological pH range (5.0—7.4), primary amines are in
the protonated state, whereas the secondary and tertiary amines
are only partially ionized."> Due to its secondary and tertiary
amines, PEI shows buffering capacity and polymer swelling at
the acidic pH of the endosomes.'” PLL does not have these
features that augment gene transfection at the cellular level.'”
Although the differences in the chemical structures account for
the transfection efficiency and toxicity, differences in structure—
activity relationship are not well understood.” Elucidating these
structure—activity relationships is critical for controlling the
functionality of novel biomaterials to be used for gene therapy.

Recently, we compared the DNA-complexation behavior of
various PEI species (small, linear, and branched). Using time-
resolved fluorescence spectroscopy, the binding constants for
polyplex formation were determined using an independent
binding model."> The independent binding model, in contrast
to the cooperative binding model, does not take into account
the simultaneous or subsequent binding of other amine ligands
at unoccupied phosphate sites on DNA. Based on this analysis,
we found that for both linear and branched PEI the
complexation process was biphasic, suggesting the mechanism
of polyplex formation varies as a function of amine
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concentration. In the present study, we continue investigate the
mechanism of polyplex formation by comparing the DNA-
complexation behavior of branched and linear PEI and PLL at
two different pH values in the pH range of endocytic vesicles.
The binding equilibrium was analyzed using the independent"?
and cooperative'* binding models.

B EXPERIMENTAL METHODS

Materials. The plasmid pCMV/ (7164 bp) encoding for the
beta-galactosidase enzyme as a reporter gene was purified using
a QlIAfilter Plasmid Giga Kit (QIAGEN) according to the
manufacturer’s instructions. Branched polyethylenimine (BPEI;
Figure 1) with a mean weight-average molecular weight of
25 kDa was purchased from Sigma-Aldrich, titrated to pH 7,
and used as a 1 mg/mL aqueous solution.
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Figure 1. Molecular structures of BPEI, LPEI, and PLL.

Linear polyethylenimine (LPEI; Figure 1), ExGen 500, with a
mean molecular weight of 22 kDa was obtained from
Fermentas. Poly(i-lysine) (PLL; Figure 1), with a mean
molecular weight of 200 kDa (Sigma-Aldrich), was chosen for
this study, since at physiological levels of salt the polyplexes
formed with 20 kDa PLL are less soluble due to
aggregation.'”'> For PLL, the backbone amines are part of
the peptide bonds. Thus, only the side chain amines bind DNA
and only they were taken into account when calculating the
N/P ratios (the molar ratio of polymer nitrogen to DNA
phosphate). Thus, for PLL only primary, for LPEI only
secondary, and for BPEI all primary, secondary, and tertiary
amines are participating to the formation of nanoparticles.
Ethidium bromide (ETI) used as a fluorescent probe was
purchased from Sigma-Aldrich.

Sample Preparation. All solutions were prepared in a
buffer containing S0 mM MES, 50 mM HEPES, and 75 mM
NaCl (adjusted to a pH of 5.2 and 7.4 using S M NaOH). The
final nucleotide concentration of DNA used was 300 uM; the
molar ETI/nucleotide ratio was 1:15. The polyplexes were
prepared by a stepwise method: Independent of the final N/P
ratio between the cationic polymer and DNA, an initial solution
with N/P ratio 0.2 was prepared by vigorous mixing of equal
volumes of ETI-DNA solution and cationic polymer solution.
The complexation was followed by measuring the fluorescence
spectrum of this initial solution. After the measurement, the
next N/P ratio was adjusted by addition of the appropriate

amount of polymer solution. The measured N/P range was
from 0.2 to 8 in each polymer at pH 5.2 and at pH 7.4.

Fluorescence Measurements. The time-resolved fluo-
rescence was measured by a time-correlated single photon
counting (TCSPC) system as described earlier.'* The decays
were collected using a constant accumulation time with
wavelengths of 560—670 nm with steps of 10 nm. The
instrumental response function was measured separately, and
the fluorescence decays were deconvoluted and analyzed by
iterative least-squares method by simultaneously fitting to the
sum of exponents in the equation

I(t, 4) = ay(2) /7 + ay(2) /7 W

where 7; is the global lifetime and a,(1) is the local amplitude
(pre-exponential factor) at a particular wavelength. The quality
of the fit was judged in terms of the weighted mean-square
deviation y* for the individual curves and for the global fit (for
acceptable fit y* < 1.1) and by visual inspection of the weighted
residuals and their autocorrelation function. The amplitudes
a;(1) represent the decay associated spectra (DAS). In the case
of a mixture of multiple noninteracting fluorescing species, the
DAS corresponds to the individual spectra of the species. The
local amplitudes (a,(4)) were corrected depending on the
sensitivity of the detector at different wavelengths and the
corrected spectral areas were calculated as A; = / a;,(1) dA . The
relative quantum yield of ETTI free in the solution versus ETI
bound by the DNA, ¢,., was determined from steady state
absorption (UV—vis spectrophotometer Shimadzu UV-3600)
and fluorescence (Fluorolog Yobin Yvon-SPEX A, = 483 nm)
measurements according to

bep Iep Apm (2)

In eq 2, ¢pyy is the quantum yield of free ETI, ¢yp is the
quantum vyield of ETI-DNA complex, I, is area of the
fluorescence spectra with excitation wavelength of 483 nm, and
A, is the absorbance at wavelength of 483 nm. The ¢, values of
0.130 and 0.136 were obtained at pH 5.2 and 7.4, respectively.
The quantum yield corrected spectral area of the short-living
component can be calculated as A;qy = A;/¢. The
proportion of the short-living decay component, B, correspond-
ing to ETI free in the solution, was calculated from the spectral
areas of the components as follows:

¢ETI IETI AED
hy= 0= T

A
B= LA 100%
Aqy T4, (3)

where A, is the spectral area of the long-living component
(ETI:DNA complex).

We used ETI as a fluorescent probe for monitoring the
equilibrium between DNA and the polymers (P). We chose the
amount of ETI in the system so that in the beginning all ETT is
intercalated in the DNA. When the polyplex is formed ETI is
freed to the bulk solution:

ETL:DNA + P = P:DNA + ETI 4)

Simultaneously the fluorescence lifetime of ETI decreases from
24 ns for ETI-DNA complex to 1.8 ns for free ETL Thus, in
the presence of polymer, a two-exponential decay curve is
observed. As the relative amount of free ETI in the solution, B
(eq 3), is directly proportional to the amount of formed
polyplexes, the formation of polyplexes can be monitored by
plotting B as a function of N/P ratio.
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Binding Constants: Independent Binding Model. In
the independent binding model reported in our previous
studies,">'®"” binding of a ligand (polymer carrier) to a site on
a macromolecule (DNA) has no impact on simultaneous or
subsequent binding to other unoccupied sites and the reaction
can be written as

P + DNA = P:DNA (%)

Thus, the proportion of DNA bound by the polymer, B, can be
correlated to the binding constant of the polyplex formation, Kj,
by
[P:DNA]

[DNA] + [P:DNA]
_ K[P][DNA]
~ [DNA] + K,[P][DNA]

K[P]
I+ KP] ©

B =

From the fluorescence measurements, we get B = A, qy/ (ALQY
+ A,). Combining this with eq 6 and taking reciprocal of the
resulting equation, we obtain:

A, 1
Al‘Qy KI[P] (7)

where Kj is the independent binding constant of the overall
equilibrium and [P] is the concentration of the polymer amine
groups (mol N-groups dm™>). In egs 6 and 7, [P] should be the
free N-group concentration, but in our analysis it was
approximated by the total N-group concentration. According
to eq 7, plotting the ratio A,/A, oy as a function of the inverse
polymer concentration, we should obtain a linear dependence
with the binding constant equal to the inverse of the slope.

Binding Constants: Cooperative Binding Model. In
cooperative binding the binding of a ligand to a site on a target
molecule can influence the binding of other ligands to other
unoccupied sites on the same target. For positive cooperativity
the binding of first ligand makes it easier for the next one to be
bound. In a plot of B as a function of free ligand concentration
a characteristic sigmoidal shape is observed.'® The Hill plot
model for multivalent ligand binding to multisubunit
substrate'®™>* was used to estimate the cooperativity of our
systems through eq 8 (derivation presented in the Supporting
Information).

A
h{l'—QY) = a In[P] + In(Kcp)”
2

(8)

where (Kc)® is the overall cooperative binding constant for
the reaction DNA + NP = DNA:Py, Ko is the average
cooperative binding constant for the binding of one functional
amine group according to the reaction DNA:P,_ , + P =
DNA:P, (x = 1, 2, .., N), and «a is the experimental Hill’s
coefficient. The values for the calculated curve of cooperative
binding in Figures 6 and Supporting Information Figure S4
were obtained from

P (Koo
I+ [P (Keo)' ©)

Particle Size. Samples for the polyplex size measurements
were prepared at both pHs with N/P ratios ranging from 0.4 to
8. The mean hydrodynamic diameters were measured by

dynamic light scattering technique (Malvern Zetasizer Auto
Plate Sampler, APS; medium refractive index of water = 1.33
and scattering angle of 90°) in triplicate from two different
samples. Thus, each N/P-ratio was measured six times. The
ages of the samples at different N/P-ratios differed from each
other at the time of measuring. From the initial time of forming
the first N/P polyplex formulation, the 0.4, 0.6, 1, 2, 4, and 8
N/P formulations were measured at 1.25, 2.5, 3.5, 4.75, 6.25,
and 7.75 h, respectively.

Transfection. CHO cells (Chinese hamster ovary cell line)
and CVI-P cells (monkey kidney fibroblasts) were grown in
DMEM supplemented with 10% heat-inactivated fetal bovine
serum, 2 mM L-glutamine, and antibiotics. ARPE-19 cells
(human retinal pigment epithelial cell line) were cultured in
DMEM/F-12 supplemented with 10% heat-inactivated fetal
bovine serum, 2 mM L-glutamine, and antibiotics. Cells were
maintained at 37 °C in a humidified atmosphere containing 7%
CO, (CHO and ARPE-19) or 5% CO, (CVI-P) and
subcultured twice a week. All cell culture media and reagents
were purchased from Invitrogen.

Polyplexes were prepared in S0 mM MES-HEPES buffer (pH
7.2) by adding polymer solution to DNA solution (in equal
volumes) at an N/P ratio of 8 (PEIs) and 4 (PLL). The
complexes were allowed to incubate for 20 min at room
temperature. DNA concentration in the resulting solution was
20 ug/mL of complex.

CHO (48000 cells/well), CV1—P (32000 cells/well), and
ARPE-19 (50 00 cells/well) cells were seeded into 48-well
plates 24 h prior to experiment to reach 80% confluency on the
day of transfection. Immediately before transfection, cell culture
medium was replaced with fresh DMEM without serum and
50 uL of polyplex solutions (corresponding to 1 ug DNA/well)
was added dropwise per well. After 5 h incubation, polyplexes
were aspirated, cells were washed twice with PBS and incubated
in cell culture media for an additional 43 h at 37 °C in a 7%
CO, humidified air atmosphere. Thereafter, cells were washed
twice with PBS and lysed with 150 uL of lysis buffer (250 mM
Tris-HCI buffer (pH 8.0), 0.1% Triton X-100) overnight at
—70 °C. The f-galactosidase activity was determined by ONPG
assay as described previously’ and normalized to the protein
content of each sample using a Bio-Rad protein assay kit (Bio-
Rad) according to the manufacturer’s microtiter plate protocol.

B RESULTS

Formation of Polymer—DNA Polyplexes. Formation of
polyplex can be monitored by plotting B as a function of N/P
ratio. These plots are presented in Figure 2 for all polymers in
both pHs. In all cases, B reaches close to 100% values at N/P =
2. This indicates that nearly all ETT is free in the solution (eq
3). The behavior of all polymers at a given pH is similar, but the
pH has a clear effect. The sigmoidal shape of the curves
observed at pH 5.2 is absent at pH 7.4.

The results of the particle size measurements are shown in
Figure 3. At low N/P ratios, the particle sizes were 300—
400 nm at pH 5.2 and 400—500 nm at pH 7.4. At N/P = 2, the
particle size increases to values over 2000 nm with a
simultaneous increase in the polydispersity index (PDI) of
the sample reflecting a wider particle size distribution. At higher
N/P ratios, the particle sizes of BPEI and PLL decrease again to
values lower than 300 nm and PDI decreases to values < 0.2,
indicating a fairly narrow size distribution. For LPEI, some
decrease is observed at pH 5.2, but at pH 7.4 no decrease in
particle size or PDI takes place up to N/P = 8. During the
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Figure 2. Proportion of the short-living component (B) versus N/P
ratio at pH $.2 and 7.4 for BPEI (a), LPEI (b), and PLL (c).

particle size measurements, the ages of the samples increased
with increasing N/P ratio (see Experimental Methods). The
particle sizes of LPEI and BPEI polyplexes have been observed
to grow as a function of time in salt containing buffers.>™*
Without salt in the buffer, the particle sizes are smaller and their
sizes remain constant over time.”>*” The particle sizes obtained
in the present study are in agreement with these studies. The
large particle sizes measured at N/P = 2 coincide with a visual
change in the samples: at this N/P ratio, large particles can be
seen by the naked eye. This effect was stronger at pH 7.4 than
at pH 5.2. Similar effect has been observed for 50—60 kDa PEI
by light scattering measurements.”® According to the zeta
potential measurements,'>*>*° the appearance of very large
particle sizes coincides with the change from negative to
positive potential and takes place close to N/P ratio 2. Thus,
the large particle sizes are probably due to aggregation of the
nanoparticles when they are at nearly charge neutral state. The
same phenomenon has been seen with cationic liposome—
DNA complexes.*® The particle sizes for all polymers are higher
at pH 7.4 than at pH 5.2 which is likely due to the more
positively charged environment at pH 5.2.

The differences between the polymers are also observed in
the changes of the fluorescence lifetimes with increasing N/P
ratio (Supporting Information Figure S1). For PLL at both pHs
the changes in the fluorescence lifetimes are relatively small for
both components and take place only at N/P < 2 (Figure Sla
and b). For PEIs at N/P < 2, where the polyplexes still have
some negative charges, the lifetime of the short-living
component corresponding to free ETI varies from 0.6 to
1.9 ns (Figure Slc and e) and the lifetime of the long-living
component corresponding to ETI-DNA complex decreases
from 24 to 18.5 ns (Figure S1d and f). The fluorescence
lifetime of ETI decreases in the presence of positive charges.'
Thus, it is possible that at low N/P ratios, when the polyplex is
still negatively charged, the ETI freed in the solution during
polyplex formation does not all escape to the bulk solution, but
part of it stays close to DNA. At N/P > 2, the polyplexes are

‘£2000 BPE @) ‘£2000 LPE| (b) 'E 2000 PLL ©
E1go O~ PH 74 Efgoo[—0—pH 74 S1goo]—O—pH7.4
1600 pH 5.2 ©1600——pH 5.2 ©1600{——pH 52
1400 Y1400 £ 1400
X1200 ® 1200 %1200
1000 1000 1000
@ 800 > 800 @ 800
9 600 © 600 o 600
€ 400 8 400 8 400
5 200 5 200 5 200
WPORP OO WP P et e ® WP ORR 0P WP e e h e ® WPORP OO WP e e A e ®
1.0 BPEI (d) 10, LPEI ® . PLL ()
08.—O—pH7.4 08/ © P: ;‘2‘ 0.8]—O—pH 7.4
—O—pH 5.2 tpHS. ——pH 5.2
0.6 0.6 0.64
a a 5
& 04 & 04/ T g4]
0.2 0.2 0.2
0.0+ 0.0+ 0.0

WP Ohe 00 WPt P2 Pt el

WP 0P 08 WPt P2 et e ?

WP ORe OO WP P 2P A e ®

Figure 3. Mean hydrodynamic diameters and PDI values at different N/P ratios for BPEI (a, d), LPEI (b, e), and PLL (c, f) at pH 5.2 and 7.4. The
upper limit of the device for the hydrodynamic diameter is 2000 nm, and thus, values higer than this are not shown in the figures. The errors in BPEI
and PLL particles sizes were 1—7% for PDI < 0.6 and 21—47% for PDI > 0.6. For LPEI large errors were obtained between N/P 1 and 4 at pH 5.2

and N/P 2 and 8 at pH 7.4.
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positively charged, ETI escapes to the bulk solution, and its
lifetime is equal to that of free ETI in the absence of DNA. The
changes in the fluorescence lifetimes observed for PEIs are
smaller at pH 5.2 than at pH 7.4. Since the environment at pH
5.2 is positively charged, the addition of cationic polymers does
not change the lifetimes as much as at pH 7.4.

According to the present studies, the largest particle sizes,
coinciding with the change from negatively charged polyplexes
to positively charged polyplexes, are observed at N/P = 2
(Figure 3). According to the fluorescence measurements, at this
point all ETI has been freed into the solution (Figure 2) and
reaction 4 has gone to completion. At higher N/P ratios, excess
polymer is bound to the gol lex, causing the size of the
polyplex to decrease again.'>>%2"3*736

Independent Binding Model. In Figure 4, the ratio A,/
A, qy (eq 7) is plotted as a function of the inverse amine

5 LPEI

2
@
1
O pH52
0 @ pH74
0 4000 8000 12000 16000

LPEIT" (M)

Figure 4. Ratio A,/A;qy as a function of the inverse polymer
concentration for LPEI at pHs 5.2 and 7.4.

concentration for LPEL At low polymer concentrations
corresponding to N/P ratios from 0.2 to 2, A,/A; oy decreases
linearly with increasing concentration. At higher concentra-
tions, that is, N/P > 2, A,/A,qy stays nearly constant with
increasing concentration. This behavior corresponds to that
observed in Figure 2: at low concentrations, the polyplex
formation is observed, and at higher N/Ps the reaction (eq 4)
has reached completion. At pH 5.2, the slope at low N/P ratios
is clearly greater than at pH 7.4. Similar behavior is observed
also for the BPEI and PLL (Supporting Information Figure S2).
The binding constants K; calculated from the slopes at N/P <2
are listed in Table 1. For all polymers, the binding constants
using the independent binding model are smaller at pH 5.2
than at pH 7.4. For PEIs, the binding constants are nearly equal

at each pH, but 1.3—2.0 times larger binding constants are
observed for PLL.

Cooperative Binding Model. For the present systems, the
Hill plot (eq 8) did not appear as single straight line but a
composite of two (at pH 5.2) or three (at pH 7.4) lines with
different slopes (Figure S and Supporting Information Figure

LPElatpH 7.4

o, o e
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e ... @
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10 9 8 7 6
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3,
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<"
= 04
14
21 : ‘ ‘
9 8 7
I[LPEI]

Figure S. Hill plots (eq 8) for LPEI at pH 7.4 (a) and at pH 5.2 (b).

S3). For pH 7.4 at low polymer concentrations (N/P < 0.6),
the a-values were 0.76—1.01, that is, close to 1 (Table 1). This
implies that interaction between the polymers and DNA
represents independent binding without cooperativity or, in the
case of LPE], slightly negative cooperativity. For pH 5.2, this
was not the case and positive cooperativity was observed (a =
2.63—3.78). At very high polymer concentrations (N/P > 2),
the bound fraction reaches a maximum and additional binding
does not take place.

The a-values obtained at intermediate N/Ps for pH 7.4 and
at N/P < 2 for pH 5.2 (Table 1) indicate positive cooperativity
of binding. The degree of cooperativity is higher at pH 5.2 for
all polymers. Also, the overall cooperative binding constant

Table 1. Independent Binding Constants per amine (K;), Hill's cooperativity coefficients (@), overall cooperative binding
constant (K.,)* and average cooperative binding constants per amine K¢, for PEIs and PLL at pH 5.2 and 7.4

independent model

cooperative model

polymer pH K; (Mfl) N/P range

BPEI 52 (9.5 £ 32) x 10 0.4—2.0
7.4 (7.3 £ 0.4) x 10° 0.6—2.0

0.2-0.6

LPEI 52 (14 £ 02) x 10° 0.4-2.0
74 (71 £ 12) x 10 0.6—2.0

0.2-0.6

PLL 52 (19 + 0.7) x 10° 0.4-2.0
7.4 (94 + 0.5) x 10° 0.6—2.0

0.2-0.6

10409

a (Kco)a Keo (Mil)
3.78 (1.0 + 0.1) x 10" (51 +0.1) x 10°
231 (54 + 0.6) x 10 (61 +£02) x 10°
0.97 (57 £02) x 10° (7.7 £ 02) x 10°
3.16 (3.0 £ 0.3) x 10" (43 £02) x 10°
232 (4.8 +0.5) x 10° (5.5 +02) x 10°
0.76 (7.5 + 2.4) x 10 (63 + 1.4) x 10°
2.63 (6.8 + 0.7) x 10° (55 +02) x 10°
2.06 (9.7 £ 0.4) x 107 (74 £ 1.5) x 10°
1.01 (L1 £0.1) x 10* (1.01 + 0.09) x 10*
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(Kco)® increases with decreasing pH (Table 1). For PEIs, the
amount of protonated amine groups increases as the pH
decreases, and thus, both the degree of cooperativity and the
overall binding constant correlate with the amount of active
amine groups present in the system. For PLL, all the active
amine groups are protonated at the pH range studied and the
effect of pH is smaller than that for PEIs. However, both a and
(Kco)® increase with decreasing pH also for PLL. This could be
due to increased activity of the amine groups at lower pH.
The independent and cooperative binding models are
compared in Figure 6 where the curves calculated from the

LPEl atpH 7.4 (a)
100
804
< 60
@ 40
20 )
/ Cooperative
0 - -- Independent
00 04 08 12 16 20
N/P ratio
LPEIl at pH 5.2 (b)
1004
80
60+
) e
20/ g A
Cooperative
0-0-¢ - - - Independent
00 04 08 12 16 20
N/P ratio

Figure 6. Proportion of DNA bound by the polymer, B, as a function
of polymer amine group concentration for LPEI at pH 7.4 (a) and at
pH 52 (b). (®) Measured points, calculated by (solid line)
independent binding model and (dashed line) cooperative binding
model.

parameters listed in Table 1 and the corresponding eqs 6 and 9
are shown together with the measured points for LPEI at both

pHs. At pH 5.2, the cooperative model fits better to the
measured points. At pH 7.4, the measured points follow the
independent model up to N/P = 0.6. Thus, at these N/P ratios,
the B values are higher than those for pH 5.2. This gives an
impression that the formation of the nanoparticles at low N/Ps
would be more efficient at pH 7.4, although the real reason for
the higher B values is the difference in the mechanism of
polyplex formation. At higher N/Ps, the cooperative model
gives more accurate results also for pH 7.4. Thus, it seems that
pH has a clear influence on the mechanism of polyplex
formation. The same behavior is observed also for BPEI and
PLL (Supporting Information Figure S4).

With the independent binding model at pH 5.2, very small K;
values are obtained. Since at this pH the system follows
cooperative binding model, these values are not relevant. For
pH 7.4, the values from independent model are nearly equal to
those obtained with the cooperative model at low N/Ps were
the cooperativity degree indicates independent binding.

The transfection experiments are done at high N/Ps (N/P =
8 for PEIs and N/P = 4 for PLL). At intermediate N/P ratios
(0.6—2.0), PEIs have both high overall cooperative binding
constants (Supporting Information Figure SS) and transfection
efficiencies compared with those of PLL. According to our data,
22 kDa LPEI is not quite as effective as 25 kDa BPEI to form
nanoparticles with DNA, but the transfection experiments have
proved that at these conditions and with these cell lines the
most effective carrier is 22 kDa LPEI (Figure SSb). The binding
constants reflect only the formation of the polyplexes according
to reaction 4, which has gone to completion at N/P = 2. At
higher N/Ps, extra polymer is bound to the nearly neutral core
polyplexes. LPEI and BPEI are both functioning DNA carriers,
but only LPEI still forms large agglomerates at N/P = 8 in salt
containing buffers which seem to be important for in vitro and
in vivo transfection.”>*’

B DISCUSSION

Very few binding constants for PEI and PLL polyplex formation
have been reported in the literature. 2552238740 The reported
values have been mainly obtained by isothermal titration
calorimeter (ITC) measurements. However, the heat exchange
during ligand binding is often small and it cannot be separated

Table 2. Independent Binding Constants Per Molecule K;" from the Present Study and Literature for BPEI and PLL

polymer binding constant (M™") solution pH method ref

BPEI 25 kDa 43 x 10° 50 mM Mes, 50 mM Hepes, 7S mM NaCl 74  TCSPC with ETI, independent method  present study
5.5 x 10° 52

BPEI 50—60 kDa 12 X 10° Tris-HCl buffer, ionic strength 0.03 7 luminescence (with ETT) 28

BPEI 750 kDa (23 + 1.8) x 10° 5% glucose @ ITC (25 °C) 25

BPEI 600 Da 2 % 10° 0.1 mM NacCl 6 ITC, SSIS model 38

BPEI 600 Da 1.8 x 10* 0.1 mM NaCl 7 ITC, SSIS model

BPEI 600 Da 1.0 x 10* 0.1 mM NaCl 8 ITC, SSIS model

BPEI 600 Da 1 x 10° Mes or Hepes 7 ITC
1x10° H,0 7 ITC

BPEI 25 kDa (5.98 + 1.79) x 10° 20 mM phosphate buffer 74 ITC (25 °C) 39

PLL 200 kDa 1.5 x 107 50 mM Mes, S0 mM Hepes, 75 mM NaCl 74  TCSPC with ETI, independent method  present study
3.0 X 10° 52

PLL? 9.08 X 107 c 48 ITC 40

PLL” 1.97 x 10° 4 6.8

“Not specified. “Size of PLL not reported. 10 mM sodium cacodylate-acetic acid, 200 mM sodium chloride, and 20 mM magnesium chloride. 910
mM sodium cacodylate-cacodylic acid, 200 mM sodium chloride, and 20 mM magnesium chloride.
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from the heat associated with conformational changes during
polyplex formation. For instance, Choosakoonkriang et al.** did
not report binding constants for PEIs (2—750 kDa BPEIs and
25 kDa LPEI at pH range 6.0 — 9.0). Tkonen et al.** did not
report a binding constant for 750 kDa PLL, although they did
obtain a value for 750 kDa BPEL The values reported in the
literature correspond to the K; values obtained in the present
study, but they were reported per polymer molecule. The K;
values per N-group listed in Table 1 can be converted to the
binding constant per molecule, K;’, by multiplying with the
average number of amine groups per polymer molecule. In
Table 2, the binding constants obtained for BPEI and PLL in
the present study are compared with the values reported in the
literature. Taking into account the differences in molecular
weights of the polymers and properties of the solutions, the
values are in agreement.

Effect of pH. pH has a clear effect on the mechanism of
polyplex formation for all polymers. At pH 7.4, the independent
binding mechanism changes to a cooperative mechanism at
N/P ratios close to 0.6, whereas for pH 5.2 the mechanism is
cooperative for all N/P ratios. This change is also reflected in
the degree of cooperativity and the overall cooperative binding
constants which both are higher at pH 5.2 than at pH 7.4. Thus,
once one amine is bound to the DNA, it induces the
subsequent binding of other amine groups more efficiently at
pH 5.2 than at pH 7.4. The pK, values for PLL vary between 9
and 11.'~* Thus, at pH < 9, all the primary amine groups
taking part in the binding of DNA are positively charged and
changing the pH from 7.4 to 5.2 has only relatively small effect
on the @ and(Kco)* values. For LPEI the pK, = 7.4—8.5.>%
Thus, at pH 7.4, about 50% of the LPEI amine groups are
protonated and decreasing the pH to 5.2 increases the degree
of protonation. This is observed as a clear increase in (Kco)*
values with decreasing pH. The average pK, for BPEI is equal
to that of LPEI, that is, 7.4—8.5.2*>*6 However, BPEI contains
primary (100% protonated at pH < 9), secondary (50%
protonated at pH 7.4), and tertiary amine groups (pK, = 6—7,
less than 50% protonated at pH 7.4).*>*” Thus, the effect of pH
on (Kco)” values is even larger than that for LPEL The
opposite is observed for the average cooperative binding
constant per amine, Kco: the values are higher at pH 7.4 than at
pH 5.2. This is due to the lower cooperativity at pH 7.4 which
in turn is due to the smaller amount of other positive species at
pH 7.4 compared with pH 5.2. Thus, the competition from the
negative phosphate groups is lower at pH 7.4 compared with
pH 5.2.

Effect of Polymer. The a-values obtained for both PEIs are
nearly equal at both pHs and clearly higher than those obtained
for PLL. Also the (K¢o)* values were higher for PEIs than for
PLL at both pHs. This is likely due to the different molecular
structures of the polymers: for PEIs, there are only two carbon
atoms between the amines, whereas in PLL there are 12. Since
the active amine groups of PLL are at the ends of the flexible
side chains, the difference in the average distance between the
amine groups is actually not very large. However, the large
hydrocarbon skeleton of PLL can cause steric hindrance and
thus reduce the degree of cooperativity. At pH 7.4 the
differences in a and (Kp)® values are much smaller, since the
higher degree of amine group protonation of PLL can partly
compensate the structural differences. On the other hand, the
Ko values are always somewhat (1.1—1.6 times) higher for
PLL than for PEIs (Table 1). Thus, the primary amine groups
of PLL seem to bind DNA more strongly than the secondary

10411

amine groups of LPEI and the combined affinity between the
primary, secondary, and tertiary amine groups of BPEIL This is
in line with the observations indicating that the PEI-DNA
complexes are more easily disrupted than PLL—DNA
complexes in the presence of competing polyanions.”®

Comparing the (Kco)® values and transfection efficiencies
(Supporting Information Figure SS), there is a similarity in the
behavior of PLL. However, despite the lower overall binding
constant, PLL forms nanoparticles with DNA and these
nanoparticles do enter the cells.”” The low transfection
efficiency of PLL is a sum of many factors. One factor is the
high pK, values for PLL causing all its amine groups to be
totally protonated at the pH of the transfection studies. Thus,
PLL has little buffering capacity and has a minor effect on the
pH of its environment. The amine groups of PEIs are not fully
protonated at pH 7.4 and can buffer the pH of their
environment to some extent, causing the proton sponge
effect.>>*>*775% Also the average binding constant per amine
group is higher for PLL than PEIs. This can make the release of
DNA from the PLL-polyplexes more difficult than from PEI-
polyplexes. It has been shown that the extracellular and cellular
glycosoaminoglycans (GAGs) do not affect the release of DNA
from PLL-carrier but they do affect the release of DNA from
the BPEI-carrier.”” The (Kco)® values of 25 kDa BPEI are
somewhat larger (1.1—333 times) than those of 22 kDa LPEL
However, the transfection efficiency of 22 kDa LPEI is higher
than that of 25 kDa BPEL The (K¢)® values describe only the
formation of the nanoparticle core, that is, until all the
phosphate groups of the DNA are bound at about N/P = 2.
After this, excess polymer binds to the nanoparticle core
forming a protective shell around it.>> This excess polymer has
been shown to be a crucial factor in getting DNA to its
destination, into the nucleus of the cell.'>*!

B CONCLUSIONS

Our studies explore the complexation of DNA with
polyethylenimine and poly(L-lysine) by a spectroscopic
method. Applying the cooperative binding model for multi-
valent ligand binding to multisubunit substrate showed that at
pH 7.4 the mechanism of polyplex formation changes from
independent binding to cooperative binding at N/P close to
0.6, whereas at pH 5.2 the polyplex formation is cooperative at
all N/P values. The overall cooperative binding constants were
higher at pH 5.2 than at 7.4, reflecting the higher degree of
amine group protonation at lower pH. Thus, especially for
polymer containing secondary and tertiary amine groups, it can
be beneficial to prepare the nanoparticles at lower pH although
the transfection is performed at biological pH. Both the amine
density and overall cooperative binding constants are higher for
PEIs than for PLL. However, the average binding constants per
amine group were higher for PLL which contains only primary
amine groups. For the present polymers, formation of the
polyplex core is complete at approximately N/P = 2, at which
point nearly all DNA phosphate groups are bound by polymer
amine groups and all ETT has been freed to the solution. Thus,
with the present fluorescence measurements, we cannot
observe what happens to the polyplex at higher N/Ps using
this TCSPC spectroscopic method. More studies involving
fluorescently labeled polymers are needed to unravel this.
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