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ABSTRACT. The pH dependence of heparin and dextran sulfate aided release of DNA from its polyplexes
with polyaziridine (PA) has been investigated using Quartz crystal microbalance with dissipation
monitoring (QCM-D). The acoustic behavior of ternary systems indicated that the DNA decondensation
was favored at physiological pH. When pH < 7.4, PA was significantly positively charged and ternary
complexation occurred. When pH exceeded 7.4, very small proportion of DNA was released upon heparin
addition due to marked reduction in cationic nature of PA. An increase in thickness at the interface due to
adsorbed material at pH 9.0 showed the retention of heparin on the surface despite of negligible release of
DNA. In terms of PA binding, heparin proved to be a better competitor than dextran sulfate.
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Introduction

Cationic polymers and lipids have been widely harnessed as a non-viral gene delivery vectors (Dave
et al., 2020; Uddin, 2022). The complexes of DNA with lipids and polymers are called lipoplexes and
polyplexes, respectively. The latter are more effective in preventing degradation by serum components and
cargo sorting by endosomes (Wan Leung et al., 2022). Spherical nucleic acids themselves deliver functional
proteins to cells via transfection (Ebrahimi, Samanta, Kusmierz, & Mirkin, 2022).

Among polymers, polyaziridines (PA) have frequently been employed for gene therapy (Dhas et al., 2021;
Wang et al., 2020). Linear PA have protonable nitrogen at every third atom of the polymer backbone (Sun,
Tang, Uludag, & Cuervo, 2011). In media having labile H+, they form polycations, capable of binding with
anionic phosphate groups in DNA (Amin, Rahimizadeh, Eshghi, Dehshahri, & Ramezani, 2013). The
complex formation is chiefly driven by entropy change occurring upon counter-ion release from the double
dielectric layer, though van der Waal forces and hydrogen bonding interactions could also contribute
towards stability of polyplexes (Perevyazko et al., 2012). The efficacy of transfer of DNA condensates with
PA is also dependent on rigidity of cell adhesion substrates (Kong et al., 2005). The quantification of PA-
DNA interactions has also been attempted (Kou, Zhang, Zhang, 2016).

After transfer, DNA decondensation is a vital step in DNA transfection (Chong, Yeap, & Ho, 2021). This
can be affected by addition of (bio)macromolecules that can compete with DNA for binding with
polycations. Polyanionic heparin and dextran sulfate are ideal candidates owing to their affinity for DNA
(Wang et al., 2021). pH of medium can augment or inhibit the DNA release from polyplexes by the
competitor binder (Abebe et al., 2015; Coelho, Botelho, Paris, Marques, & Silva, 2021)

Efforts have been made to monitor the release of DNA from its polyplexes (Clamme, Azoulay, & Mély, 2003).
Papadakis and coworkers have reported the acoustic detection of DNA in biological samples (Papadakis, Palladino,
Chronaki, Tsortos, & Gizeli, 2017). Ultrasound triggered release (Liao et al., 2017) and acoustophoretic transfection
(Vasileiou, Foresti, Bayram, Poulikakos, & Ferrari, 2016) have also been attempted. Quartz Crystal Microbalance
(OCM) has been utilized for in-depth analysis of surface-bound (bio)molecules (Adamczyk, Sadowska, &
Zeliszewska, 2020; Milioni, Tsortos, Velez, & Gizeli, 2017). In the present study, we have employed QCM-D for
investigating pH triggered release of DNA from DNA-PA polyplexes that is aided by heparin and dextran sulfate.
The change in frequency and dissipation relates to mass and elastic/viscoelastic properties of the deposited material
(Easley et al., 2021). The release of DNA at solid-liquid interface occurs differently than that occurring in the bulk in
solution and may serve as a better mimic of the complicated biological systems (Hill, Wildman, & Mata, 2022).
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Materials

The calf thymus DNA (as water soluble, sodium salt) and Polyaziridine (MW = 25 KDa) were obtained
from Sigma-Aldrich. Heparin was provided by Biodee (China). All products were used as received. PA (10
mmol L, based on monomeric molecular weight), DNA (100 pg mL™!), heparin (1 mg mL"!) and different
concentrations of dextran sulfate were prepared in 1000 mM phosphate buffer saline (PBS) buffer at pH 5.6,
7.4 and 9.0 with 100 mmol L' NaCl. These pH values were selected as DNA is stable in this range (Wang,
Lim, & Son, 2014). Ultrapure water from Milli-Q Advantage A10 System of Millipore (France) was used in
preparations.

Methods

QCM-D frequency and dissipation data were obtained using quartz crystal microbalance with dissipation
monitoring (Q-Sense D300) using method reported elsewhere (Feiler, Davies, & Vincent, 2011; Lee et al.,
2012). The QCM-D sensor consists of disk-shaped AT-cut quartz crystal with a fundamental resonant
frequency of 5 MHz and crystal constant (C) of 17.7 ng cm™ Hz. The quartz crystal was mounted in fluid cell
with one side exposed to solution. The frequency values were reproducible within +2 Hz. The active site of
the quartz crystal was in continuous contact with aqueous solutions of PA, DNA, dextran sulfate, heparin,
and buffer. Af and AD values from the fundamental that were noisy were excluded and the third overtone
was used for analysis (Easley et al., 2021; Feiler et al., 2011). Prior to use, the gold coated resonator was
cleansed using piranha solution composed of one part of H;0; and three parts of H;SO,, rinsed with
ultrapure water and dried using stream of nitrogen gas (Bibi & Siddiq, 2012). A measurement of layer-by-
layer deposition process was initiated by switching the liquid exposed to the resonator from PBS buffer to a
PA (1 mg mL'). PA was allowed to adsorb until a stable baseline was obtained. Later, it was rinsed with PBS
buffer to confirm a uniform positive charge coating. After rinsing with PBS buffer, DNA, heparin, or dextran
sulfate were introduced in QCM chamber, alternatively. During the experiments, QCM-D cell was rinsed
with PBS during each deposition and the process was considered complete when dissipation and frequency
change was negligible. All experiments were conducted at 20 + 0.02 °C. QSense Q-Tools and Origin Pro 8.0
software was used for data analysis.

Results and discussion

PA-DNA complex formation at interface can be attained through a simple electrostatically driven layer
by layer adsorption process. Initially, PA was adsorbed at the interface. The onset occurred at point A and a
in the frequency and dissipation plots, respectively (Figure 1). At pH 5.6, the adsorption of PA to the
substrate surface was indicated by decline in frequency (from A to B) showing an increase in mass deposited
on the surface of the crystal. The frequency decline is about 67 Hz. The dissipation relates to rigidity of the
polymer film on the surface. When a film is rigid, dissipation is negligibly changed. A concurrent increase in
dissipation (from a to b) observed in our case reflects the existence of loosely bound macromolecules at the
solid-liquid interface. The dissipation is altered by a magnitude of ~ 2.0 x10, based on which it can be
inferred that the PA film is not rigid (Medina, Farinha, Emwas, Tabatabai, & Leiknes, 2020).

After rinsing with PBS buffer and allowing the system ample of time for stabilization during which no
mass change occurred (see segment BC), the PA-modified surface was exposed to DNA. A sharp decrease in
frequency was observed, indicated by segment CD in Figurel. During this process, a change of 181.9 Hz is
seen in Af. This can be correlated to mass deposition based on Sauerbrey model (Cougnon, Gautier, Pilard,
Casse, & Chénais, 2008) or Voigh viscoelastic model (Medina et al., 2020). The results reveal an increase in
thickness at the surface due to greater assembly of macromolecules, obviously due to complex formation
between PA and DNA. There is displacement of water of hydration, and in addition to existence of
electrostatic forces, the complex formation reflects a trade-off of entropy change, hydrogen bonding and
van der Waals interactions (Neu, Fischer, & Kissel, 2005; Thomas, Tajmir-Riahi, & Thomas, 2016). The
simultaneous elevation in dissipation upon DNA addition of the magnitude 10.6 x 10 (cd segment in the
plot) is seen. At this stage, the film is highly flexible. At pH < 7, the phosphate groups of DNA are not fully
ionized and van der Waals interactions with PA become significantly important (Mazumdar, 2001). Still a
more intimate contact between quarternized nitrogen atoms in PA and phosphate groups in DNA is possible
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(Cherng, 2009). When N/P ratio exceeds 10, the positively charged polyplexes are formed and the excess PA
causes DNA condensation (Jorge, Dias, Pereira, & Pais, 2010; Mocci, Laaksonen, Engelbrecht, Vasiliu, &
Perepelytsya, 2022). The Af and AD curves soon level-off because strongly protonated state need shorter
time for complex formation (see segments DE and de in Figure 1). After this, the surface was rinsed with PBS
buffer and no obvious change has been observed. At this stage, heparin was introduced to initiate DNA
decondensation (Clamme et al., 2003). Heparin is most negatively charged of cellular biomolecules with
high affinity for cations (Paiva et al., 2021). A change in third over tone frequency Af (i.e., 67.27 Hz) as well
as dissipation AD (i.e., 8.6 x 10°%) occurred (see segments EF and ef in Figure 1), clearly indicating increased
thickness at the resonator surface due to mass accumulation but absence of rigidity in the deposited
material. It was therefore inferred that heparin was involved in ternary complexation. In the region FG, the
Af values were slightly regained (~ 18 Hz), showing some reduction in mass most probably due to slight
decondensation of DNA. The dissipation values remained unaltered in the corresponding region fg unraveling no
change in flexibility of polymeric layers at the solid-liquid interface. Based on these it can be concluded that
heparin was unable to compete with DNA in binding with PA and therefore the polyplexes were not dissociated
significantly. Higher heparin concentrations (3 to 5 mg mL™!) yielded similar results (not shown).
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Figure 1. Third overtone frequency (black) of SiO: coated quartz crystal during the adsorption of PA (point A), DNA (point C) and heparin
(point E) at pH 5.6. The corresponding change in dissipation is indicated by plot in red, and similar points by lower case letters (a, c, and e).

In Figure 2, the effects produced by dextran sulfate are presented. The regions from A to E for frequency
change (and from a to e for change in dissipation) represent deposition of PA followed by DNA at the
resonator surface and trends appear quite similar to those obtained earlier. Here also, a decrease in Af (i.e.,
90.5 Hz) and a simultaneous increase in AD (i.e., 11.9 x 10°°) were observed after introduction of dextran
sulfate at point E showing the increase in mass deposited but absence of compactness/rigidity. Along the
segment FG (or fg), the frequency or dissipation was altered negligibly.

The dextran sulfate can attach to bound PA and form cross-links between various polyplexes. Besides, it
may engage into complexation with excess PA molecules, which are only weakly associated with PA-DNA
polyplexes, but does not directly engage in complexation with DNA (Cherng, 2009).

Based on patterns shown in Figures 1 and 2, we conclude that at pH 5.6, the effectiveness of
biomacromolecules, heparin and dextran sulfate to set DNA free from its polyplexes is extremely low
(Lopez-Cornejo et al., 2022; Moret et al., 2001).

Figure 3 shows the acoustic monitoring of condensation and decondensation of DNA at physiological pH
(7.4). When pH > 7.0, the extent of PA protonation is reduced, this has a direct bearing on its complexation
with DNA. At pH 7.4, only 20% of the total nitrogen atoms in PA are protonated. Therefore, in addition to
electrostatic interaction, an indirect binding between DNA and PA mediated through water molecule/s is
developed (Cherng, 2009). There is a decline in Af after addition of DNA at point C. The CD segment
represents a frequency difference of 189.3 Hz, showing the significant deposition of DNA on PA modified
interface. However, beyond point D the Af values gradually regained become less negative by the factor of
62.5 Hz, showing that DNA is retained only partly at the interface. After introduction of heparin at point E, a
further increase in Af (~ 57 Hz) is seen (segment EF) that clearly indicates DNA displacement by heparin.
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There is concurrent decrease in dissipation beyond point e and 4D change of magnitude 2.89 x 10 is
observed. This indicates some reduction in flexibility after DNA departure and complexation between
heparin and PA, which is likely considering the fact that heparin has greater anionic character compared to
DNA at physiological pH (Paiva et al., 2021). Unexpectedly, dextran sulfate did not produce similar effects,
even when its concentration was raised to 20 mg mL-. Therefore, we divorced from dextran sulfate and
continued further investigations with heparin only.
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Figure 2. Third overtone frequency (black) of SiO, coated quartz crystal during the adsorption of PA (point A), DNA (point C) and dextran sulfate
(point E) at pH 5.6. The corresponding change in dissipation is indicated by plot in red, and similar points by lower case letters (a, c, and e).
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Figure 3. Third overtone frequency (black) of SiO coated quartz crystal during the adsorption of PA (point), DNA (point C) and heparin (point
E) at pH 7.4. The corresponding change in dissipation is indicated by plot in red, and similar points by lower case letters (a, ¢, and e).

Figure 4 shows the change in frequency or dissipation because of PA deposition (segment AB, ab), its
complexation with DNA (segment CD, cd), and DNA decondensation by heparin (segment EF, ef) at pH 9.0.
At this pH, electrostatic interaction between DNA and PA is weak, so loosely bounded complexes are
formed. Apparently, about 13% of total nitrogen atoms in PA are protonated at this stage (Sun et al., 2011)
and interactions are possible through intervening water molecules. Only small fraction of DNA segments is
in close contact with PA. When heparin was introduced (Figure 4, point E), a small decrease in Af by a
magnitude of 13 Hz occurred (segment EF). This was followed by regain of frequency and in the latter stages
the frequency became less negative. An overall increase in frequency was about 25 Hz. The concurrent increase
in AD was 4.91 x 10 (segment ef). However, in the following stage a continuous decline in AD took place, leading
to overall shift of 1.18 x 10°¢. The deposited layer is considered rigid only when AD < 1 x 10 (Lee et al., 2012).
Hence, the values of dissipation obtained in our case reflects only reduction in flexibility. The results indicated
that heparin was retained on the surface, but only negligible amounts of DNA were released.

Acta Scientiarum. Technology, v. 45, 60454, 2023



pH mediated DNA release Page 5 of 7

Overall, heparin proved to be a better agent for DNA release compared to dextran sulfate all pH values,
This is probably due to repulsive interactions between DNA and highly anionic dextran sulfate.
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Figure 4. Third overtone frequency (black) of SiO; coated quartz crystal during the adsorption of PA (point), DNA (point C) and heparin (point
E) at pH 9.0. The corresponding change in dissipation is indicated by plot in red, and similar points by lower case letters (a, ¢, and e).

Conclusion

The acoustic sensing results showed that both the formation of DNA polyplexes with PA and its
dissociation by heparin occurred in pH dependent manner. Ternary PA/DNA/heparin complexes were
evident under acidic conditions. Under basic conditions (i.e., pH 9.0) heparin was able to cause DNA release
is small quantity. The significant DNA release occurred at physiological pH of 7.4. Contrary to our
expectations, dextran sulfate proved to be inefficient in dissociating polyplexes. Based on these findings,
biocompatible systems can be developed for more efficient transfection of genetic materials (Chong et al.,
2021; Ebrahimi et al., 2022).
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