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ARTICLE INFO ABSTRACT

Keywords: Halloysite particles (HNTs) are naturally occurring aluminosilicate nanotubes of low toxicity that
Nanotube have shown great promise for drug and biomolecule delivery into human and animal cells.
Nanoclay

Kaolinite particles retain the same layered structure as HNT, but do not form nanotubes. In this
study, the spectrophotometric and sedimentation properties of the two clays in aqueous solutions
and their abilities to associate with both small and large nucleic acids have been investigated.
Both clays scattered ultraviolet light strongly and this characteristic of HNT was not affected by
either vacuum treatment to remove trapped gases or by sonication. Vacuum treatment increased
the binding of small nucleic acids to HNT and this association was further enhanced by addition of
divalent metal ions. By contrast, only small RNAs were bound efficiently by kaolinite in the
presence of Mg ions. Large linear double-stranded DNAs and circular plasmid DNAs bound
poorly to kaolinite under all conditions, but these nucleic acids could form strong associations
with HNT. Differences in binding data were largely consistent with measurements of the available
surface areas of each clay. These results demonstrate that interactions with each clay are critically
dependent on both the type and the conformation of each nucleic acid.

Gene delivery
Drug delivery
Gene therapy
Nonviral vectors

1. Introduction

Halloysite (HNT) is an aluminosilicate clay mineral that occurs naturally. The chemical formula of the clay is Al;Si;O5(OH)4 nH20
[1,2]. It is chemically similar to kaolinite but differs in having a hollow tubular structure and the presence of water in the interlayer
spaces [3-6]. HNT nanotubes have a luminal diameter of approximately 15 nm and the outside diameter ranges from 50 to 70 nm. The
lengths of HNT cylinders range between 500 and 2000 nm. The clay has a multilayered structure, with walls that are composed of
10-15 bilayers of octahedrally-coordinated aluminum and tetrahedrally-coordinated silicon atoms. The HNT tubes can be represented
as rolled up scrolls of single layers of kaolinite [3,7].

Due to its layered structure, HNT has two types of surfaces. The inner face of the lumen that runs the length of the tube is covered
with hydroxyl groups bonded to an alumina layer. They are also present between the layers of the scroll. When compared to kaolinite,
the density of surface hydroxyl groups of HNTs is smaller [7-10]. The outer layer of each tube is a siloxane surface composed of a
network of Si-O-Si bonds. The alumina groups located on the surface of HNT can help in formation of hydrogen bonds between HNT
and biological components [9-15]. Due to different dielectric and ionization properties of silicon and aluminum oxides, the outer and
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inner surfaces of HNT nanotubes are oppositely charged in water at pH values ranging from 3 to 8 [16].

Gene therapy has become an important option for treatment of human genetic disorders and cancer in recent years. This type of
therapy involves several different approaches in practice, including use of CRISPR, siRNA and other methods requiring the transfer of
nucleic acids directly into cells [17-20]. These approaches permit editing of genes within DNA and targeted modulation of gene
expression. DNA and RNA are vulnerable to chemical and enzymatic degradation inside cells and cannot penetrate through cell
membranes easily and therefore a protective carrier is often used [18,21,22]. Both viral and nonviral carriers have been employed for
delivery and there is a necessity to develop improved vector systems for delivering nucleic acids into target cells and tissues without
detrimental side effects.

Clay nanomaterials have shown great promise as protective gene carriers. HNTs are considered advantageous over other nano-
tubes, e.g., carbon nanotubes or inorganic nanotubes made of tungsten or titanium, etc. [21]. Due to the defined diameters of HNT
nanotubes, only molecules with specific sizes can enter the lumen, providing regioselectivity [23-26]. Potential applications of HNT in
drug delivery and nanobiomedicine are being actively studied [1,2,26,27]. HNT has been used as a natural vehicle for microencap-
sulation and controlled release of nucleic acids as well as both lipophilic and hydrophilic drugs [28-39]. In addition, clays such as HNT
and kaolinite have the ability to adsorb/remove heavy metals and industrial chemicals [40-43].

The aim of this study was to analyze the association of small and large nucleic acids with halloysite and with the chemically similar
but structurally different clay kaolinite. The binding affinities of different forms of single-stranded DNA (ssDNA), double-stranded DNA
(dsDNA) and single-stranded RNA (ssRNA) were assessed and factors affecting adsorption efficiencies identified.

2. Materials and methods
2.1. Materials

Powdered halloysite, high molecular weight linear E. coli DNA (D2001) and metal chlorides were purchased from Millipore-Sigma.
Kaolinite (KGa-1b) was obtained from The Clay Minerals Society (Purdue University). Halloysite nanotubes had lengths of 1-3 pm and
diameters of 30-70 nm and previously reported cation exchange capacity of 8.0 meq/g. Kaolinite preparations contained 95-100%
kaolin with 1-2% crystalline silica-quartz and cation exchange capacity of 0.02 meq/g (data from Clay Minerals Society). RNA and
DNA oligonucleotides were purchased from Integrated DNA Technologies and ThermoFisher Scientific. The plasmid pRS316 has been
described [44]. Agarose was obtained from Gold Biotechnology. Electrophoresis was performed using 11 x 14 cm Horizon gel rigs
(Labrepco) as described [45]. Vacuum treatment of HNT solutions was performed for 5 min within an SC110 Speed Vac chamber
containing an attached Savant GP110 pump.

2.2. UV-Vis spectroscopy

A Cary 100 Bio UV-Vis spectrophotometer or a BioRad SmartSpec 3000 spectrophotometer was used for spectroscopic absorbance
measurements and scanning of HNT samples. A 3.5 mL quartz cuvette was used for UV spectra measurements. Three forms of HNT:
untreated, vacuumed and sonicated, were prepared in deionized water (dH20) and scanned from 200 to 800 nm. Results of clay
concentration-dependence tests were plotted as best fit trendlines using Microsoft Excel and default program parameters. Sonication
was performed using a Vibracell VC501 Sonicator from Sonics & Materials for 5 min at an amplitude of 60 using a 3 mm probe tip.
Assays were performed using four or five replicates and averages and standard deviations presented in the figures. All
spectrophotometry-based experiments used 1.5 mL Eppendorf tubes previously shown to exhibit minimal leaching of light absorbing
small molecules from the polypropylene plastic [46].

2.3. Preparation of nucleic acids

Double-stranded oligonucleotide DNA was prepared by mixing equimolar aliquots of Pvu4a and cPvu4a into a solution of 5 mM Tris
(pH 7.5) to produce a final concentration of 300 ng/pL total DNA. The DNAs were denatured at 95 °C for 5 min and allowed to anneal
while cooling to room temperature for 30 min. Complete annealing of the ssDNAs to form dsDNA was confirmed by gel electrophoresis
using 3% agarose gels run in 0.5 x TB buffer. The gels were run at 200 V for 30 min and stained with ethidium bromide.

PRS316 plasmid DNA was extracted from E. coli DH5alpha cells using QIAprep miniprep kits from Qiagen. Purity and removal of
RNA was confirmed by gel electrophoresis on 0.7% agarose gels run in 1 x TAE buffer. Quantitation was performed by measuring
absorbance at 260 nm and calculating concentration based on the relationship that an Aggg of 1.0 is equal to 50 pg/mL dsDNA. The
quality of the linear chromosomal DNA employed in the assays was also confirmed using agarose gel electrophoresis.

2.4. Preparation of clay and nucleic acid solutions for adsorption assays

Clay-DNA and clay-RNA assays were typically performed by mixing 75 pL of clay (1, 2, 4 or 8 mg/mL), ~10 pL DNA or RNA
(producing a final Aygg of 1.0) and dH»O in a final volume of 150 pL. Assay mixtures were shaken for 15 min at RT and centrifuged at
21,000 g for 30 min at 20 °C. The top 60 pL of supernatant was transferred into a new tube immediately after centrifugation and the
Aggo was measured. The percentage of DNA or RNA bound to HNT could be calculated by subtracting the absorbance of the supernatant
(representing unbound nucleic acids that were not sedimented with the clay particles) from the original nucleic acid-only absorbance
and dividing the resulting value by original nucleic acid-only absorbance. Averages and standard deviations resulting from tests of four
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to five samples were determined.

2.5. Specific surface area analysis of HNT and kaolinite nanoparticles

Surface area tests were performed using a NOVAtouch LX2 gas sorption analyzer in conjunction with software from Quantachrome
Instruments. Powdered HNT and kaolinite (0.1-0.2 g) were degassed by heating at 10 °C/min up to 200 °C and holding for 120 min.
Physisorption volumes of ultra high purity nitrogen gas were then assessed. Six replicates were performed and results were averaged.

3. Results
3.1. Spectrophotometric and sedimentation properties of HNT

The goal of this study was to analyze the association of DNAs and RNAs consisting of different sizes and structures with HNT
nanotubes and kaolinite nanoparticles. Kaolinite molecules have similar chemical and layered structures to those of HNT particles, but
they are noncylindrical. In initial experiments, the optical and sedimentation properties of HNT were investigated. Light absorbance/
scattering properties were assessed using three forms of the nanoclay. In addition to simple, well-mixed suspensions of the clay in
water, both vacuumed and sonicated HNT solutions were analyzed using UV-Vis spectrophotometry. Vacuum treatment was per-
formed to determine if removal of air trapped within the lumens of the nanotubes might influence their spectroscopic and/or nucleic
acid binding properties. We note that exposure of HNT suspensions to a vacuum consistently resulted in temporary bubbling at their
surfaces, a phenomenon that was not seen in control aqueous solutions; this result indicated that trapped air was present. Sonication
was tested because it can break apart particles that have become noncovalently attached to each other. This treatment can increase the
total surface area available for adsorption and therefore is potentially capable of influencing the binding efficiency of nucleic acids.

Spectroscopic scans of the three different types of HNT (untreated, vacuumed and sonicated) at 100 pg/mL in dH2O were
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Fig. 1. Spectrophotometric and sedimentation properties of halloysite in aqueous solutions. (A) Light scattering caused by treated and untreated
forms of HNT (100 mg/mL). (B) Scattering is concentration-dependent over a broad range of wavelengths. (C) Scattering at 260 nm is similar for
treated and untreated HNT and linearly related to clay concentration. (D) Untreated and vacuumed HNT are sedimented more efficiently than
sonicated HNT after centrifugation at 21,000 g for 30 min.
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performed (Fig. 1A). The scans revealed no significant differences among the three clay preparations in this characteristic; each of the
three forms exhibited strong apparent absorbances characteristic of light scattering effects that were highest at wavelengths corre-
sponding to ultraviolet light (below 400 nm). When a series of HNT suspensions prepared at concentrations ranging from 6.25 to 100
pg/mL were scanned from 200 to 300 nm, a concentration-dependent effect was observed. Scans of untreated HNT particles are shown
in Fig. 1B and similar results were seen with vacuumed and sonicated HNT. Analysis of the absorbances of the three types of HNT
solutions at 260 nm, the peak wavelength typically used to monitor nucleic acid concentrations in aqueous solutions, revealed a linear
relationship between OD260 and concentration (Fig. 1C). Beer’s law equations and R? values calculated for each HNT solution are
shown in the figure.

The interaction of nucleic acids with HNT was assessed next using centrifugation binding experiments. In these experiments HNT-
nucleic acid complexes are pelleted by centrifugation and the fraction of unbound nucleic acids left in the supernatant is quantitated by
measuring the absorbance at 260 nm [47,48]. To perform the experiments accurately, it was important to determine the efficiency of
sedimentation of HNT nanoparticles and to maximize their precipitation so that unsedimented particles could not contribute to the
apparent absorbance of the supernatant. HNT solutions (untreated, vacuumed and sonicated) at three different concentrations were
centrifuged at 21,000 g for 5, 15, 30 and 60 min at 20 °C. After centrifugation, the supernatant was collected and the OD260 was
measured and converted to an HNT concentration using the Beer’s law equations derived in Fig. 1C. As an example of this analysis,
Fig. 1D shows the amount of HNT precipitated from the different solutions after centrifugation for 30 min. Untreated and vacuumed
HNT suspensions were sedimented with greater than 99% efficiency. By contrast, precipitation of sonicated HNT particles was not as
efficient, achieving only 97-98% HNT removal under these conditions. We speculate that this is because sonication-induced breakage
created a small number of particles with reduced sizes that did not sediment as efficiently as the larger particles.

3.2. Association of small DNAs and RNAs with HNT

The sequences and structures of the nucleic acids used in this study are presented in Fig. 2. The initial focus was on small DNAs and
RNAs, but interactions with larger circular plasmid and linear chromosomal DNAs commonly used in molecular biology labs were also
analyzed. To quantitate binding of the nucleic acids to the clay, mixtures were incubated at RT and then centrifuged to pellet the
nanotube particles plus any nucleic acid molecules that had adsorbed onto them (depicted schematically in Fig. 3A). The absorbance of
the supernatant at 260 nm (Age() was measured and used to calculate the amount of bound nucleic acid. The approach described here
has been employed in several previous studies of the interaction of clays with biomolecules [47,49-54].

In the first set of experiments, sSDNA 25mers (Pvu4a) dissolved in dH20 (initial Aggo = 1.0, equivalent to approximately 33 ng/pL)
were mixed with increasing amounts of HNT in aqueous solutions (Fig. 3B). Vacuumed and non-vacuumed HNT particles, which were
previously found to sediment most efficiently (Fig. 1D), were selected for the test. The average percentages of ssDNA bound and
standard deviations recorded at each concentration of HNT are shown in the figure. Only a small proportion of the ssDNA was adsorbed
under these conditions, corresponding to only 23% and 29% (unvacuumed and vacuumed) at the highest clay concentration. Binding
to vacuumed HNT was consistently higher than to untreated HNT, though the improvement was modest.

The next set of experiments was performed with vacuumed HNT since this treatment produced the best results in the initial binding
experiments. Three nucleic acids (dsDNA, ssDNA and ssRNA 25mers) were mixed with increasing concentrations of HNT and the
bound nucleic acid was plotted against HNT concentration (Fig. 3C). Adsorption of all nucleic acids was inefficient at the HNT con-
centrations employed (0.5-4.0 mg/mL). Binding of ssRNA was strongest, becoming approximately two-fold higher than ssDNA and
dsDNA at the highest clay concentration (45% vs 18% and 24%).

To test the impact of metal cations, assays were performed with and without addition of Nat and Mg?* ions. The effect of the metals

A B
Pvuda - ssDNA Oligonucleotide
(AAATGAGTCACCCAGATCTAAATAA) ssDNA/ssRNA (i
cPvu4a — complement of Pvuda Oligonucleotide = (25 bp)
(TTATTTAGATCTGGGTGACTCATTT) dsDNA

PvuRNA - ssRNA
(AAAUGAGUCACCCAGAUCUAAAUAA) Plasmid dsDNA

(pRS316) (4,895 bp)
Linear
chromosomal
dsDNA
(~50,000 bp)

Fig. 2. Sequences and structures of nucleic acids used in the study. (A) Sequences of 25mer oligonucleotides. (B) Schematic representation of the
sizes and structures of each nucleic acid.
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Fig. 3. Efficiencies of binding of small single-stranded and double-stranded nucleic acids to HNT. (A) Overview of binding assays. (B) Fraction of
ssDNA (Pvu4a) adsorbed to untreated and vacuumed HNT particles. (C) Efficiency of binding of small nucleic acids to HNT without metals present.
(D and E) Impact of sodium and magnesium ions on adsorption to 4 mg/mL HNT.

was assessed by adding 0, 1, 10, or 100 mM of each cation to the binding reactions (Fig. 3D and E). The fraction of bound nucleic acids
increased at each concentration of Na* ions, reaching 91% for ssRNA, 63% for ssDNA, and 53% for dsDNA at 100 mM NaCl. Addition
of magnesium ions produced strikingly different binding profiles from those seen with sodium (Fig. 3E). Adsorption increased strongly
at 1 mM MgCl, and subsequently plateaued at 80-90% at the higher concentrations of 10 and 100 mM MgCl, for each of the nucleic
acids.

3.3. Analysis of spectrophotometric and sedimentation characteristics of kaolinite

Kaolinite is a layered silicate clay that is chemically similar to HNT, but differs structurally. Spectrophotometric analysis of this clay
suspended in aqueous solutions revealed that, like HNT, kaolinite exhibits concentration-dependent light scattering that is highest in
the UV range of wavelengths (Fig. 4A). Sonication caused a modest increase in light scattering at 260 nm (Fig. 4B). This result suggests
that a small fraction of the plate-like, multilayer complexes were joined to each other in the initial suspensions and could be broken
apart by sonication. Centrifugation of 2 and 4 mg/mL kaolinite suspensions, performed as for HNT (Fig. 1D), showed that sedimen-
tation was very efficient. Concentrations of both unsonicated and sonicated suspensions were reduced by more than 99.7% (Fig. 4C).

3.4. Binding of small DNAs and RNAs to kaolinite

Adsorption of small nucleic acids to kaolinite was extremely poor in the absence of metals. RNAs adsorbed the most efficiently, but
maximum binding was only 12% (Fig. 5A), much less than that seen with HNT particles in Fig. 3C. Binding was improved by addition
of sodium ions, especially at 10 and 100 mM NaCl. ssRNAs exhibited the highest adsorption at each metal concentration, reaching 47%
at 100 mM NacCl (Fig. 5B). Magnesium ions strongly improved the binding of all nucleic acids at the lowest concentration (1 mM
MgCly), increasing adsorption from <10% to approximately 50% (Fig. 5C). In contrast to the ssDNAs and dsDNAs, higher concen-
trations of the divalent metal ions stimulated a much larger increase in binding of ssRNAs to the kaolinite, reaching 87% bound at 100
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mM MgCl.

3.5. Interaction of large circular and linear double-stranded DNAs with HNT and kaolinite

Binding of larger nucleic acids to HNT and kaolinite was evaluated using circular plasmid (pRS316, 4895 bp) and linear DNAs
(E. coli chromosomal DNA fragments, ~50,000 bp). Adsorption of the plasmid DNA was similar to that of linear DNA at low con-
centrations of HNT, but became greater at higher clay concentrations, reaching 67% at 4 mg/mL clay vs. only 38% for the linear DNA
(Fig. 6A). By contrast, binding of the nucleic acids to kaolinite without metals was much less efficient, reaching a maximum of only
22% (Fig. 6D). Interestingly, at 0.5 mg/mL HNT, binding of the circular DNAs was stimulated much more strongly in the presence of
magnesium ions. The difference between circular and linear molecules was particularly apparent at 1 mM and 10 mM MgCl, (Fig. 6B).
Addition of magnesium ions had only a modest effect on binding to kaolinite, with maximum adsorption reaching only 30% (Fig. 6E).

In a previous study of sedimentation of DNAs by addition of metal ions at high pH, we observed that calcium ions produced greater
effects than magnesium ions [55]. To compare the impact of each metal on association with clays, the experiments shown in Fig. 6B
and E were repeated using CaCl,. Addition of 1, 10 and 100 mM calcium ions consistently resulted in higher levels of adsorption of
circular DNAs than that seen with magnesium (compare Fig. 6B vs Fig. 6C). However, binding of linear DNAs was similar with the two
metal cations. In contrast to the results observed with HNT, binding of the DNAs to kaolinite was similarly low when either magnesium
or calcium was added (Fig. 6F).

3.6. Surface area analysis of the two clays

The large difference in DNA binding by HNT versus kaolinite was investigated further by assessing available surface areas on each
clay. Nitrogen gas physiosorption tests of the dried, degassed clay powders revealed striking differences (Table 1). In two independent
trials, surface area measurements for HNT were 38.6 and 39.9 m2/g, but gas sorption to the kaolinite particles was undetectable.
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Fig. 6. Interaction of large linear chromosomal and circular plasmid DNAs with HNT and kaolinite. (A) Adsorption of DNAs to HNT without metals.
(B and C) Binding of DNAs to 0.5 mg/mL HNT in the presence of magnesium or calcium ions. (D) DNA adsorption to kaolinite in the absence of
metals. (E and F) Binding of large DNAs to 0.5 mg/mL kaolinite in the presence of magnesium or calcium ions.
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Table 1
Gas sorption (m?/g)
HNT Kaolinite
Trial 1 38.6 + 0.4 0.0
Trial 2 39.9 £ 0.5 0.0

4. Discussion

In the current study we have analyzed the interactions of several nucleic acids comprised of different sizes and structures with
halloysite and with the chemically similar but structurally different nanoclay kaolinite. Spectrophotometric scanning of aqueous HNT
solutions revealed little change in their UV light scattering/absorbance properties when mixtures were either vacuumed to remove
trapped air or sonicated to break up weakly attached particles. Similarly, sonication of the nontubular kaolinite particle suspensions
also had only a modest impact on interactions with UV and visible light. Beer’s law relationships could be established between
apparent UV absorbances and the concentrations of the treated and untreated clays. These equations permitted monitoring of clay
concentrations and determination of centrifugation parameters capable of sedimenting approximately 100% of the particles.

Centrifugation binding assays revealed that HNT has very low affinity for each of the three small nucleic acids when tested using
simple aqueous solutions. Addition of Na™ ions greatly increased the binding of RNAs to HNT, but had only a moderate effect on
binding of the small single-stranded or double-stranded DNAs. By contrast, addition of Mg?" ions strongly promoted the adsorption of
all small nucleic acids to HNT, especially at low concentrations of the metal (1-10 mM). Overall, these results indicate that DNAs and
RNAs have weak affinity for HNT, but the addition of metals, in particular Mg?* at 1 mM or higher, strongly improves adsorption to
HNT.

Binding of small nucleic acids to kaolinite in the absence of metal ions was consistently less efficient than to HNT. The ssRNAs were
bound most strongly to the noncylindrical clay, with and without addition of metal ions. Although the presence of Mg?* ions greatly
increased binding of DNAs and RNAs to HNT (up to 80-90% adsorption), the divalent ions strongly increased association of only the
ssRNAs with kaolinite (compare Fig. 3E vs Fig. 5C). It is likely that this increased binding of single-stranded species is due to the
increased conformational flexibility and access to base groups compared to double-stranded nucleic acids. In addition, the oxygen at
the 2’ position of ribose in the RNAs provides an additional contact for binding that is not available in the DNAs [56-58].

Interactions of large circular and linear dsDNA molecules (>5000 bp in length vs only 25 for the small nucleic acids) identified
unique characteristics of each of the clays. Binding of the large nucleic acids to HNT was more efficient than binding of oligonucle-
otides in the absence of metal ions. This was especially true for the circular plasmid DNAs, which exhibited strong adsorption at 2 and
4 mg/mL HNT. Binding of both types of large DNAs could be increased by addition of divalent metal ions, with the circular DNAs
consistently showing the strongest affinities. Association of the larger nucleic acids with kaolinite was strikingly less efficient than that
seen with HNT. For example, only 13% and 22% of linear and circular DNAs became bound to kaolinite particles at 4 mg/mL clay,
while the corresponding numbers for HNT were 37% and 65%. Although addition of Mg and Ca* ions increased adsorption of the
larger DNAs to kaolinite, the effects were much less pronounced than with HNT. A previous study by Gupta et al. demonstrated that
metals bind relatively poorly to kaolinite [59], which may explain, in part, the weaker impact of Mg?* and Ca?* ions on binding to this
clay. In addition, the results of the gas sorption analysis presented here and some past studies of the clay point to a more general
reduced surface area adsorption capability among kaolinite nanoparticles (Table 1) [40,60-63]. Interestingly, the limited natural
adsorption capacity of kaolinite has been improved by synthetic conversion into cylinders and microspheres, structures with interior
spaces analogous to HNT [64,65].

Removal of air from the lumens of HNT nanotubes improved DNA adsorption. This result provides an indication that binding was
occurring in the lumen, though it does not exclude the possibility that some binding also occurred on the outer surface. The smallest
diameters of the single-stranded and double-stranded nucleic acids used here are 1 and 2 nm, respectively, which is considerably
smaller than the ~15 nm diameter of the lumens of the HNT nanotubes, suggesting that this space should be accessible. In addition, the
Al,03 inner surface of the lumen is slightly positively charged while the outer SiO; surface is negatively charged at neutral pH [66].
Thus, negatively charged DNAs and RNAs are likely to have a natural affinity for the interior surfaces of HNT.

We observed that binding to HNT was most strongly stimulated by addition of Mg?" ions. This result is in accord with several past
studies demonstrating that divalent cations such as Mg?" and Ca®" ions can promote strong associations between nucleic acids and
clays [47-49,52-54,68,69]. Previous reports have suggested the possibility that small biomolecules may bind within the interior of
HNT nanotubes and that some binding may also occur on the cylindrical outer perimeters [3-5,66,67]. The strong impact of the
positively charged magnesium ions suggests that the negatively charged nucleic acids may be capable of adsorbing to the outer surface
via ionic crosslinking (cation bridging) with the divalent metals, as seen with other clays [47,52,55,68,69]. It is likely that the
improved binding in the presence of divalent ions involves several factors, resulting from increased charge density and charge
shielding, the ability to participate in ionic crosslinking interactions, and the potential for direct binding to the phosphate, base and
ribose moieties of the nucleic acids.
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