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Factors affecting the association of single- and double-stranded 
RNAs with montmorillonite nanoclays

Archana Gujjaria, Blanca V. Rodrigueza, Jorge Pescadora, Corina Maederb, Gary W. Bealla, 
and L. Kevin Lewisa,*

aChemistry and Biochemistry, Texas State University, 601 University Drive, San Marcos, TX, 
78666, United States

bDepartment of Chemistry, Trinity University, One Trinity Place, San Antonio, TX, 78212, United 
States

Abstract

Montmorillonite (MMT) nanoclays exist as single and stacked sheet-like structures with large 

surface areas that can form stable associations with many naturally occurring biomolecules, 

including nucleic acids. They have been utilized successfully as vehicles for delivery of both drugs 

and genes into cells. Most previous studies have focused on interactions of MMT with DNA. In 

the current study, we have investigated the binding of small RNAs similar to those used for RNA 

interference (RNAi) therapy to two major forms of the clay, Na-MMT and Ca-MMT. Association 

of both forms of MMT with several double-stranded RNAs (dsRNAs), including 25mers, 54mers 

and cloverleaf-shaped transfer RNAs, was weak and increased only slightly after addition of Mg2+ 

ions to the binding reactions. By contrast, ssRNA 25mers and 54mers bound poorly to Na-MMT 

but interacted strongly with Ca-MMT. The weak binding of ssRNAs to Na-MMT could be 

strongly enhanced by addition of Mg2+ ions. The strength of MMT-ssRNA interactions was also 

examined using inorganic anion competition and displacement assays, as well as electrophoretic 

mobility shift assays (EMSAs). The aggregate results point to a cation-bridging mechanism for 

binding of ssRNAs, but not dsRNAs, in the presence of divalent metal cations.
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1. Introduction

Nanomaterials are defined as molecules that are ≤100 nm in at least one dimension [1–4]. 

These molecules typically have a large surface-area-to-mass ratio, readily bind to many 

drugs and biomolecules, and can deliver many small molecules into mammalian cells. 

Nanoclays are typically considered to be layered silicates, usually aluminosilicates. Many 

are naturally occurring while others are produced synthetically. Studies on these types of 

nanoclays have been extensively carried out for biomedical purposes [5–9]. Interest in 
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nanoclays for medicinal purposes arises from their exceptional properties such as low 

toxicity, high ability to adsorb biomolecules, large surface area, and high ion exchange 

capacity. This strong ion exchange capacity allows them to be easily modified, thereby 

altering their surface properties for distinct uses. Small ionic molecules can be exchanged 

easily on both the surface and the interlayer space of the clay sheets.

Montmorillonite (MMT) is a 2:1 layered aluminosilicate nanoclay consisting of the general 

formula My(Al2–yMgy)Si4O10(OH)2*nH2O [10]. It exists as a sheet-like structure and is 

approximately 1 nm thick and can be up to 1000 nm in the other dimensions, with a typical 

surface area of approximately 700 m2/g [11,12]. MMT is classified as a 2:1 layered mineral 

based upon the number of tetrahedral and octahedral sheets it contains, as well as their 

structural arrangement. It has two outer silica tetrahedral sheets layered around a central 

alumina octahedral sheet that form a sandwich-like structure. The octahedral layer contains 

aluminum and magnesium atoms, which coordinate to oxygen atoms and a small number of 

hydroxyl groups. The silica atoms coordinate to oxygen atoms. Isomorphous substitutions 

(replacement of one structural cation for another of comparable size) occur in the octahedral 

layer by the substitution of the trivalent aluminum ions with divalent cations such as Mg2+. 

The charge imbalance arising from this isomorphous substitution is compensated for by 

exchangeable cations that are displayed as M in the formula. If the exchangeable ion is 

monovalent then it is My in the chemical formula, but if it is divalent it is My/2. In 

montmorillonite, a typical value for Y is ~0.33.

MMT is a smectite clay, meaning “smeared” in the original Greek, that arises due to the 

tendancy of the clay to form plastic and lubitious masses. The individual plates of MMT are 

only 1 nm thick but are approximately 150–200 nm in the other two dimensions. These high 

aspect ratio sheets have a tendency to stack face-to-face, forming tactoids. The individual 

plates in the tactoids are turbostratic, having no crystallographic relationship between the 

plates. MMT tactoids are not uniform in size, shape, or charge. The characteristics of the 

tactoids vary based on the type of cation exchanged and the pH of the environment [10]. The 

interlayer space within MMT tactoids, also known as the gallery, ranges in size based on the 

level of hydration. For example, water saturation causes the gallery to expand up to 2 nm, 

while an anhydrous environment will reduce the gallery to less than 1 nm [13]. The 

interlayer space of MMT is important, as cations that adsorb can interact with negatively 

charged particles, such as drugs or biomolecules. The intercalation of biomolecules into 

nanoclays is an important feature as this strategy can help to protect the drug/biomolecule 

from chemical and enzymatic degradation.

MMT particles have a high cation (80–150 mEq/100 g) exchange capacity [7–9,14], which 

allows them to adsorb large numbers of biomolecules. MMT is classified as a cationic 

nanoclay due to this high exchange capacity of cations. Modified MMT nanocomposites 

have been used for a variety of applications, including dermatology and cosmetic products, 

as well as anti-inflammatory agents. They have also been used for food packaging materials 

and as excipients for pharmaceutical agents. Recently, MMT has shown great promise for 

the delivery of biomolecules and drugs into mammalian cells, and nanoclays such as MMT 

could prove to be better delivery vehicles than viral vectors [4–9].
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Many studies have been performed to evaluate the ability of anionic biomolecules such as 

DNA to adsorb to homoionic montmorillonite. Evidence has been presented that DNA 

adsorption onto MMT occurs through electrostatic interactions, ligand exchange (wherein 

the hydroxyl groups of the ribose and the phosphate groups at the end of a DNA molecule 

adsorb to the clay), and cation bridging of the DNA phosphate backbone and exchangeable 

cations [15,16]. Work in this laboratory found that homoionic montmorillonite can 

intercalate single-stranded DNA between its sheets, likely through cation bridging [7]. 

Furthermore, it demonstrated that adding divalent cations such as magnesium to binding 

reactions can enhance the adsorption of DNA to MMT. Modulating the kind of 

exchangeable cations in MMT has proven to have significant effects on its ability to bind to 

biomolecules.

Several studies have assessed montmorillonite for its potential as a drug/biomolecule 

delivery vehicle. Lin et al. demonstrated the ability of modified montmorillonite to protect 

DNA from nuclease degradation and deliver it into cells by monitoring the expression of 

enhanced green fluorescent protein in human dermal fibroblast cells [17]. Kawase et al. 

performed a series of experiments to evaluate the effectiveness of Na-MMT as a gene 

delivery system for plasmid DNA encoding EGFP (Enhanced Green Fluorescent Protein) 

[18]. Their initial in vitro studies using intestinal epithelial cells (IEC-6) resulted in 

expression of EGFP on cells transfected by the Na-MMT/DNA preparations. They also 

prepared clay/plasmid DNA complexes and administered them orally to mice. EGFP 

production was detected in the mice that received the MMT/DNA preparations only, no 

EGFP was detected in mice that received a naked plasmid preparation. This supports the 

observation that montmorillonite is able to protect DNA from nucleases and from pH 

changes in the intestine [18]. Kevadiya et al. compared the controlled release of vitamin B1 

and vitamin B6 in in vitro assays after being intercalated into MMT [19]. Lin et al. reported 

successful intercalation of a chemotherapy drug, 5-fluorouracil (5-FU), into MMT layers by 

optimizing time, temperature, pH, and concentration [17]. Many other examples of 

successful intercalation of drugs such as ibuprofen, promethazine chloride, timolol maleate 

and paclitaxel and their controlled delivery by montmorillonite can be found in the literature 

[20–23].

Montmorillonite has also garnered positive attention as a potential gene carrier system due to 

its low toxicity. Several previous in vivo and in vitro studies have demonstrated no 

significant toxicity of homoionic montmorillonite on animal and human subjects [24–27]. 

Accordingly, the Federal Drug Administration has classified MMT clay (bentonite 

containing montmorillonite) as “generally recognized as safe” (GRAS).

While the adsorption capability and binding mode of DNA molecules to MMT have been 

widely investigated using adsorption assays and structural techniques such as X-ray 

diffraction and SEM, study of the binding of MMT to RNA has been limited. RNA differs 

from DNA in several ways, including substitution of uracil for thymine, the presence of an 

OH group attached to the 2′ carbon in the ribose ring, and a natural sequence-dependent 

propensity to fold onto itself to form complex secondary structures containing duplex stem 

regions and single-stranded loop regions. Binding to nanomaterial surfaces involves multiple 

noncovalent interactions with the base, sugar and phosphate moeities of nucleic acids. Some 
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of these interactions are likely to be different for DNA versus RNA because of these 

chemical and structural differences. The primary aim of this project was to quantitatively 

assess the associations of RNA molecules with montmorillonite. Different types of RNA 

molecules with varying sizes and secondary and tertiary structures were evaluated for their 

ability to adsorb to MMT.

2. Materials and methods

2.1. Materials

Powdered sodium montmorillonite (Na-MMT) was obtained from Southern Clay Products, 

Inc. This form of MMT is Na+ Cloisite, which is a water-washed homoionic sodium form of 

the clay having a cation exchange capacity of 95 meq/100 g. Purified E. coli transfer 

RNA(tRNA), tricine, triethanolamine, magnesium chloride, sodium chloride, sodium 

carbonate, and sodium sulfate were purchased from Sigma-Aldrich. Agarose was obtained 

from Gold Biotechnology. Boric acid and Tris base were from JT Baker. SYBR Gold was 

manufactured by Invitrogen Life Sciences. Ethidium bromide was from IBI Scientific. 

Eppendorf Flex-Tubes (1.5 mL) were purchased from VWR. Electrophoresis was performed 

using 11 cm × 14 cm Horizon gel rigs (Labrepco) and an EPS 601 power supply (GE 

Healthcare).

Oligonucleotides were purchased from Integrated DNA Technologies or from Invitrogen/

ThermoFisher Scientific. Sequences of the oligomers were as follows:

PvuRNA (AAAUGAGUCACCCAGAUCUAAAUAA), cPvuRNA 

(UUAUUUAGAUCUGGGUGACUCAUUU), Pvu4a 

(AAATGAGTCACCCAGATCTAAATAA), cPvu4a 

(TTATTTAGATCTGGGTGACTCATTT), dsRNA 54mer RNALoop 

(AAAUGAGUCACCCAGAUCUAAAUAAGUAAUUAUUUUAGAUCUGGGUGACUCA

UU), and ssRNA 54mer RNAStr8 

(AAAUGAGUCACCCAGAUCUAAAUAAGUAAAAAUGAGUCACCCAGAUCUAAAU

AA).

2.2. Preparation of dsDNA, dsRNA and homoionic Ca-MMT clays

To make double-stranded DNA(dsDNA) 25mers for MMT assays, 1050 ng Pvu4a was 

mixed with 1050 ng cPvu4a, double-deionized water (ddH2O) and 5 mM Tris (pH 7.4) in a 

total volume of 1 mL. For double-stranded RNA (dsRNA), 600 ng PvuRNA, 600 ng 

cPvuRNA, ddH2O and 5mM Tris (pH 7.4) were mixed in a volume of 1 mL. Each solution 

was placed into a heating block for 5 min at 100 °C and then allowed to slow-cool and 

anneal at RT for 30 min. RNALoop was prepared by diluting RNALoop into 5 mM Tris (pH 

7.4) in a volume of 500 μL heating for 4 min at 90 °C, and slow-cooling to room 

temperature for 30 min. Successful dsRNA, dsDNA, and RNALoop formation was 

confirmed using gel electrophoresis with 3.5% agarose and 0.5× TB (45 mM Tris/45 mM 

boric acid) as running buffer. Gels were run for 10–15 min at 350 V as described [28] and 

stained using ethidium bromide or SYBR Gold.

Gujjari et al. Page 4

Int J Biol Macromol. Author manuscript; available in PMC 2018 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Calcium montmorillonite (Ca-MMT) was prepared by mixing equal volumes of 1 M CaCl2 

with 6 mg/mL Na-MMT and centrifuging at 32,000 × g for 30 min at 4°C. The resulting 

pellet was subsequently washed with cold water three times and was resuspended in water to 

match the initial volume. Confirmation of successful recovery was performed by measuring 

the A230 of the MMT before and after treatment as described [7]. Na-MMT and Ca-MMT 

suspensions were sonicated using a Sonics & Materials, Inc. Vibracell VC130 Sonicator. 

The clay was sonicated with the instrument amplitude set at 40 for 4 min.

2.3. Centrifugation binding assays

As we have described previously, in order to obtain accurate 260 nm absorbances after 

centrifugation of MMT solutions, it is necessary to account for the A260 contribution of the 

small amount of residual MMT in the supernatant [7]. The centrifugation assays therefore 

included a set of tubes containing MMT and water only, without RNA or DNA. After 

centrifugation, the A260 of the supernatant of each tube containing MMT only was 

measured using a spectrophotometer and was subtracted from the A260 measured from the 

supernatant of each tube containing the same concentration of MMT plus RNA to obtain the 

absorbance of free nucleic acids. The control tubes contained 75 μL Na-MMT or Ca-MMT 

(producing final concentrations of 0.2, 0.5, 1.25, or 3.125 mg/mL) + 75 μL ddH2O. MMT + 

ssDNA binding assay solutions were prepared by mixing 75 μL of Na-MMT or Ca-MMT 

(0.2, 0.5, 1.25, or 3.125 mg/mL final), 7 μL Pvu4a DNA (final A260 ~ 1.0) and ddH2O in a 

final volume of 150 μL. For dsDNA binding studies, 52.5 μL dsDNA producing an A260 of 

1.0 was included in the MMT solutions. MMT-ssRNA and –dsRNA solutions were prepared 

similarly, and included a constant amount of RNA that was enough to give an A260 of ~ 1.0. 

MMT + 54mer RNA and MMT + tRNA mixtures were prepared similarly. Assay solutions 

were shaken for 5 min at RT and then centrifuged at 25,000 × g for 1 h at 4°C using an 

Allegra 64R centrifuge. Metal ion effect studies were prepared with the same amount of Na-

MMT or Ca-MMT and nucleic acids as above, with the addition of 0.1, 1, or 10 mM NaCl or 

MgCl2. Immediately after centrifugation, the top 60 μL of the supernatant of each sample 

was transferred into a new Eppendorf brand (non-leaching) microtube. Each assay was 

performed using 4–5 replicates and averages and standard deviations were calculated.

2.4. Salt competition and displacement assays

The salts that were used for these sets of experiments were sodium carbonate and sodium 

sulfate. For a typical competition assay, 4 μL RNA was mixed with 50 μL 6 mg/mL MMT 

plus salt to give 0 mM, 1 mM, 10 mM, 100 mM or 500 mM final concentrations of each salt 

in a total volume of 150 μL. The displacement assays were prepared using the same amounts 

of ssRNA, ddH2O, MMT, and salt concentrations. However, the RNA, water, and MMT 

were mixed and incubated for 5 min first, before adding the salts, for the displacement 

assays. The binding reactions were shaken for 5 min and then centrifuged for 30 min at 

21,000 ×g. The A260 of each sample’s supernatant was measured and the percentage of RNA 

bound calculated.

2.5. Electrophoretic mobility shift assays

The EMSA gels were performed using 3.0–3.5% agarose gels and Horizon 11–14 gel rigs as 

described [28]. Initial gels were prepared in 45–50 mL 0.5X TB (Tris-borate) buffer. Later, 
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other electrophoresis buffers were tested, including 1×, 0.5× and 0.25× sodium borate (SB) 

and tricine/triethanolamine (30 mM/30 mM) as described [29,30]. All samples were run at 

300–350 V for 5–10 min. SYBR Gold stock solution (10,000×) was diluted to 4× in 40 mL 

running buffer and layered onto the top of gels. Staining was performed for 15 min, followed 

by destaining for 20 min in gel buffer with shaking and photography using a ProteinSimple 

Red Imaging System. Assays utilized 200 ng PvuRNA or RNAStr8 combined with 0.04, 1, 

2.5, and 5 mg/mL Ca-MMT in a volume of 20 μL. After letting the solutions sit for 5 min at 

RT, 4 μL of 30% glycerol was added, followed by mixing and loading of 18 μL of each 

sample onto the gel.

3. Results

3.1. Interaction of single-stranded and double-stranded RNAs with Na-MMT

The major goal of this study was to investigate factors affecting the affinity of single-

stranded and double-stranded RNAs for montmorillonite nanoparticles. We have previously 

analyzed the binding of DNAs, both oligonucleotides and plasmids, to Na-MMT and Ca-

MMT [7] and the current project focusing on RNAs has expanded upon that earlier work. 

RNAs used for this study are depicted schematically in Fig. 1. These molecules include 

small ssRNA and dsRNA 25mers as well as larger 54 nt RNAs. One of the 54mers, 

RNAStr8, cannot form stable secondary structures and remains linear, while the other, called 

RNALoop, has a large region of self-complementary sequence that causes it to fold back on 

itself and exist as a double-stranded 25mer containing a 4 nt ssRNA loop (Fig. 1B). The 

double-stranded form of RNALoop is the predominant form in aqueous solutions [31]. The 

binding of more complex RNAs with extensive secondary structure, cloverleaf-shaped 

tRNAs, was also evaluated (Fig. 1C).

We have previously developed a centrifugation method for analyzing the binding of nucleic 

acids to montmorillonite in aqueous solutions using small polypropylene microcentrifuge 

tubes that exhibit minimal leaching of light-absorbing organic molecules upon warming 

[7,32]. Nucleic acids absorb UV light strongly at 260 nm and reduction of absorbance at this 

wavelength occurs when nucleic acids bound to clay particles are pelleted by centrifugation. 

The percentage of free and bound nucleic acid can then be calculated by measuring the A260 

of the supernatant, as long as appropriate controls are also performed (see Materials and 

Methods).

The initial assays for the present study were conducted using different concentrations of the 

two most widely studied homoionic montmorillonite clays, Na-MMT and Ca-MMT [4–

7,9,12,13,17–21,33–35]. Modifying montmorillonite with cations is crucial for binding as 

the silica surface of MMT is negatively charged and would otherwise encounter electrostatic 

repulsion with the negatively charged RNA and DNA. Moreover, past reports have shown 

that binding of nucleic acids to MMT can be impacted by the addition of salts such as NaCl 

and MgCl2 [8,15,33]; therefore, assays were performed with and without the addition of 

metal ions. Both Na-MMT and Ca-MMT were sonicated for 4 min before use to allow the 

tactoids formed by the clay platelets to disperse. Sonication of MMT is important when 

binding to biomolecules as it increases the available surface area to which the molecules can 
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bind and has been proposed as an essential step in preparing MMT that can intercalate DNA 

[7].

In initial experiments, binding of ssRNA and dsRNA 25mers to different concentrations of 

Na-MMT was assessed by mixing the nucleic acid and clay in water, shaking for 5 min, 

centrifuging at 25,000×g, and measuring the A260 of the supernatant. A plot of free, or 

unbound, RNA versus Na-MMT concentration is shown in Fig. 2A. Binding under these 

conditions was quite poor, with >80% of the RNA remaining unbound even at the highest 

concentrations of the clay. In concurrent experiments, binding of ss and ds DNA 25mers 

with the same sequences as the RNAs (except thymine substituted for uracil) was also tested. 

Binding of the DNAs was also weak, generating profiles essentially identical to those of the 

RNAs (Fig. 2A).

3.2. Differential effects of Na+ and Mg2+ ions on binding of small RNAs to Na-MMT

The effect of metal ions on the binding reactions was assessed next. Addition of NaCl up to 

10 mM had no effect (Fig. 2B), but inclusion of Mg2+ ions increased binding (Fig. 2C and 

D). Strongest enhancement of binding was seen with the single-stranded RNAs and DNAs, 

which reached 76% and 89.5% bound when 10 mM MgCl2 was included in the reaction 

(Fig. 2D).

3.3. Impact of secondary structure on the binding of RNAs to Na-MMT

Binding of longer 54 nt RNAs was assessed using RNAStr8 (single-stranded) and 

RNALoop, which spontaneously folds into a dsRNA 25mer with a 4 nt loop at one end in 

aqueous solutions; this structure was previously confirmed by gel electrophoresis analysis 

[31]. Addition of Na-MMT at concentrations up to 3.1 mg/mL resulted in essentially no 

binding of RNAStr8 and only modest (~40%) binding of RNALoop (Fig. 3A). As with the 

25mers tested previously, addition of NaCl did not increase the amount of bound RNA (Fig. 

3B). Interestingly, addition of Mg2+ ions only modestly affected the affinity of RNALoop 

dsRNA for Na-MMT but strongly enhanced binding of the long ssRNA RNAStr8. The 

percentage of bound RNAStr8 reached 87% at 10 mM MgCl2, while only 36% of the ds 

RNALoop was bound at this concentration (Fig. 3C and D). This finding is in accord with 

the results in Fig. 2C and D, where ssRNA and ssDNA 25mers bound more strongly than 

their ds counterparts. These results demonstrate that adsorption depends on the type of 

cation and also the concentration of the exchangeable cations. Assessment of the binding of 

larger and more complex cloverleafshaped transfer RNAs revealed that their affinity was 

weak, both with and without added metal cations (Fig. 4A and B). These ~75–80 nt 

molecules are largely double-stranded, with multiple duplex stem regions, and therefore the 

results appear to be consistent with those seen for both of the other primarily double-

stranded molecules (the dsRNA 25mer and RNALoop).

3.4. Binding of simple and complex RNAs to homoionic Ca-MMT

The next set of experiments employed Ca-MMT as the homoionic clay for the RNA 

adsorption assays. Due to the previously suggested capability of divalent cations to promote 

clay:nucleic acid interactions via cation bridging [7], it is possible that bridging could occur 

even without the addition of Mg2+ ions, as this clay would already have divalent cations 
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bound to the outer silica layer. In addition, Ca2+ is known to form inner-sphere complexes 

with DNA, unlike Na+, which can only screen the negative charges through cation bridging 

[36]. This could be important in the formation of strong interactions between the calcium 

ions and nucleic acids. Fig. 5A shows a plot of bound RNA percentage versus Ca-MMT 

concentration. Interestingly, the single-stranded RNA 25mers and 54mers showed strong 

binding to Ca-MMT even without the addition of salts. Notably, these two ssRNAs reached 

70–80% binding to Ca-MMT at 3.1 mg/mL clay, but they showed less than 10% binding at 

this concentration of Na-MMT (Fig. 5A versus Figs 2A and 3A). When increasing amounts 

of MgCl2 were added to reaction mixtures while using a constant concentration of Ca-MMT 

(0.5 mg/mL), adsorption increased only modestly and only at the highest concentrations of 

Mg2+ (10 mM and 100 mM) (Fig. 3B).

The last set of MMT centrifugation assays examined binding between cloverleaf tRNAs and 

Ca-MMT with or without MgCl2. Addition of increasing amounts of the clay in water 

revealed only modest binding of the tRNAs (Fig. 5C), similar to the dsRNAs tested 

previously. At the highest Ca-MMT concentration (3.1 mg/mL) binding only reached 40%. 

While maintaining a constant 0.5 mg/mL concentration of Ca-MMT, addition of increasing 

amounts of MgCl2 to the binding reactions showed almost no effect on tRNA binding (Fig. 

5D). This minimal impact of additional Mg2+ ions on the mostly double-stranded tRNAs 

was similar to the small effects seen with the other dsRNAs and Ca-MMT (Fig. 5B).

3.5. Assessment of RNA affinity using competition and displacement assays

The possibility that small anions might displace or outcompete the RNAs binding to Ca-

MMT inside cells or in other environments led us to conduct a series of centrifugation assays 

in the presence of two distinct anions, sodium carbonate (Na2CO3) and sodium sulfate 

(Na2SO4). Competition assays were performed that involved simultaneously mixing 0.5 

mg/mL Ca-MMT with ssRNA 25mer PvuRNA (A260 = 1.0; 3.1 μM) and increasing 

concentrations of either sodium carbonate or sodium sulfate (0, 1, 10, or 100 mM). The 

percentage of RNA able to bind in the presence of each competing anion is plotted in Fig. 

6A and B. At the highest concentration of 100 mM, carbonate ions reduced RNA binding 

from approximately 60% to 10%. Sulfate was less effective, reducing bound RNAs to only 

40% at 10 and 100 mM. Displacement studies were performed in a similar manner, except 

that the anions were added last, after RNA + Ca-MMT complexes had already formed (Fig. 

6C and D). These experiments also revealed a larger effect for carbonate ions, which 

reduced the fraction of bound RNAs from 70% to 30% at 100 mM NaCO3 (Fig. 6C). The 

aggregate data in Fig. 6 indicate that, while anions such as carbonate and sulfate can indeed 

be exchanged for RNA, it was very inefficient, even at very high concentrations of the 

anions. This could be explained by the fact that it is difficult for small molecules to displace 

a large molecule that is attached at multiple sites.

3.6. In contrast to RNAs bound to hydrotalcite clays, RNA-montmorillonite complexes are 
unstable during gel electrophoresis

In a previous study of the interactions of DNAs and RNAs with the nanoclay hydrotalcite 

[31], we developed an electrophoretic mobility shift assay (EMSA) system for analysis of 

binding. In the most common application of this biochemical assay, increasing amounts of a 
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DNA or RNA binding protein are mixed with a set amount of nucleic acid, followed by an 

incubation period to allow binding to occur [37,38]. The products of each binding reaction 

are then run in different lanes of a gel, separating the molecules by size, and the nucleic acid 

bands are visualized. Unbound nucleic acid migrates quickly and produces a single band low 

in the gel. As the protein concentration is increased, some of the nucleic acid molecules 

become bound and a new slower-migrating band usually appears higher up in the gel that 

represents the protein:nucleic acid complex. Sometimes multiple complexes of different 

sizes are formed that do not produce a single discrete upper band. The process can be 

monitored by analyzing the formation of the new band(s) or the progressive loss of the 

lower, free nucleic acid band. We employed 3.5% agarose gels to analyze complexes formed 

between Ca-MMT and RNA by following the parameters set forth previously [28,31]. The 

gels were run at high voltage (250–300 V with 14cm long gels) for 5–10min using 0.5× TB 

(Tris-borate) buffer and stained using SYBR Gold as described [38]. The SYBRGold stained 

the RNA but not the clay, allowing visualization of the free RNA band as it migrated down 

the gel. As an initial control experiment, PvuRNA was mixed with increasing amounts of the 

nanoclay hydrotalcite (HT), incubated at RT for 10 min, and analyzed using EMSAs. A 

progressive loss of the free RNA band was observed as clay concentration was increased 

from 0.04 mg/mL to 0.64 mg/mL (Fig. 7A). When the same experiment was performed 

using PvuRNA and Ca-MMT at concentrations between 0.4 and 5.0 mg/mL, no progressive 

reduction of band intensity was seen for the ssRNA (Fig. 7B) suggesting that the MMT-RNA 

complexes were not stable under these conditions. The 45 mM Tris in the electrophoresis 

buffer is an amine that can potentially bind strongly to the MMT particles [39,40], so the 

experiment was repeated using other electrophoresis media in an effort to find one that did 

not destabilize the complexes. Examples of this approach are shown in Fig. 7C and D, where 

1X and 0.25× sodium borate (SB) solutions were used [30]. No stable Ca-MMT:RNA 

complexes could be detected using this non-Tris buffer. Several other attempts were made to 

improve the stability of the complexes, including using other weak acid:weak base buffers 

described by Liu et al. [29], adding divalent metals to the electrophoresis buffer and gel, and 

running the gels at lower voltages to slow migration (data not shown), but the MMT:RNA 

complexes remained labile under all conditions tested.

4. Discussion

Many past studies have focused on understanding the role of homoionic montmorillonite in 

the origins of life, with most studies focused on interactions with DNA [33–35]. Additional 

reports have investigated the use of MMT as gene delivery vehicle for transport of DNA 

molecules into cells [1,7,15–18]. By contrast, there has been little focus on probing MMT as 

a carrier for RNA molecules for therapeutic purposes. A large body of work in recent years 

has shown that small RNAs such as those analysed in the current study can function in RNA 

interference (RNAi) therapy, which can be employed to inactivate mRNAs and other types 

of RNA molecules inside cells [42–47]. Such RNAi-based therapies have been used 

successfully to target mutant genes causing human genetic disorders as well as genes whose 

protein products are overexpressed inside cells [42–47]. In the current study we 

quantitatively assessed the binding of single-stranded and double-stranded RNAs to two 

major forms of MMT in aqueous solutions. The association of RNA 25mers, 54mers and 
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75–80 nt long tRNAs with homoionic Na-MMT was weak, even at clay concentrations as 

high as 3 mg/mL. Thus, despite the overall positive charge from the sodium ions on Na-

MMT, this monovalent cation was not sufficient to mediate the adsorption between MMT 

and the negatively charged RNAs. Furthermore, increasing the concentration of Na+ ions in 

the binding reactions did not improve RNA:clay interactions. In contrast to results with the 

monovalent cations, addition of Mg2+ modestly increased binding of dsRNAs and strongly 

promoted the association of all single-stranded RNAs to Na-MMT.

Adsorption of RNAs to Ca-MMT was much stronger than to Na-MMT, without inclusion of 

additional cations in the binding reactions (Fig. 5). Possible contributing factors to this 

difference is the smaller ion size and hydration energy of Na+ ions when compared to 

calcium or magnesium and also a reduced ability of Na+ to participate in cation bridging. Na
+ ions are not able to open up the interlayer space of MMT tactoids to the same extent that 

divalent cations can, thereby retaining fewer H2O molecules in the interlayer space [41 ] and 

this may be a contributing factor as well. It is possible that nucleic acids are limited in 

accessing the interlayer space when sodium is the exchangeable cation.

The strength of the interaction between ssRNA and Ca-MMT was also assessed using anion 

competition and displacement experiments. Sulfate ions were largely ineffective in these 

assays, but carbonate ions showed competitive and displacement activity, albeit only at high 

concentrations (100 mM) (Fig. 6). These data suggest that binding of RNAs to the clay is not 

likely to be disrupted significantly by the presence of small anions in complex solutions in 
vitro or in vivo. Although interactions between RNAs and the synthetic clay hydrotalcite 

could readily be monitored using mobility shift assays (Fig. 7A) [31], we were unable to 

assess RNA:montmorillonite complex formation using this method. Several changes were 

made to the electrophoresis gels and conductive media, including elimination of buffer 

components such as Tris known to interact with MMT [39,40] and addition of Mg2+ ions to 

the gel and electrophoresis buffer, but no loss of free RNA or gain of shifted higher 

molecular weight bands could be detected. It is unclear why the MMT complexes were so 

labile during electrophoresis. One possibility is that the clay and RNA have opposite charges 

and are drawn in different directions during electrophoresis, disrupting the complexes. 

However, we have observed that MMT can be loaded onto and separated on agarose gels, 

where it retains a net negative charge in standard TAE and TBE electrophoresis buffers (pH 

7.5–8.0) and migrates toward the positive electrode, similar to RNA and DNA (the clay 

particles were visualized by staining with methylene blue; LKL and GWB, unpublished).

Previous work established that Na-MMT has high affinity for small ssDNAs in the presence 

of divalent salts [7,34] and the current study demonstrates that this is also true for small 

ssRNAs. The precise reason that ssRNAs are able to bind more strongly than dsRNAs is not 

known and may involve factors such as the nucleic acid’s size, net charge, capacity for 

intercalation into the interlayer spaces between clay platelets, and ability to form bridging 

associations with Mg2+ and Ca2+ ions. The phosphodiester bonds and glycosidic linkages in 

single-stranded RNAs have more freedom of rotation than those in their double-stranded 

counterparts. In addition, both the negatively charged phosphates and the nitrogenous bases 

of nucleic acids have been shown to be capable of associating with montmorillonite [48–50]. 

It is likely that individual components of ssRNA such as phosphates and bases can be 
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oriented toward clay surfaces and cations in ways that are not possible for double-stranded 

RNA and this may contribute to the enhanced affinity. The 54mers used in this study, single-

stranded RNAStr8 and double-stranded RNALoop, have the same molecular weight and the 

same potential net charge of −54, but the ssRNA form bound much more strongly to MMT 

than the double-stranded form. Interactions between anionic polymers and clay have widely 

been speculated to occur via cation bridging [7,33]. These past reports and the current 

study’s data suggest that total charge and size are not major factors and imply that the 

potential for forming bonds with divalent metal ions, especially via cation bridging, is the 

most important determinant of binding affinity for small RNAs.
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Fig. 1. 
Schematic representations of the different types of nucleic acids used in the study. (A) 

Oligonucleotide 25mer names are listed on the left side and single-stranded (ss) or double-

stranded (ds) structure is indicated on the right side. Double-stranded 25mers were prepared 

by annealing complementary single-stranded 25mers and confirming by gel electrophoresis. 

(B and C) Structural representations of 54mers and 75–80 nt transfer RNAs. The 54mer 

RNAStr8 cannot form stable secondary structures while the RNALoop 54mer naturally 

forms a 25 bp double-stranded stem region with a 4 nt ssRNA loop at one end.
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Fig. 2. 
Na-MMT centrifugation assays performed with ssDNA, ssRNA, dsRNA, and dsRNA 

25mers. (A) Binding of four nucleic acids to increasing concentrations of Na-MMT. The 

amount of DNA or RNA remaining free (unprecipitated) is plotted on each y-axis. (B and C) 

Impact of adding NaCl and MgCl2 on binding of nucleic acids to 0.5 mg/mL clay. (D) 

Percentage of free nucleic acids in the supernatant with and without 10 mM NaCl or 10 mM 

MgCl2.
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Fig. 3. 
Adsorption assays using RNAStr8 and RNALoop 54mers and Na-MMT. The percentage of 

free RNA remaining in the supernatant after centrifugation is shown in A-C. (A) The effect 

of adding increasing amounts of clay on RNA binding. (B and C) Impact of adding either 

NaCl or MgCl2 on binding of RNA to 0.5 mg/mL clay. (D) Comparison of the amounts of 

RNAStr8 and RNALoop that are bound at 0.5 mg/mL Na-MMT with or without NaCl or 

MgCl2.
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Fig. 4. 
Adsorption of complex tRNA molecules to Na-MMT. (A) Percentage of RNA remaining 

free when increasing amounts of clay are added to the binding reactions. (B) Assessment of 

binding to 0.5 mg/mL clay with and without addition of 10 mM NaCl or MgCl2.
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Fig. 5. 
Binding of small RNAs to homoionic Ca-MMT. (A) Measurement of free RNA remaining 

after incubation of 25mers and 54mers with Ca-MMT. (B) Effect of adding MgCl2 to Ca-

MMT:RNA binding reactions. (C and D) tRNA adsorption to Ca-MMT without additional 

metal cations and after addition of MgCl2.
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Fig. 6. 
Effect of inorganic anions on binding of ssRNA 25mer PvuRNA to Ca-MMT. (A and B) 

Centrifugation assays were performed to determine the ability of carbonate or sulfate anions 

to compete with ssRNA for binding to CaMMT. (C and D) Displacement of RNA from 

RNA:Ca-MMT complexes upon addition of carbonate or sulfate ions.
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Fig. 7. 
Electrophoretic mobility shift assays can readily monitor formation of RNA:HT complexes 

but not RNA:Ca-MMT complexes. Assays were performed using 3.5% agarose gels and 

ssRNA 25mer PvuRNA. (A) Addition of increasing amounts of hydrotalcite (HT) to 200 ng 

ssRNA leads to disappearance of the free RNA band as HT:RNA complexes are formed. (B-

D) In contrast to results with HT, MMT:RNA complex formation could not be monitored 

using conventional Tris-borate (TB) or other electrophoresis buffers such as sodium borate 

(SB).
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