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Nucleic acids have been considered interesting molecules to be used as biopharmaceuticals for the treatment of
various diseases, in gene therapy strategies. In particular, RNA arises as the most promising approach because it
does not require access to the nucleus of cells to exert its function; however, it is quite challenging due to its
labile nature. To increase the possibility of translating RNA-based technology to clinical protocols, the bio-
manufacturing of RNAs has been intensively exploited in the last few years. However, the standard RNA puri-
fication processes remain time-consuming and present limitations regarding recovery yield and purity. This work
describes the functionalization of chromatographic silica-based supports with four ionic liquids (ILs) composed
of functional moieties that can promote distinct interactions with nucleic acids. After an initial screening to
evaluate the binding and elution behavior of nucleic acids in the IL-based supports, SSi[C3Csnu2Im]Cl has shown
to be the most promising for further purification assays. This support was studied for the RNA purification from
different samples (clarified or more complex) and has shown to be highly effective, for all the conditions studied.
Generally, it is here presented a new method for RNA isolation in a single step, using an IL-based chromato-
graphic support, able to eliminate the usage of hazardous compounds often included in standard RNA extraction

protocols.

1. Introduction

Therapies based on nucleic acids are emerging as personalized
medicine, with great potential for treating numerous diseases, especially
those caused by gene defects. Gene therapy or DNA/RNA vaccination is
based on the administration of nucleic acids as biopharmaceuticals
aiming to correct genetic defects or induce an immune response [1,2]. In
recent years, RNA gained more relevance due to the identification of an
increasing number of biological roles, including regulatory and enzy-
matic functions. RNA presents high potential to be explored as a
biomarker for the diagnosis of certain diseases or as a pharmaceutical
agent, regulating the levels of numerous proteins involved in different
cellular processes.

In order to study and understand RNA functions and perform
biochemical, biophysical, and genetic studies, sample preparation is
required, and most techniques are still in development [3]. The
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available methods are mostly adequate for molecular biology proced-
ures, but if it is intended the preparation of RNAs for therapeutic pur-
poses, other challenges must be overcome since methods must be
improved in accordance with the product requirements [2,4-6]. RNAs
have been obtained through different procedures, such as in vitro syn-
thesis, chemical synthesis, and recombinant production [7]. FDA has
already approved the first two methods, however, recombinant pro-
duction is more capable of retaining the structure, function, and safety
properties of natural RNAs and also offers more perspectives for large-
scale production [3,5]. Nevertheless, this production method makes it
crucial to isolate and purify the target nucleic acids from all cellular
impurities, like cell debris, endotoxins, proteins, and host DNA or RNA.
In this sense, chromatography arises as the method of choice for the
purification of biomolecules. Chromatography allows isolating different
high value products based on the physical-chemical differences that can
be exploited on the interaction with chromatographic ligands. The most
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used chromatographic methods are ion-exchange, ion-pairing, reversed-
phase and gel filtration. However, these methods are time-consuming
and the general performance still present limitations regarding the re-
covery yield and product purity [5,8-10]. Therefore, new chromato-
graphic supports with better selectivity, robustness, and reproducibility
are in great demand. In this field, Ionic Liquids (ILs) arise as promising
compounds to be explored as alternative chromatographic ligands.

ILs are essentially organic salts that, in contrast with common elec-
trolytes, are liquid at lower temperatures due to their high charge dis-
tribution and low lattice energy. By being constituted of ions, ILs have an
enormous versatility of chemical structures, being thus considered task-
specific compounds [11-13]. If properly designed, ILs present some
outstanding features, including low volatility, non-flammability,
adequate viscosity, high solvation ability, and excellent chemical,
thermal and electrochemical stabilities [11,12,14]. The ILs usage has
been extended to many fields of industry like chemistry, electrochem-
istry, nanotechnology, medicine, material production, power engineer-
ing, biotechnology, among others [13,15]. In the last two decades, ILs
have been used in liquid chromatography in three distinct ways: as
additives of the mobile phase, as the stationary phase itself, or as ligands
of the stationary phase [16-18]. Our research group recently developed
a preparative chromatographic process for the effective purification of
nucleic acids using an IL-functionalized support [4]. Nonetheless, these
types of supports still need to be improved regarding their selectivity
and performance at recognizing specific molecules in preparative
chromatography [19,20].

This work describes the synthesis of novel chromatographic supports
(spherical silica - SSi) modified with four different ILs: 1-methylimida-
zole (SSi[C3C1Im]Cl), N,N-dimethylbutylamine (SSi[N3114]Cl), N,N-
dimethylethylenediamine (SSi[N3112nvu2]Cl), and 1-(3-aminopropyl)
imidazole (SSi[C3C3np2Im]Cl). The respective molecular structures are
provided in Fig. 1. The SSi[C3C;Im]Cl presents the same IL ligand pre-
viously studied by our research group [4]; SSi[C3C3np2Im]Cl is similar
but contains an amine group that is intended to contribute to a more
effective or specific interaction with the nucleic acids. SSi[N3114]Cl and
SSi[N3112nm2]Cl present alkyl chain lengths of different size, with SSi
[N311o8g2]Cl also presenting an amine group. Among these four
different supports, which vary in functional groups, it was expected to
select the most interesting for RNA purification strategies. These silica-
based-ILs (SILs) were further evaluated regarding the RNA binding and
elution profiles, in order to explore their multimodal capability. After
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this initial screening, further chromatographic assays were performed in
AKTA Avant® using the best-performing support for the purification of
RNA.

2. Materials and methods
2.1. Materials

Silica gel spherical (75-200 pm) was from Supelco and hydrochloric
acid (purity 37%) from Sigma-Aldrich (St. Louis, Missouri, USA).
Toluene (purity 99.98%) and ethanol (purity 99.99%) were acquired
from Fisher Scientific (Massachusetts, USA), methanol (purity < 98%)
from Fisher Chemical (Waltham, USA), and (3-chloropropyDtrime-
thoxysilane (purity 98%) and 1-methylimidazole (purity 99%) from
Acros Organics (Geel, Belgium). N,N-dimethylbutylamine (purity 99%)
and 1-(3-Aminopropyl)imidazole (purity 98%) from Aldrich (St. Louis,
Missouri, USA), and N,N-Dimethylethylenediamine (purity 97%) was
acquired from Alfa Aesar (Massachusetts, USA).

Tryptone and yeast extract were both from Bioakar (Beauvais,
France), glycerol from Himedia, dipotassium hydrogen phosphate
(K2HPO4) from Panreac (Barcelona, Spain), potassium dihydrogen
phosphate (KHyPO4) from Sigma-Aldrich (St. Louis, Missouri, USA),
“Luria-Broth Agar” from Pronalab (Mérida, Yucatan, Mexico) and
kanamycin from Thermo Fisher Scientific Inc. (Waltham, USA). Guani-
dine thiocyanate, N-Lauroylsarcosine sodium salt, sodium citrate and
isoamyl alcohol were from Sigma-Aldrich (St. Louis, Missouri, USA),
isopropanol was from Thermo Fisher Scientific Inc. (Waltham, USA),
and p-mercaptoethanol from Merck (Whitehouse Station, USA). All so-
lutions were prepared with Milli-Q water treated with 0.01% of diethyl
pyrocarbonate (DEPC) from Sigma-Aldrich (St. Louis, Missouri, USA).
Molecular weight marker and Green-Safe were purchased from Grisp
(Porto, Portugal). The Cell Proliferation Kit I (MTT) was from Merck
(Darmstadt, Germany). “Dulbecco’s Modified Eagle’s Medium/Nutrient
Mixture F-12” (DMEM-F12) was from Sigma-Aldrich (St. Louis, Mis-
souri, USA), fetal bovine serum (FBS) was from Gibco, Life Technologies
(USA), and penicillin-streptomycin was from Grisp (Porto, Portugal).

2.2. Synthesis and characterization of IL-based supports

2.2.1. Ligands immobilization
For the functionalization of the silica support, it was first performed
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Fig. 1. Schematic representation of the chemical reactions performed for the functionalization of the silica supports with ILs, and corresponding molecu-

lar structures.
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the activation of spherical silica gel (5 g) with hydrochloric acid (HCI)
37 % for 24 h. After this, the activated silica was washed with large
volumes of distilled water, until pH reached the pH of the distilled water
(approximately 7), and then dried at 100 °C in an incubator. In a second
step, 5 g of activated silica were added to 60 mL of toluene (solvent of
the reaction) and 5 mL of (3-chloropropyl) trimethoxysilane. The sus-
pension was refluxed at 95 C, and 500 rpm for 24 h. After this, the in-
termediate material (SSi[C3]Cl) was filtered and washed sequentially
with 100 mL of toluene, 200 mL of ethanol/H50 (1:1), 500 mL of H,O
and 100 mL of methanol and dried at 60 °C. Then, 5 g of SSi[C3]Cl were
added to 60 mL of toluene and a certain volume (adapted from Qiu et al.
[21]) of the reacted compound to originate the cation of interest. For
example, adding 1-methylimidazole in toluene reflux to the intermedi-
ate support SSi[C3]Cl, will result in the SSi[C3C1Im]Cl. The strategy was
similar for all the synthesized supports, as represented in Fig. 1. The
mixture was left to react for 24 h, at 110 °C and 500 rpm. The resultant
materials were finally filtered and washed sequentially with 100 mL of
toluene, 350 mL of methanol, 300 mL of H,O and 150 mL of methanol,
and then dried at 60 C.

2.2.2. Support characterization

The prepared materials (four SILs and the intermediate support)
were characterized by elemental analysis, solid-State 3C nuclear mag-
netic resonance spectroscopy (CPMAS-NMR) and Point Zero Charge
(PZC). The content (weight percentage) of carbon, hydrogen and ni-
trogen in the materials was determined by elemental analysis, using the
equipment Truspec 630-200-200, whereas the sample was burned at
1075 °C. For solid state 13C NMR, each material was analyzed with the
equipment Bruker Avance III 400 MHz (DSX model) using 4 mm BL
cross-polarization magic angle spinning (CPMAS) VTN probes at 100.6
MHz, at room temperature. In order determine the point where the zeta
potential is zero, a residual amount of support was resuspended in water
and then the zeta potential was measured at the different pH values.

2.3. Nucleic acid production

Production of nucleic acids was performed in Escherichia coli DH5a
(E. coli) previously transformed with the plasmid pBHSR1-RM contain-
ing the sequence of human pre-miRNA29b, or in non-transformed
strains, when the host biomolecules were required. E. coli was
cultured in a plate with solid medium “Luria-Broth Agar” (LB-Agar)
supplemented with 50 pg/mL of kanamycin, overnight, at 37 ‘C. Then,
cultures were performed in “Terrific Broth” medium (TB): 12 g/L of
tryptone, 24 g/L of yeast extract, 5.5x10° M of glycerol, 0.017 M of
KH,PO4 and 0.072 M of KoHPO,. Pre-culture medium was inoculated
with E. coli from the plaque and incubated at 37 C, with 250 rpm of
shaking. Optical Density (OD) was measured at 600 nm, using a spec-
trophotometer Pharmacia Biotech Ultraspec 3000 UV/Visible (Cam-
bridge, England), until OD reached 2.6. The culture was then inoculated
from the pre-culture, to initiate at an OD of 0.2. The growth was kept for
8 h and lastly centrifuged at 3900 g, 4C, for 10 min, and cell pellets were
stored at —20 C. Since the E. coli culture was carried out for 8 h (late
exponential phase), the RNAs that are found in higher quantity are
mainly smaller RNAs such as 6S RNA, tRNA, and other non-coding RNAs
that range from 50 to 300 bases in size. If we intend to have ribosomal
RNA, we would need to perform an E. coli culture of about 3 h corre-
sponding to the early exponential phase [22].

2.4. RNA extraction

RNA extraction was performed by the method of acid guanidinium
thiocyanate-phenol-chloroform as described previously by our research
group [4,22]. Firstly, the E. coli pellets were resuspended with 5 mL of D
Solution (4 M guanidinium thiocyanate, 0.025 M sodium citrate pH 7,
0.5 % sodium N-lauroylsarcosinate and 0.1 M B-mercaptoethanol) and
incubated in ice for 10 min. After this, 0.5 mL of 2 M sodium acetate pH
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4 and 5 mL of phenol were added to the suspensions, being carefully
homogenized at each step. Then, 1 mL of a mixture of chloroform/iso-
amyl alcohol (49:1) was added followed by vigorous shaking and in-
cubation in ice, for 15 min. The suspensions were centrifuged at 10,000
g for 20 min at 4 C. Two aqueous phases were formed, being the upper
phase enriched in RNA, which must be very carefully transferred to new
tubes, avoiding DNA contamination (from the bottom phase). To these
new tubes, 5 mL of isopropanol were added to precipitate RNA, which
was recovered by centrifugation at 10,000 g for 20 min at 4 ‘C. RNA
pellets were dissolved in 1.5 mL of D Solution, and then 1.5 mL of iso-
propanol, followed by centrifugation at 10,000 g for 10 min at 4 C. The
resultant pellets were resuspended in 2.5 mL of 75 % ethanol in DEPC
water, incubating the samples at room temperature for 10-15 min, fol-
lowed by a centrifugation at 10,000 g for 5 min at 4 ‘C. The pellet was
then dried for 5-10 min at room temperature. Finally, RNA pellets were
dissolved in 1 mL of DEPC treated water and incubated at room tem-
perature for 10-15 min. The concentration of RNA was measured in the
Nano Photometer (IMPLEN, United Kingdom) and integrity of the
samples was verified by 1% agarose gel electrophoresis, being the
samples stored at —80 C.

2.5. Total nucleic acids extraction

For the extraction of all nucleic acids from E. coli cells, the protocol
was initiated with chemical lysis as described previously by our research
group [4]. Pellets were resuspended in 5 mL of D Solution (same
composition as above), allowing the disruption of cells. Then, the lysis
tubes were incubated in ice for 10 min, following a centrifugation at
16,000 g for 30 min at 4 C. The supernatant was recovered and mixed
with 5 mL of isopropanol. The tubes were incubated in ice for 30 min
and then centrifuged at 16,000 g for 20 min at 4 ‘C. After discarding the
supernatant, 2.5 mL of 75 % ethanol-DEPC were added to each tube
followed by room temperature incubation for 10 min. A centrifugation
at 16,000 g for 5 min at 4 C was performed, the supernatant was dis-
carded, and the pellets were air-dried for 10 min. Pellets were suspended
in 2 mL of DEPC treated water and incubated in a 60 C water bath for 10
min, and finally centrifuged at 16,000 g for 30 min at 4 C, being the
supernatant recovered. The concentration and integrity of the samples
was assessed as described in the previous topic.

2.6. Screening of RNA binding/elution profiles with different supports

For the screening of RNA behavior in terms of binding and elution to
the different supports, each one of the synthesized materials was packed
in a column. For this, each support was added to the column until it
reached 2 cm of height. All the supports were washed with large vol-
umes of water and then closed with a filter, keeping the support always
hydrated. To determine the best binding and elution conditions,
different gradients were studied, to mainly exploit electrostatic or hy-
drophobic interactions. To mainly favor electrostatic interactions, the
columns were first equilibrated with 10 mL of 10 mM Ky;HPO4/KHoPO4
pH 8, allowing it to empty by gravity flow, followed by injection of
approximately 30 pg of low molecular weight RNA. Binding step was
favored by applying 10 mL of the same buffer (10 mM KoHPO4/KH2PO4
pH 8), collecting fractions of 1 mL for further analysis. The elution was
carried out by adding 10 mL of 1.5 M NaCl in 10 mM Ky;HPO4/KH2PO4
pH 8, also collecting the fractions of 1 mL for further evaluation. For the
second strategy, intended to mainly promote hydrophobic interactions,
the exactly same protocol was performed, however 1.5 M (NH4)2SO4 in
10 mM K3;HPO4/KH2PO4 pH 8 was used as binding buffer and 10 mM
KoHPO4/KH2PO4 pH 8 as elution buffer. At the end of each assay, col-
umns were washed with DEPC treated water, and the absorbance of all
the fractions was measured in the Nano Photometer (IMPLEN, United
Kingdom).
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2.7. Selectivity for nucleic acids (RNA vs DNA)

The separation of different nucleic acids (DNA and RNA) was studied
for the support that showed better results in the screening experiments.
These chromatographic assays were performed in the equipment AKTA
Avant® with the software UNICORNTM 6.3 (GE Healthcare Biosciences
Uppsala, Sweden) aiming at achieving the best process control and
performance. The SSi[C3C3ng2Im]Cl support was packed in a HiScale 16
column (Cytiva, Sweden) with 16 mm diameter x 10 mm of height.
Before each chromatographic assay, the column was equilibrated with a
10 mM K;HPO,4/KH2PO4 (pH 8) solution previously filtered and soni-
cated, using a flow rate of 1 mL/min. After equilibration, RNA or lysate
samples were independently injected in a 100 pL loop. Completed the
binding step, it was applied a stepwise gradient of increasing salt con-
centration up to 1.5 M of NaCl in 10 mM Ky;HPO,4/KH,PO4 (pH 8), in
order to analyze different retention patterns and eventual species sep-
aration. A final step with higher salt concentration was performed,
whenever it was needed, to guarantee the total elution of the sample. All
experiments were performed at room temperature. Absorbance of eluted
species was continuously monitored at 260 nm. The fractions of the
elution peaks were recovered and further desalted and concentrated
with concentrators Vivaspin 10000 Da (Vivascience) until reaching 100
pL, being lastly analyzed by agarose gel electrophoresis. To guarantee
the reproducibility between experiments and maintain the performance
of these supports, it is imperative to establish an effective regeneration
protocol, that allows the elution of any species strongly retained. For
that, a solution of 0.2 M of sodium hydroxide (NaOH) was added to the
support in order to remove any residues of sample, followed by a solu-
tion of 0.5 M of HCl for the replacement of the counterion (Cl’) in the
matrix. After every regeneration protocol, the supports were washed
with large volumes of DEPC treated water.

2.8. Molecular docking

The intermolecular interactions between SSi[C3CsngoIm]Cl and
DNA/RNA were analyzed using molecular docking. The computational
analysis was performed using the methodology applied by Nunes and co-
workers [23], with protocol modifications to nucleic acids analysis. The
bind score of DNA/RNA with the ligand (IL cation from SSi[C3C3np2Im]
Cl material) was calculated using the AutoDock Vina 1.1.2 program
[24]. The chemical structure of ligand was created using Discovery
Studio v21 (Accelrys, San Diego, CA, USA) and Chem3D-MM2 protocol
was used to minimize the energy of the molecule. Macromolecular
crystal structures were obtained from the PDB database (DNA: 1AOI and
RNA: 1KXK), and used to prepare the receptor input files by removing
protein, water and ligand molecules, merging nonpolar hydrogen atoms,
adding partial charges, and adding atom types. Then, ligand and re-
ceptors docking input files were converted into.pdbqt files using Auto-
DockTools (ADT) [25]. The coordinates at the center of DNA grid box
were 6.799 x 92.705 x -4.085 and RNA grid box were —24.215 x
47.786 x 141.754 (x-, y-, and z-axes, respectively). The grid dimension
for DNA was 60 A x 70 A x 50 A and for RNA was 60 A x 60 A x 60. The
binding model with the lowest docking score for each receptor was
obtained using the following configuration: exhaustiveness = 100,
num_modes = 10 and seed = 100.

2.9. Circular Dichroism (CD) spectroscopy

Circular Dichroism (CD) experiments were performed in a Jasco J-
815 spectropolarimeter (Jasco, Easton, MD, USA), using a Peltier-type
temperature control system, to verify the nucleic acids structural sta-
bility. CD spectra were acquired at a constant temperature of 20 °C using
a scanning speed of 50 nm/min, with a response time of 1 s over
wavelengths ranging from 200 to 320 nm. The recording bandwidth was
of 1 nm with a step size of 1 nm using a quartz cell with an optical path
length of 1 mm. Three scans were recorded per spectrum to improve the
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signal-to-noise ratio and the spectra were smoothed by using the noise-
reducing option in the operating software.

2.10. Eukaryotic cell culture and cytotoxicity assay (MTT)

Normal human dermal fibroblasts (hFIB) were used for the cyto-
toxicity evaluation. Cells were cultured in DMEM-F12 medium supple-
mented with 10 % FBS heat inactivated and 1 %
penicillin—streptomycin. The cytotoxicity effect of the different supports
was evaluated using the Cell Proliferation Kit I (MTT) assay. To this end,
hFIB cells at passages 1020 were seeded at a density of 1x10* cells per
well in a 96-well plate and 24 h after, the cell culture medium was
replaced by new medium, and the different supports, in different
quantities, namely 25 pg, 50 pg and 100 pg, were placed in contact to the
cells. MTT assay was performed at 24 and 48 h. The medium was
replaced by a mixture of 100 pL of medium and 10 pL of MTT reagent,
and cells were incubated during 4 h at 37 C in a humidified atmosphere
containing 5 % CO,. Following incubation, the medium was removed,
and 100 pL of dimethyl sulfoxide (DMSO) were added to each well and
the plate was placed in agitation for about 15 min for crystals solubili-
zation. The absorbance measurements were performed in a microplate
reader at 570 nm. All experiments were repeated three times. For
cytotoxicity positive control, the cells were treated with 70 % ethanol.
All cytotoxicity experiments were repeated three times using indepen-
dent culture preparations. The data are expressed as mean + standard
error. Quantitative data were statistically analyzed by One-Way Analysis
of Variance (ANOVA), followed by pair-wise comparisons using Dun-
nett’s test. “*” indicate significant difference versus untreated cells.

3. Results and discussion
3.1. Synthesis and characterization of SILs

All SILs were prepared by a two-step reaction process, summarized in
Fig. 1, and then were characterized by elemental analysis, solid-State
13C nuclear magnetic resonance (CPMAS-NMR) spectroscopy, and
Point Zero Charge (PZC). Elemental analysis was carried out to deter-
mine the carbon, hydrogen, and nitrogen content of the prepared SILs
and the intermediate material, whose results are provided in Table 1. SSi
[C3]Cl does not present nitrogen, being in accordance with the expected,
since this was just the intermediate material of the two-step reaction.
This result also supports the absence of IL organic moieties in this ma-
terial. Contrarily, it is confirmed the presence of the three analyzed el-
ements, and particularly the nitrogen content, in all the synthesized SILs,
proving that the studied ILs were efficiently immobilized on the silica
surface. By considering the chemical structure of each ligand, the stoi-
chiometry of the reaction with a yield of 100% and their respective
molar mass, it was calculated the percentage of theoretical content (%
TC) and the adjusted percentage without considering the silica content
(%CS) for these supports. By the determined ratio of %CS/%TC pre-
sented in Table 1, it is clear that all four synthesized SILs were, in fact,
efficiently functionalized onto the silica support as the values of this
ratio regarding the nitrogen element are very close to 1 (ranging from
0.92 to 0.97). Additionally, the ligand density was determined, in which
reproducibility in the functionalization process is seen since the value
obtained with SSi[C3C;Im]Cl is in accordance to previous works [4].
Moreover, SSi[C3C1Im]Cl has shown to be more efficiently functional-
iZEd, followed by SSi [N3112NH2] Cl, SSi [C3C3NH21IH] Cl and SSi [N3114] Cl

The successful preparation of SILs was additionally confirmed
through solid-state 3¢ Nuclear magnetic resonance (CPMAS-NMR). The
results obtained are represented in Fig. 2, showing the chemical struc-
tures of the intermediate SSi[C3]Cl and the modified SILs. The corre-
sponding carbons are designated for each respective chemical shift in
the spectra (based at the estimation given by ChemDraw Software,
licensed to the University of Aveiro by PerkinElmer Download Center).
Concerning the SSi[C3]Cl spectrum, three peaks at 9, 27 and 47 ppm are
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Table 1

Elemental analysis and ligand density results for each material. Comparison between real sample (%CS) and theoretical percentages (%TC) is provided.
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Support Element Real content (weight Content in Sample Theoretical Content %CS/% Ligand Density (mmol of immobilized ligand
fraction %) ° (%CS) (%TC) TC per g of matrix) "
SSi[C3]1Cl C 4.637 76.886 83.721 0.918 -
H 1.394 23.114 16.279 1.420
N - - - -
§Si[C3C;Im] Cl C 6.86 63.636 67.742 0.939 0.846
H 1.55 14.378 9.677 1.486
N 2.37 21.985 22.581 0.974
$Si [C3Canu2Im] C 8.189 64.249 64.671 0.993 0.698
Cl H 1.623 12.734 10.180 1.251
N 2.934 23.017 25.150 0.915
SSi[N3114] Cl C 5.64 73.822 75.524 0.977 0.507
H 1.29 16.885 14.685 1.150
N 0.71 9.293 9.790 0.949
SSi [N3112nm2] C1 C 6.121 62.483 63.636 0.982 0.700
H 1.712 17.477 15.152 1.154
N 1.963 20.040 21.212 0.945
# Results obtained from elemental analysis.
b Determined by Q = (% weight fraction of Nitrogen)/(1.4 x Number of nitrogen atoms).
i CH, : f ,\\
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Fig. 2. CPMAS-NMR spectra of SSi[C3]Cl (blue) and the prepared SILs: SSi[C3C;Im]Cl (orange); SSi[C3Canu2Im]Cl (yellow); SSi[N3114]Cl (grey); SSi[N3112nm2]CL
(green). It is presented the chemical structure of these compounds and the respective >C NMR estimations given by the ChemDraw Software, in which the cor-
responding carbons are designated for each respective chemical shift in the spectra. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

assigned to the three carbons of the propyl alkyl chain. The spectrum of
SSi[C3C1Im]Cl shows the carbon peaks assigned to the imidazolium ring
at 123 and 137 ppm (C4 and C5), of the methyl chain at 37 ppm (C6),
and of the propyl chain at 10, 24 and 52 ppm (C1-C3). It is possible to
compare SSi[C3C1Im]Cl and SSi[C3C3nu2Im]Cl spectra, since they pre-
sent the characteristic carbon peaks of the imidazolium ring (C4 and
C5); however, the SSi[C3Csny2Im]Cl spectrum differs significantly from
20 to 50 ppm by the presence of additional peaks regarding the intro-
duction of the propylamine group (C6-C8). The spectrum of SSi[N3114]Cl
shows the peaks assigned to the carbons of the propyl chain (C1-C3) at
around 9, 20 and 66 ppm, the carbon of the methyl chains (C4) at 50
ppm and lastly the carbons of the butyl chain (C5-C8), at 13, 17, 24 and
64 ppm. The CPMAS-NMR spectra of SSi[N3;114]Cl and SSi[N3112nm2]1Cl
are quite similar, especially for the carbons of the free methyl chains
(C4) around the cation. The main difference is regarding the influence of

the introduction of an additional amine group and the difference be-
tween the length of the alkyl chain since, in the latter, there is a decrease
in the number of carbons (ethyl chain) and, consequently, the number of
peaks in the spectrum (C6 and C5 at 43 and 56 ppm).

Zeta potential measurements were performed to study the surface
charge of the IL-based materials. Data from the zeta potential mea-
surements as a function of pH for the synthesized SILs are provided in
the Supporting Information (Figures S1-S4). It was determined the point
of zero charge (PZC), which corresponds to the pH value at which a solid
particle in suspension exhibits zero net electrical charge on its surface,
showing the following trend: SSi[N3j1onm2]Cl < SSi[N3314]Cl < SSi
[C3C1Im]Cl < SSi[C3C3np2Ilm]Cl (Fig. 3). It is possible to conclude that
all four synthesized SILs display higher PZC values than the starting
silica (PZC of 3, value obtained from a previous work [26]), confirming
the successful silica functionalization with the ILs. The presence of a
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Fig. 3. Zeta potential values for each synthesized SIL.

cation in SILs confers a positively charged surface at higher pH values to
these supports, influencing the PZC values. Moreover, imidazolium-
based SILs present higher PZC values, meaning that for the typical
working buffers (pH between 6 and 8), these supports will display a
positive net charge which can enhance the interactions with the nega-
tively charged nucleic acids.

3.2. Cytotoxic effect of synthesized supports

Considering the main objective of developing new chromatographic
supports to be used in the purification of biomolecules with potential
application as biopharmaceuticals, it is of importance to test any cyto-
toxic effect these ligands might present. Since sometimes ligand leaching
might occur, so it is of foremost importance to guarantee the safety of
the supports used in biopharmaceuticals purification. In this sense, the
colorimetric assay MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide) was used for the assessment of human fibroblasts
(hFIB) viability in the presence of SSi[C3C;Im]Cl, SSi[C3C3nu2Im]Cl, SSi
[N3114]Cl, and SSi[N3112nu2]Cl, at three different quantities (25, 50 and
100 pg) of support. Through the analysis of Fig. 4, representing the MTT
results at 24 and 48 h (A and B, respectively) of the culture of hFIB in the
presence of the four SILs, it is ensured that these ligands did not induce
any cytotoxic effect on these cells, except for 100 pg of SSi[N3114]Cl in
which cells viability was below 80 % after 48 h, thus presenting cyto-
toxicity in these conditions.

It should be emphasized that ligand leaching is not expected to occur
since the IL ligand is bound covalently to the support, and in the pos-
sibility of occurrence, it would not reach the amounts tested in this
assay. This fact reinforces the safety of any of these supports for bio-
pharmaceuticals purification and is in accordance with other studies
regarding ILs cytotoxicity [27].

3.3. Screening of RNA binding/elution conditions

Aiming at characterizing the interaction profile of RNA with the
prepared supports, several binding/elution studies were initially per-
formed at different conditions. In order to study different types of in-
teractions, we manipulated the buffer’s conditions (type of buffer, salts,
ionic strength, or pH) to evaluate the binding and elution capacity in
each case. For example, to promote mainly electrostatic interactions for

the binding, we started with a low salt concentration in which the
negatively charged nucleic acids will interact with the positively
charged IL-based ligand, as the working buffer pH is established to be
below the determined PZC of the IL ligand to guarantee the positive
charge of the ligand and the interaction. Then, we increased salt con-
centration using NaCl, in which the ions will compete with the bound
molecules and allow their elution. On the contrary, to promote mainly
hydrophobic interactions, we started with high salt concentration, using
(NH4)2S04, in which the biomolecules establish hydrophobic in-
teractions with the ligand. Then, by decreasing the salt concentration,
the water molecules rearrange around the bound molecules, thus dis-
favoring the interaction and promoting elution [28]. Therefore, to
evaluate the RNA binding behavior in conditions that can mainly favor
electrostatic interactions, the binding step was established with 10 mM
KoHPO4/KH,POy, while the elution step was accomplished with 1.5 M
NaCl in 10 mM KoHPO4/KH3PO4 pH 8.0 in order to increase the ionic
strength of the buffer. In this case, if the support is positively charged,
the RNA could have the ability to first interact and then elute when the
salt concentration increases. For the supports under evaluation and
considering that at pH 8.0 they can present some positive character
(except for the SSi[Ns112nu2]Cl), it would be expected the RNA inter-
action with the SILs. The RNA binding and elution results were analyzed
by absorbance measurement at 260 nm (data not shown), calculating
then the percentage of unbound or eluted RNA in each chromatographic
step. Thus, the performance of all prepared SILs to retain/elute a re-
combinant small RNA sample was addressed, whose results are pre-
sented in Fig. 5.

For all the functionalized supports, most of RNA is retained and it is
only eluted by increasing the ionic strength. With SSi[C3Csnu2Im]Cl, SSi
[N3114]Cl, and SSi[N3112onm2]Cl, the RNA sample was totally bound to
the column, eluting around 68% to 100% of the RNA with the increased
salt concentration. With SSi[C3C;Im]Cl the interaction was not total, but
all bound RNA was recovered with 1.5 M of NaCl. Such interactions are
expected given the IL chemical structure, especially regarding its posi-
tively charged amine group. Additionally, by the PZC results depicted in
Fig. 3, it is inferred that for pH 8.0, the condition established for the RNA
binding, the SSi[C3C3nyg2Im]Cl support presents more positive charges
at the surface than the SSi[C3C;Im]Cl. In accordance, this support (SSi
[C3C3np2Im]Cl) promoted a stronger RNA binding, resulting in a
decreased recovery, being required higher concentrations of NaCl to

A s B Fig. 4. Cellular viability (MTT assay) of human fi-
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SiLs 48h broblasts after 24 (A) and 48 h (B) incubation with the
1251 125+ ax different supports. Untreated cells (C) and ethanol
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o
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Fig. 5. Schematic representation of the binding and elution assays performed with the synthesized supports.

elute all the bound RNA (data not shown) comparatively to the SSi
[C3C1Im]Cl. However, regarding the global results for the supports not
possessing the imidazolium group, this was not verified, meaning that
additional interactions can occur between RNA and these ligands.

To demonstrate if these IL-based ligands behave as multimodal
moieties, the RNA binding behavior was studied under conditions that
mainly favor hydrophobic interactions, to investigate further which
non-covalent interactions are mainly responsible for the RNA retention
onto these supports. For this, the RNA binding step was defined as 2 M
(NH4)2SO4 in 10 mM KyHPO4/KH,PO4 pH 8.0, while the elution step
was accomplished with 10 mM KoHPO4/KH,PO4 pH 8.0 in order to
decrease the ionic strength of the buffer. When these conditions were
favored, the supports SSi[C3C1Im]Cl, SSi[C3C3nu2Im]Cl, SSi[N3114]Cl,
showed higher ability for RNA binding, contrary to what was observed
with SSi[Nsj1onm2]Cl that only retained half of the injected RNA.
Moreover, in the supports SSi[C3Csng2Im]Cl, SSi[N3114]Cl, and SSi
[N31128m2]Cl, it was verified that the bound RNA did not elute by
decreasing the ammonium sulphate concentration. In contrast, with SSi
[C3C1Im]CI almost all bound RNA was recovered in these conditions.
Since the decrease in the ionic strength to 10 mM K;HPO4/KH2PO4 (pH
8) was not an efficient condition for the RNA recovery from the majority
of the SILs in study, this might suggest that other interactions rather than
hydrophobic interactions are involved, as it was foreseen before. The
elution with the KsHPO4/KH,PO4 buffer (pH 8) was intended to mini-
mize the hydrophobic interactions established, but at the same time, this
condition can favor the electrostatic interactions, thus not being enough
for the recovery of loaded RNA. Actually, in the previous experiments
performed with conditions promoting electrostatic interactions, RNA
binding was achieved when using KoHPO4/KH,PO4 buffer, supporting
this result. To further explore the possibility of recovering the bound
RNA, a second elution step was included in the gradient, using 1.5 M
NaCl in 10 mM K;HPO4/KH2POy4, pH 8. In this step, it was verified the
effective elution of the majority of bound RNA. This chromatographic
behavior, where different interactions, namely hydrophobic and elec-
trostatic interactions, occur between the RNA and the prepared SILs, is
often associated with ligands possessing a multimodal character. This is
characterized by more than one form of non-covalent chemical inter-
action occurring between the specific ligands immobilized onto the
stationary phase and the target molecules [29]. According to the
chemical structure of SSi[C3C1Im]Cl, which possesses both an imida-
zolium functional group and a positively charged cation, it would be
expected the establishment of both hydrophobic and electrostatic

interactions (among others) with RNA. Moreover, the SSi[C3CsyyaIm]
Cl, which differs from the previous SIL by the introduction of an amine
group in the imidazolium, is prone to present a more hydrophobic and
electrostatic feature, being the interaction with RNA stronger than with
the original SSi[C3C;Im]Cl, in both conditions. With this specific chro-
matographic support, when favoring hydrophobic interactions, the
binding was so effective that decreasing or removing the (NH4)2SO4
from the buffer was not enough to promote the elution of RNA, and
actually the RNA % in column outlet was extremely low. By using the
(NH4)2S04 in the binding buffer, RNA interacts with the ligands mainly
by hydrophobic interactions. However, when removing this salt from
the buffer other type of interactions are established preventing the RNA
elution. After the binding step with 1.5 M of (NH4)2SO4, we tested 2 M of
NaCl for the elution and the recovery increased to 15% (data not
shown). For this reason, the recovery was only possible when increasing
the NaCl concentration. This is an interesting result that also proves the
multimodal behavior of this support.

Regarding the SSi[N3114]Cl, it also proved its multimodal capacity,
due to the good binding properties when both electrostatic and hydro-
phobic interactions were favored. This ligand, at pH 8, presents a posi-
tive charge pivotal for the interaction established with the negatively
charged RNA, when electrostatic interactions were favored. Addition-
ally, when analyzing the hydrophobic interactions promoted by the SSi
[N3114]Cl support, it is possible to conclude that the main contribution is
from the alkyl chains. In regard to the SSi[N3;1onvu2]Cl, where an amine
group was added to the last SIL and the alkyl chain was shortened, it can
be concluded that both hydrophobic and electrostatic interactions were
highly affected since not only the surface charge of this SIL was
decreased but also the interaction with RNA under hydrophobic condi-
tions was unfavorable.

Overall, by using the prepared supports to interact with RNA, it was
found a multimodal behavior for most of the ligands (SSi[C3C1Im]Cl, SSi
[C3C3nu2Im]Cl, and SSi[N3114]Cl), what can be highly desirable to find
selectivity and achieve an effective separation of nucleic acids. The main
advantage is the possibility of exploiting different interactions and dis-
tinguishing between nucleic acid species. Moreover, the binding pattern
in both ionic and hydrophobic conditions may allow the selection of
milder binding/elution buffers, which brings additional benefits for the
process and the isolated products, with positive environmental impact
(for example, by using sodium chloride instead of ammonium sulfate).
Accordingly, the purification performance of the nucleic acids was
further evaluated under conditions that favor electrostatic interactions.
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Besides, based on these initial screening assays, SSi[C3C;Im]Cl, SSi
[C3C3np2Im]Cl, and SSi[N3;14]Cl seemed to be the most promising
supports for further purification assays. Since SSi[N3;14]Cl demon-
strated some cytotoxicity and SSi[C3C1Im]Cl has already been tested by
the group and proven to show good selectivity between gDNA and RNA
[4], the SSi[C3C3nu2Im]Cl was identified as the most relevant support to
be further explored. This support was then applied in the selective
separation of nucleic acids (gDNA and RNA) from complex bacterial
mixtures, and the results were analyzed in terms of selectivity and
reproducibility.

3.4. Separation between nucleic acids

After the screening assays, the SSi[C3C3nu2Im]Cl was packed in a
chromatographic column (GE Healthcare, Uppsala, Sweden), and the
experiments were conducted in an AKTA Avant® system under the
control of Unicorn 6 software (GE Healthcare, Uppsala, Sweden) at room
temperature (ca. 25 °C).

The retention profile of RNA was initially investigated, by perform-
ing a chromatographic assay, in the conditions previously established
(Figs. 6 and 7, Assay 1 - Pink). All the RNA sample interacted with the
ligand, being eluted only with the increase in salt concentration to 1.5 M
of NaCl, which was in accordance with the previous screening assays.
After this, it was intended to study the chromatographic profile of DNA
to evaluate its interaction behavior with the SSi[C3C3np2Im]Cl support
and infer the possible selectivity towards RNA. An E. coli DH5a lysate
sample, initially composed of genomic DNA (gDNA) and RNA, was
treated with RNase to evaluate the chromatographic profile of gDNA
(Figs. 6 and 7, Assay 2 - Purple). The injection of this gDNA-containing
sample, using the same gradient, resulted in a chromatogram showing a
peak in the flowthrough; however, it was not possible to visualize any
band corresponding to the gDNA upon analyzing the respective chro-
matographic fractions in the agarose gel electrophoresis (Fig. 7, FT).
Thus, it was concluded that this peak did not correspond to any nucleic
acid form. In the elution step, with 1.5 M of NaCl, a small peak was
obtained that corresponded to the residual RNA of the initial lysate
sample, which was not completely digested by RNase (Fig. 7, P). Still,
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gDNA was not observed in the agarose gel, meaning that it was strongly
bound to this ligand and was not eluted during the chromatographic
assay. In order to understand the chromatographic profile and identify
the species eluting in the flowthrough (first peak), additional experi-
ments were performed. Considering that the initial sample was a com-
plex lysate, other contaminating biomolecules could be present in the
sample. Thus, a protein quantification assay was carried out through the
Bradford method, but the results did not reveal the presence of proteins
in these fractions (data not shown). Afterward, the UV spectra of this
peak revealed a maximum absorbance at 230 nm. With this result, it is
suggested that other impurities from the lysate sample were eluting at
the binding step conditions, such as organic solvents used during the
extraction procedure (guanidinium thiocyanate) that were not
completely removed.

To further confirm the capacity of the SSi[C3C3ny2Im]Cl support to
separate gDNA and RNA from complex samples, a lysate sample was
directly loaded onto the column (Figs. 6 and 7, Assay 3 - Red). The
chromatographic profile was similar to the one obtained in the previous
assay, with a first peak appearing in the flowthrough and the elution of
RNA with higher salt concentration. Also, in this case, the elution of
gDNA was not verified in none of the peaks (confirmed by the absence of
the corresponding band in the electrophoresis), proving the strong
interaction of this biomolecule with the support. The performance of the
support to isolate RNA was also analyzed in more complex samples. For
this, it was loaded onto the SSi[C3Csnu2Im]Cl, a sample containing
gDNA, supercoiled plasmid DNA (sc pDNA), open circular pDNA (oc
pDNA), and RNA (Figs. 6 and 7, Assay 4 — Green). The results revealed
that all DNA species present a strong interaction with the IL-based
ligand, being totally retained in the column.

These results are of interest when compared to the previous work of
our research group [4], in which the support MP-SilPrMImCl (macro-
porous support with the 1-methyl-3-propylimidazolium chloride IL as
ligand) successfully separated RNA from DNA. In that work, the reten-
tion profile of nucleic acids was similar to the one observed in the pre-
sent study, meaning that RNA eluted first and DNA eluted lastly by
increasing the salt concentration. The main difference between the
previous MP-SilPrMImCl and the novel SSi[C3Csnp2Im]Cl support

------------------------- - 100
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Fig. 6. Representative chromatograms of the assays performed in SSi[C3Csnu2Im]Cl. The binding was favored with low salt concentration followed by a stepwise

gradient and a washing step (not shown).
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Fig. 7. Agarose gel electrophoresis of the fractions recovered from the assays represented in Fig. 6. S-Sample, P-Peak, FT-Flowthrough.

studied here the presence of an amine group bound to the imidazolium
ring through an alkyl propyl chain. This functional group is responsible
for an even stronger interaction with DNA, resulting from both hydrogen
bonding and electrostatic interactions [30]. This interaction mechanism
justifies the higher interaction between this support and DNA,
comparatively to what was observed with MP-SilPrMImCl, in which
increased salt concentration was enough to elute the bound DNA. Given
the similar structure between MP-SilPrMImCI and the SSi[C3C3ny2Im]
Cl, it would be expected that the support tested in this work could also be
applied to more complex samples.

It should be noted that in studied lysate extractions, there were not
used hazardous and toxic organic solvents like phenol and chloroform,
which are usually used for standard RNA extraction protocols [31]. By
purifying these more complex samples with a simple, rapid and robust
chromatographic procedure, it is possible to effectively separate RNA
from gDNA and eliminate organic compounds that were present in the
initial sample and could eventually compromise RNAs stability.

3.5. Molecular docking analysis

The initial screening revealed the influence of the solvent on the
interaction between silica-based supports and nucleic acids. However, to

understand the differential affinity of DNA and RNA towards SSi
[C3C3nu2Im]Cl observed experimentally, it is crucial to analyze the
specific interactions responsible for nucleic acid selective separation.
Therefore, molecular docking analysis was employed to identify the
binding interactions of both complexes (SSi[C3C3snpg2Im]Cl-DNA and SSi
[C3C3nu2Im]CI-RNA). The intermolecular interactions between SSi
[C3C3nu2Im]Cl and DNA/RNA were predicted using molecular docking.
The docking scores, types of interaction, and geometry distances (A) of
the SSi[C3C3ny2Im]Cl-DNA/RNA complexes are reported in the Sup-
porting Information (Table S1). Fig. 8 shows the binding pose of SSi
[C3C3nu2Im]Cl with the lowest docking score on the DNA/RNA surface.
The results demonstrate that SSi[C3C3nu2Im]Cl bind with higher dock-
ing score with DNA (-7.1 keal.mol 1) in comparison with RNA (-6.6 kcal.
mol™)), and hydrogen bond interactions were the only interactions
observed in both complexes. However, the SSi[C3C3npg2Im]CI-DNA
complex displays a higher hydrogen bond ability compared to SSi
[C3C3nuoIm]Cl-RNA. Moreover, SSi[C3C3nu2Im]CI-DNA interactions
occurred with Thymidine, Guanosine, and Adenosine, while SSi
[C3C3nu2Im]CI-RNA interactions were observed with Guanosine and
Adenosine (Fig. 8). The interactions from SSi[C3C3ny2Im]Cl to DNA (6
interactions) come from the ligand alkyl chain, aromatic ring, amine and
hydroxyl group to oxygens of DNA. On the other hand, 4 non-covalent

B

Fig. 8. Docking pose with the lowest score (kcal.mol 1) and 2D interaction diagram for: (A) SSi[C3C3nu2Im]Cl -DNA and (B) SSi[C3C3n2Im]Cl -RNA complexes.
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bonds from SSi[C3Csnu2Im]Cl were identified, all from the ligand amine
group to RNA. The molecular docking analysis of ILs with nucleic acids
were previously reported by Singh and co-workers [32], showing that all
ILs studied display high ability to promote hydrogen bonding with
nucleic acids. The authors have concluded that the primary driving force
behind the stabilization of the IL-DNA complex is due to polar in-
teractions, specifically hydrogen bonding. Thus, the hydrogen bond
ability of SSi[C3C3ngoIm]Cl with nucleic acids seems to be the major
driving force behind the selective behavior in separating DNA and RNA.
Additionally, it should be noted that hydrophobic and electrostatic in-
teractions may also occur simultaneously on the structure of DNA/RNA
due to the solvent used as an elution buffer.

3.6. Circular Dichroism analysis of RNA

In order to evaluate the integrity and stability of RNA samples after
the purification assays, CD spectra were obtained for the RNA purified
with the SSi[C3Csnp2Im]Cl support. Typical RNA CD spectra are char-
acterized by having two main ellipticity peaks: a maximum at approxi-
mately 265 nm (positive band) and a minimum at approximately 210
nm (negative band) [33]. In Fig. 9, the RNA spectrum is represented in
purple line, and it is possible to verify the two characteristic bands at
265 and 210 nm. The RNA spectrum from a purified fraction obtained
with SSi[C3Csnu2Ilm]Cl is represented in red line, in which it is possible
to observe the CD profile’s maintenance, demonstrating that RNA
structure is maintained after purification.

4. Conclusion

This work described the functionalization of commercial silica with
four ILs acting as multimodal ligands to prepare innovative chromato-
graphic supports. After synthesizing and characterizing the materials,
their ability to interact and separate different nucleic acids was studied
in preparative liquid chromatography. In particular, four SILs (SSi
[CgCllm] Cl, SSi [C3C3NH21H1] Cl, SSi [N3114] Cl, and SSi [N3112NH2] Cl)
were synthesized and characterized by elemental analysis, CPMAS-NMR
and Point Zero Charge (PZC). All the prepared materials were success-
fully functionalized, and their surface was positively charged at pH 7,
being the SSi[C3Csnu2Im]Cl, the support with a higher PZC value.
Concerning the cytotoxicity assays performed with these prepared SILs,
it was possible to ascertain that these ligands did not induce any cyto-
toxic effect on human fibroblasts cells, except for the use of 100 pg of SSi
[N3114]Cl, in which cells viability was below 80 %. Despite this fact, this
would not be a concern since leaching of the ligand is not expected to
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Fig. 9. CD spectra (200 — 320 nm) of RNA collected from the purification as-
says with SSi[C3C3np2Im]Cl.
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occur during the purification assays, much less in these tested
concentrations.

With the initial screening of binding and elution of RNA samples for
each synthesized support, it was possible to verify the multimodal
behavior in 3 of the 4 ligands, since they could establish multiple in-
teractions with RNA, when electrostatic or hydrophobic conditions were
used. After this screening, the SSi[C3C3nu2Im]Cl was chosen for further
RNA purification, as this support showed to be the most promising not
only for RNA binding but also considering the recovery and the possi-
bility to exploit RNA interaction in milder conditions. This support was
then applied in the selective separation of nucleic acids (DNA and RNA)
from complex bacterial mixtures, leading to noteworthy results
regarding selectivity and reproducibility. Furthermore, the RNA purified
with this multimodal ligand attained a significant purity level, without
detecting residual proteins and organic compounds. Furthermore, high
integrity of RNA was achieved, as ascertained by CD spectroscopy.

The most interesting fact achieved with the SSi[C3C3np2Im]Cl sup-
port was that upon the loading of different mixtures of DNA and RNA,
using gradient conditions that could favor electrostatic interactions, it
was verified that all DNA species remained strongly bound onto the
column and were not eluted. Bound DNA was most likely removed
during the regeneration since the reported results were very reproduc-
ible for at least 5 chromatographic cycles before proceeding to the
regeneration. Interestingly, this support can be easily regenerated with
NaOH and HCI aqueous solutions to be reused, being highly reproduc-
ible and without compromising its separation performance. By using this
chromatographic ligand, other impurities that are still present in lysate
samples, such as organic solvents used in the extraction procedure
(guanidinium thiocyanate), could be eluted separately from the RNA.
Therefore, the designed purification technique is highly promising for
the purification of RNA samples. Overall, the obtained results contribute
towards designing more sustainable purification techniques of nucleic
acids, avoiding the use of hazardous extraction solvents. Since the SSi
[C3C3np2Im]Cl acts as a multimodal ligand, this type of chromato-
graphic support deserves to be investigated for the purification of
different RNA species (coding or non-coding RNAs), with potential use
as biopharmaceuticals. Besides, it would be interesting also to consider
this support as a potential substitution of the standard RNA extraction/
purification protocols and consequently eliminate phenol/chloroform
usage. Additionally, it would definitely be of interest the study of these
resins for purification of PCR products since an efficient separation was
observed between larger (gDNA and pDNA) molecules that were
retained in the column and much smaller molecules (low molecular
weight RNA). Considering the simple and straightforward conditions
used for the RNA separation, this protocol could easily be performed in
bench columns and thus contribute to implementing greener processes
for RNA preparation.
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