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ARTICLE INFO ABSTRACT
Keywords: Recent research highlights RNA’s therapeutic potential in nucleic acid-based therapies. However, effective RNA
RNA-based therapeutics recovery and purification remain challenging due to similar impurities affecting therapeutic outcomes. Tradi-

RNA capture

Carbon materials
Adsorbents
Solid-phase extraction

tional RNA isolation methods are often slow, inefficient, and involve toxic reagents. Carbon-based materials offer
a promising alternative as adsorbents for nucleic acids due to their excellent mechanical and chemical properties.
This study describes an efficient, simple, and cost-effective method for RNA recovery from complex Escherichia
coli extracts using carbon materials with different structures and surface modifications. RNA adsorption and
desorption screening experiments were performed using different carbon materials. N-doped CNTs (CNT-N-o0x)
and carbon nanofibers (CNF-ox), both oxidized with HNO3, showed RNA adsorption capacities of 42 % and 55 %,
respectively, also allowing effective RNA desorption (81 % and 72 %, respectively). Additionally, the materials
demonstrated reusability, maintaining RNA adsorption capacity over four cycles. The selectivity of the materials
enabled a simple method to recover RNA free from DNA contamination by performing three consecutive cycles.
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Moreover, no contaminating protein was found in the recovered sample. The analysis by circular dichroism also
revealed that RNA maintained its integrity and stability when recovered from these materials. Overall, the study
demonstrates the potential of carbon materials for efficient RNA capture and pre-purification.

1. Introduction

RNA-based therapeutics have become a rapidly growing field with
exciting progress in different areas and targeting different diseases [4].
In recent years, new biological roles were discovered, encompassing
regulatory and enzymatic functions. As such, RNA has become a po-
tential biomarker for the diagnosis of certain diseases or a pharmaceu-
tical agent, modulating the expression levels of pivotal proteins involved
in diverse cellular mechanisms [8].

RNAs can be obtained by different methods, namely, by in vitro
transcription (enzymatic production), chemical synthesis, and recom-
binant production. Among these procedures, recombinant production
can stand out as a cost-efficient process with significant potential for
large-scale production. It also demonstrates superior performance in
preserving RNAs’ structure and biological functions, potentially
reducing the risk of immunogenic responses [4,5,8]. Regardless, RNA
capture and purification processes are critical as they serve as the
starting point for the development of high-quality biopharmaceutical
products [20]. In addition, maximizing RNA recovery yield is another
major challenge as it is intended to end up with a final RNA sample in
high quantity and free of impurities. Considering a biotechnological
process, which can offer higher productivity levels, the diversity of
biomolecules arising from the producer host creates additional chal-
lenges. Upon cell lysis, the resulting material comprises only 21 % of
total RNA, whereas 55 % consists of proteins, and 3 % of pDNA [32].
Historically, strong denaturants have been used in RNA isolation [33].
For example, the conventional method for RNA isolation relies on a
combination of guanidinium thiocyanate, phenol, and chloroform, as
established by Chomczynski and Sacchi in 1987 [9]. This mixture sep-
arates into two phases, with the total RNA remaining in the upper
aqueous phase, while DNA and proteins remain in the interphase or
lower organic phase. Although obtaining high yields and purity, this
method is often laborious and requires the use of toxic reagents and
organic solvents to achieve the separation [1]. Another approach for
RNA purification, which is commonly employed in most commercially
available kits, involves adsorption techniques using silica-based mem-
branes in the presence of chaotropic salts. This method is popular due to
its simplicity, speed, and efficiency [36]. However, silica-based mem-
branes exhibit a high affinity for both RNA and DNA. The strong inter-
action with DNA is due to the negatively charged DNA backbone, which
is attracted by the positively charged silica particles [34]. As a result,
without additional steps, DNA can be a significant issue during RNA
purification. To address this, many commercial kits include DNase
treatment to selectively degrade and remove contaminating DNA,
ensuring the purity of the RNA. Nevertheless, the effectiveness of DNase
can vary, and additional optimization may be required in some protocols
to achieve the desired RNA purity. Moreover, residual DNase itself can
become a contaminant, causing difficulties in the process. Many
methods are being developed to circumvent the various challenges of
RNA purification, but new perspectives should be envisioned to find
more efficient procedures and support market demand.

The use of carbon-based adsorbents for solid-phase extraction (SPE)
emerges as a highly promising method to overcome these obstacles [33].
These materials exhibit a range of favorable characteristics, such as a
high specific surface area-to-volume ratio, exceptional mechanical
strength and durability, and versatile electrical and thermal conductiv-
ity [6]. These properties render them exceptionally well-suited as ad-
sorbents, and they are being studied for a wide range of applications.
They prove effective in removing hazardous substances from industrial
wastewater [12,27,28], and have also been studied as drug delivery

systems and nanosensors [19]. In particular, carbon nanotubes (CNTs)
have gained well-deserved popularity in this field due to their excellent
adsorptive capabilities, emerging as a promising option worthy of
further study for the capture of nucleic acids, particularly RNA [14].

This study, presentes a straightforward approach for capturing and
recovering RNA from bacterial lysate samples using carbon nano-
materials. This procedure is characterized by its simplicity, and effec-
tiveness, avoiding the need to employ any hazardous organic solvent.
Various carbon nanomaterials were harnessed to selectively capture
RNA from complex bacterial lysates, taking advantage of the structural
differences between RNA and DNA. It was also comprehensively char-
acterized the adsorption capacity through Langmuir adsorption iso-
therms, optimizing desorption processes and confirming the materials’
reusability. Finally, RNA integrity post-procedure was validated by
circular dichroism analysis.

This innovative method not only promises efficient RNA capture but
also underscores its versatility, further advancing the field of nucleic
acid extraction and purification.

2. Materials and methods
2.1. Materials

Different carbon nanomaterials were employed to perform the solid
phase dispersive extraction method (d-SPE) for RNA capture and re-
covery. Carbon nanofibers (CNF) were synthesized via catalytic chemi-
cal vapor deposition (CVD) using a ternary oxide catalyst and ethylene
as the carbon source in a fluidized bed reactor, as previously described
[30]. CNF sample was purified using hydrochloric acid (37 wt%, HCI,
Sigma-Aldrich) for 12 h.

Pristine carbon nanotubes (CNT-P) were synthesized by a catalytic
CVD process in a fluidized bed reactor using ethylene as the carbon
source at 650 °C, as described elsewhere [26]. Then, CNT-P sample was
purified using 50 vol% of sulfuric acid (99.9 wt%, H3SO4, Sigma-
—Aldrich) at 120 °C for 3 h.

For nitrogen-doping, CNT-P sample was exposed to acetonitrile/Ny
flow thermal treatment at 650°C. The resulting material was labelled as
CNT-N.

Posterior oxidation for CNT-N and neat CNF was performed with
nitric acid (65 wt% HNOs3, Sigma-Aldrich) at 120 °C for 3 hours under
reflux. After cooling, the suspensions were washed with distilled water
until neutral pH and dried at 130 °C for 12 h. Finally, the resulting
materials were designated as CNT-N-ox and CNF-ox, respectively.

The specific surface areas (Sggr) of the carbon materials were ob-
tained by Ny adsorption-desorption isotherms at —196 °C using a
Quantachrome Nova 4200e apparatus. The Sggt for CNF-ox and CNT-N-
ox obtained were 103 + 5 m? g ! and 115 + 5 m? g™}, respectively.

The diameter of CNT-P and CNF was determined by transmission
electron microscopy using a TEM-FEI Tecnai-G2-20-FEI 2006 micro-
scope, being 20 and 70 nm, respectively.

The different adsorption and desorption/regeneration experiments
performed in this work required the use of several reagents, namely
ammonium sulfate ((NH4)2SO4), Tween-20 (CsgH114026), sodium hy-
droxide (NaOH), sodium chloride (NaCl) commercialized by Panreac
(Barcelona, Spain), Triton X-100 (C;6H2602) from Thermo Fisher Sci-
entific Inc. (Waltham, USA) and tris(hydroxymethyl)aminomethane
(Tris) from Merck (Darmstadt, Germany). All solutions were prepared
with ultrapure deionized water and purified with Merck Millipore’s
Milli-Q® system (Burlington, MA, USA).

For E. coli DH5a growth, "Luria-Bertani" (LB) agar medium from
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Pronalab (Mérida, Mexico), yeast extract and tryptone from Biokar
(Beauvais, France), glycerol from Himedia (Einhausen, Germany), po-
tassium hydrogen phosphate (K;HPO4) from Panreac (Barcelona,
Spain), potassium dihydrogen phosphate (KHoPOj4) from Sigma-Aldrich
(St. Louis, Missouri, USA) and the antibiotic kanamycin from Thermo
Fisher Scientific Inc. (Waltham, EUA) have been used.

For nucleic acids extraction, the reagents used were guanidine
thiocyanate, N-Lauroylsarcosine sodium salt, sodium citrate, and iso-
amyl alcohol from Sigma-Aldrich (St. Louis, Missouri, USA), isopropanol
from Thermo Fisher Scientific Inc. (Waltham, USA), p-mercaptoethanol
from Merck (Whitehouse Station, USA). All mentioned solutions were
prepared with 0.05 % diethyl pyrocarbonate treated water (DEPC) from
Fluka, Sigma-Aldrich (St. Louis, Missouri, USA). For plasmid DNA
extraction, the NZYMaxiprep kit from NZYTech Genes and Enzymes
(Lisbon, Portugal) was used. For the lysate preparation by alkaline cell
lysis, solution A composed of Tris from Merck (Darmstadt, Germany)
and EDTA from Sigma-Aldrich (St. Louis, Missouri, USA); solution B
composed of NaOH and SDS from Panreac (Barcelona, Spain); and so-
lution C with potassium acetate from Panreac (Barcelona, Spain) were
previously prepared.

To verify the integrity and purity of the nucleic acids in the elec-
trophoresis, 1 % agarose gel electrophoresis was used with GRS Agarose
LE and Green Safe from Grisp (Porto, Portugal).

Dye Reagent Concentrate and bovine serum albumin (BSA) from Bio-
Rad (California, USA) were used for protein quantification.

2.2. Methods

2.2.1. Bacterial growth conditions and nucleic acids production

RNA and pDNA were obtained from an E. coli DH5«a culture previ-
ously transformed with the plasmid pBHSR1-RM, which contains the
sequence of human pre-miRNA29b and has a total size of 4065 base
pairs (bp) [24], as well as the plasmid pUC19, with a total size of
2686 bp, from Invitrogen (Waltham, USA). Bacterial growth was carried
out at 37 C using Terrific Broth medium (12 g/L tryptone, 24 g/L yeast
extract, 4 mL/L glycerol, 0.017 M KH3PO4, and 0.072 M K3HPO4) sup-
plemented with 50 pg/mL kanamycin. The growth was kept for 8 h for
low molecular weight RNA production or 16 h for pDNA production.
Cells were recovered by centrifugation at 3900 G for 10 min at 4C and
stored at —20C.

2.3. Low molecular weight RNA extraction

RNA extraction, yielding molecules ranging from 50 to 300 nucleo-
tides, was performed using the method of acid guanidinium thiocyanate-
phenol-chloroform [10]. First, the pellets previously stored at —20 ‘C
were thawed and resuspended in 0.8 % NaCl, followed by centrifugation
at 6000 G for 10 min at 4 C. After that, the supernatant was discarded,
and the resulting cell pellets were resuspended in 5 mL of solution D,
which corresponds to the denaturing solution, composed of 4 M guani-
dinium thiocyanate, 0.5 % sodium N-lauroyl sarcosinate, 0.025 M so-
dium citrate pH 7, and 0.1 M p-mercaptoethanol, and incubated on ice
for 10 min. The next step consists of adding 0.5 mL of 2 M sodium ac-
etate pH 4 and 5 mL of phenol to the suspensions and homogenizing very
carefully at each step. Then, a chloroform/isoamyl alcohol mixture
(49:1) was prepared, and 1 mL was added to the suspension, followed by
vigorous shaking and incubation on ice for 15 min. After centrifugation,
two aqueous phases are formed, the upper phase being rich in RNA,
while the bottom phase is rich in DNA. For this reason, the upper phase
should be transferred very carefully to new tubes to avoid possible
contamination with DNA. To these new tubes, 5 mL of isopropanol was
added to precipitate the RNA, and the suspension was centrifuged at 10,
000 G for 20 min at 4 C. After discarding the supernatant, RNA repre-
cipitation was performed by dissolving the RNA pellets in 1.5 mL of
solution D and then 1.5 mL of isopropanol, followed by centrifugation at
10,000 G for 10 min at 4 ‘C. The supernatant was discarded, and the
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resulting pellets were resuspended in 2.5 mL of 75 % ethanol in DEPC
water to wash the RNA. Next, the samples were incubated at room
temperature for 10-15 min to dissolve possible residual traces of gua-
nidinium. After that, the suspension was centrifuged at 10,000 G for
5 min at 4 ‘C. The supernatant was discarded, and the resulting pellets
were dried for 5-10 minutes at room temperature. Finally, the RNA
pellets were dissolved in 1 mL of DEPC-treated water and incubated at
room temperature for 10-15 min to ensure complete solubilization. RNA
concentration was measured using a Nano Photometer (IMPLEN, United
Kingdom), and RNA integrity was verified by agarose gel electropho-
resis. Then, the samples were stored at —80 C until the moment of use.

2.4. Plasmid DNA extraction

For pDNA extraction, the NZYMaxiprep kit (NZYTech, Portugal) was
used, according to the protocol provided by the manufacturer. The
protocol describes the purification of pDNA using an anion exchange
resin. The process involves alkaline lysis of bacterial cells, followed by
binding of pDNA to the resin under appropriate salt and pH conditions.
Impurities are removed during the washing step, and pDNA is finally
eluted with a high salt buffer. The resulting pDNA is then concentrated
through isopropanol precipitation. The final pDNA samples were
quantified using a NanoPhotometer (IMPLEN, UK), and the integrity of
the samples was verified by agarose gel electrophoresis, with the sam-
ples being stored at —20 °C.

2.5. Cell lysate extraction

To obtain a complex cell lysate extract composed of pDNA, gDNA,
RNA, and proteins, a modified alkaline lysis method was used, as pre-
viously described [11]. The bacterial pellets were resuspended in 10 mL
of solution A composed of 50 mM Tris-HCl, and 10 mM EDTA at pH 8.0,
and then the volume was divided into two new lysis tubes by adding
5 mL of solution B (200 mM NaOH and 1 % (w/v) SDS), followed by
5 min incubation at room temperature to promote cell lysis. To
neutralize the samples, 5 mL of solution C (3 M potassium acetate at pH
5.0) was added and incubated on ice for 20 min. Next, the tubes were
centrifuged twice at 20,000 G for 30 min at 4 °C to eliminate major
cellular debris, and the supernatant was stored at —80 °C until use.

2.6. Dispersive solid-phase extraction (d-SPE) of RNA using carbon
materials

In the present work, the d-SPE method was applied primarily for the
capture and recovery of RNA from complex E. coli lysates using different
carbon-based materials. For this purpose, an optimization of the
experimental parameters was required as an initial screening to deter-
mine the most influential factors affecting the performance of the
method. These parameters are described in detail in the "Results" sec-
tion. The bioseparation process was divided into 3 main steps: equilib-
rium step, adsorption step, and desorption step, as schematically
represented in Fig. 1.

In the equilibration step, 1 mg of each carbon material under study
was equilibrated with an appropriate equilibration buffer. For this,
different solutions were tested by adjusting the type and concentration
of salt and the pH to make a correct choice of the equilibrium buffer to
be used. After that, agitation was performed for 20 min with subsequent
centrifugation at 9000 G for 4 min to remove the aqueous phase.

In the adsorption step, the sample to be adsorbed/extracted, in this
case, enriched-RNA sample, was diluted in the equilibrium buffer and
subsequently applied to the carbon material. The mixture was kept in
agitation for 20 min at room temperature (approximately 25 C) to allow
the adsorption of the RNA to the carbon material. After that, an addi-
tional centrifugation at 9000 G for 4 min was performed to separate the
solid phase from the aqueous phase (supernatant). The recovery of this
supernatant is very important because it will allow us to evaluate the
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Fig. 1. Overview of the applied d-SPE method.

behavior and, consequently, confirm the efficiency of the RNA adsorp-
tion. Thus, the absorbance of the supernatant was measured using a
Nano Photometer (IMPLEN, UK), and an agarose gel electrophoresis was
performed.

Lastly, in the desorption step, an appropriate elution buffer was
applied to allow the recovery of the RNA that was adsorbed onto the
carbon material. Similar to the choice of equilibrium buffer, the elution
buffer required initial screening of different solutions, varying in salt
type and concentration, and pH. This mixture was agitated for 20 min
and then centrifuged at 9000 G for 4 min to recover the aqueous phase
containing the desorbed RNA. To assess the purity and integrity of the
RNA, agarose gel electrophoresis and circular dichroism spectrum
analysis were performed using Jasco J-815 spectropolarimeter (Jasco,
Easton, MD, USA). In parallel, to ensure the complete removal of the
elution buffer, 3 washes with deionized water were performed. Finally,
the carbon material was oven-dried at 37 °C for 24 h and stored for later
use. In order to recycle and reuse the carbon material for new RNA
adsorption/desorption cycles, different regeneration approaches were
adopted to study the most suitable regeneration strategy to be applied.

2.7. Adsorption experiments

For the adsorption isotherm studies, a small RNA (sRNA) sample
with different concentrations (10, 20, 30, 40, and 50 pg/mL RNA) were
used as a model. The samples were added to the carbon materials, and
the equilibrium time was fixed at 20 min, which was sufficient to adsorb
RNAs, according to the preliminary experiments. The absorbance at
260 nm was measured in a NanoPhotometer (IMPLEN, UK). The blank
used in the experiment was the equilibrium buffer. The amount of RNA
adsorbed was calculated from the measurement of the absorbance at
260 nm of the supernatants recovered after the adsorption step. Each
experiment was performed in triplicate under identical conditions. The
RNA adsorption at equilibrium, ge (mg/g), was calculated by the
equation:

qe:V*M 1)
m

where Cp and Ce are the initial and equilibrium concentrations of RNA
(mg/L) in solution, respectively; V is the volume of the solution (L), and
m is the mass of the adsorbent (g).

2.8. Agarose gel electrophoresis

The content of nucleic acids in the supernatants recovered after the
adsorption and desorption steps was evaluated by horizontal gel elec-
trophoresis using a 1 % agarose gel stained with 0.012 pL/mL of Green-
Safe. Electrophoresis was performed at 120 V for 30 min in TAE buffer
(40 mM Tris base, 20 mM acetic acid, 1 mM EDTA pH 8). The gels were
visualized and analyzed using ultraviolet (UV) light with the Uvitec
Cambridge Fire-Reader UV system (UVITEC Cambridge, Cambridge,
UK).

2.9. Circular Dichroism spectroscopy

Circular Dichroism (CD) experiments were performed to evaluate the
stability of the recovered RNA after the d-SPE procedure. The CD was
conducted in the Jasco J-815 spectropolarimeter (Jasco, Easton, MD,
USA), using a Peltier-type temperature control system and a quartz cell
with a 1 mm optical path. The CD spectra were obtained at a constant
temperature of 20°C, scanning speed of 50 nm/min, with a response time
of 1 sec within a wavelength range of 200-320 nm. The samples sub-
jected to CD analysis were the pure sRNAs (control) and the RNA sam-
ples recovered from carbon materials. All samples were prepared in
DEPC-treated water. Three scans were measured per spectrum to
improve the signal-to-noise ratio, and the spectra were smoothed using
the smooth tool in Origin 2021 software.

2.10. Total protein quantification

Standard Bio-Rad Protein Assay (Bio-Rad, California, USA) was used
to determine the total protein concentration present in the samples
recovered from the carbon materials after 3 consecutive cycles. For this,
a calibration curve was designed, using BSA as standard protein, in the
linear range of 0.05-0.5 mg/mL. Next, the dye reagent was prepared by
diluting 1 part of dye reagent to 4 parts of deionized distilled water, with
subsequent filtration to remove possible particulate material. Each
standard and sample solutions were prepared in a 96-well microplate, in
triplicate using 10 pL of sample and 200 pL of dye reagent. Then, the
absorbance of the microplate was recorded at 595 nm in an xMarkTM
Microplate Absorbance Spectrophotometer (Bio-Rad, USA), and the
amount of protein was calculated using the previously designed cali-
bration curve, shown in Supporting Information.
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3. Results and discussion
3.1. Screening of adsorption and desorption conditions

Carbon materials with different surface chemistry and textural
properties were evaluated as RNA adsorbents. These materials included
CNT-P, CNT-N, CNT-N-ox, CNF and CNT-N-ox. Different equilibration/
elution buffers, varying the ionic strength, were evaluated to find the
best conditions for the adsorption and desorption of RNA. Aliquots
containing 1 mg of each carbon material were prepared, and a model
sample of low molecular weight RNA (50 pg/mL) was diluted in the
respective equilibration buffer.

3.1.1. RNA adsorption

First, an equilibration buffer with low ionic strength (10 mM Tris-
HCI pH 8.0) was used to establish the conditions that can promote
electrostatic interactions if these forces are eventually present. Under
these experimental conditions, a considerably low RNA adsorption was
achieved for all carbon materials, and thus, no RNA recovery was
attained (results not shown). This phenomenon may occur due to the
lack of surface chemical groups on non-functionalized carbon materials.
On the other hand, treatment with HNO3 promotes the incorporation of
a large number of oxygen-containing species, especially carboxylic acid
functional groups (-COOH) [2]. Several studies reported in the literature
have shown that the carboxylic groups generated during the oxidation of
various carbon-based materials cause an increase in surface negative
charge, which, in this case, will not favor the interaction with RNA. In
2013, Hamilton and co-workers proceeded to oxidize the surface of
multi-walled carbon nanotubes (MWCNTSs) with HNO3 and measured
the zeta potential of both pristine oxidized MWCNTSs, obtaining the
values of —9.76 mV and —13.8 mV, respectively. The reason was that
the -COOH groups could generate the negatively charged COO™ species
due to the low isoelectric point, leading to a more negative surface [18].
On the other hand, the phosphate backbone of RNA has one negative
charge per residue, making RNA a highly negative charged molecule
[22]. As such, the lack of established electrostatic interactions can be
attributed to the electrostatic repulsion between the negatively charged
surface of the oxidized carbon-based materials and the negatively
charged RNA.

Afterwards, some changes were performed in the experimental
conditions, expecting to promote hydrophobic interactions. This was
accomplished by increasing the ionic strength in the equilibration
buffer, by adding 1.5 M of ammonium sulfate. As observed in Fig. 2, this
resulted in an increase in the adsorption of RNA across all the materials
studied. CNT-P enabled complete RNA adsorption, corroborating the
results previously obtained in the group with pristine MWCNTSs [14]. On
the other hand, unmodified CNF shows an adsorption capacity of merely
29.2 %. In parallel, the RNA adsorption capacity of carbon materials was

—~ 1001

RNA adsorption/desorption (%
a
o
L
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highly influenced by the surface chemistry. The surface of CNT-P is
highly hydrophobic, allowing for strong adsorption of RNA via -t and
hydrophobic interactions. Doping carbon nanotubes with nitrogen leads
to a change in the polarity and wettability of the material. Thus, the
introduction of these hydrophilic moieties implies a reduction of hy-
drophobic regions, thus compromising RNA capture through these in-
teractions. As can be seen in Fig. 2, there was a reduction of
approximately 23 % in the RNA adsorption capacity of the N-doped
CNTs in comparison with CNT-P. These results may be rationalized due
to the more polarized graphitic surfaces in CNT-N, as the presence of
nitrogen can significantly affect the = electron distribution on the sur-
faces of the materials. In 2014, a study by Arenal and co-workers
demonstrated that the nitrogen electrons became relatively localized
and disrupted local conjugation, reducing local n contributions [3].
Hence, this could help in understanding the low percentage of RNA
adsorption by CNT-N-ox (35 %), as the n-n interactions between the
material and RNA could be affected.

A curious result was obtained from the adsorption of RNA on CNF
and CNF-ox. Contrary to CNTs CNF-ox presented an increase in RNA
adsorption of 17 % when compared to carbon fibers without any surface
modification. In 2003, a study published by Pamula and co-workers
demonstrated that HNO3 oxidative treatment of carbon fibers resulted
not only in an increase in oxygen-containing functional groups on the
surface of the material but also in an increase in the microporosity of the
fibers [23]. This increase in the porosity of the CNFs may result in the
increase in RNA adsorption on CNF-ox. However, it is important to note
that, to the best of our knowledge, there are no reports in the literature
about the adsorption of nucleic acids to carbon fibers, so more studies
are needed on this subject.

Finally, it was observed that CNT-N-ox and CNF-ox exhibited higher
RNA desorption and recovery capacity than the untreated materials, and
for this reason, they were selected to proceed to the remaining assays.

3.1.2. Effect of ionic strength on RNA adsorption

Following the selection of hydrophobic interactions as the preferred
mechanism for promoting RNA adsorption to the studied carbon mate-
rials, the impact of ionic strength on RNA capture by CNT-N-ox and CNF-
ox materials was investigated. Typically, separation based on hydro-
phobic interactions involves the adsorption of hydrophobic molecules
using a mobile phase with high ionic strength. To investigate this effect,
the concentration of (NH4)2SO4 in the adsorption buffer was increased
to 2 M and to 2.5 M, both in 10 mM Tris-HCI pH 8. This allowed for a
comparative analysis with the initially employed buffer, which con-
tained 1.5 M (NHy4)2SO4 in 10 mM Tris-HCI pH 8. The results illustrated
in Fig. 3 demonstrate a general trend consisting of an increase in the
RNA adsorption capacity for both tested materials when increasing the
concentration of (NH4)2SO4, as anticipated. Particularly, raising the
concentration of (NH4)2SO4 to 2 M led to a moderate increase in RNA

E1 Adsorption
Desorption

0 =

CNT-P

CNT-N

CNT-N-ox

CNF CNF-ox

Fig. 2. RNA adsorption and desorption capacity of different carbon-based materials when hydrophobic interactions are promoted (1.5 M (NH4)2SO4 in 10 mM Tris-
HCI pH 8). The percentage of desorption was determined in relation to the corresponding RNA adsorption.
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Fig. 3. RNA adsorption capacity of CNT-N-ox and CNF-ox using buffers with different ionic strength.

adsorption, resulting in a 6.9 % increase for CNT-N-ox and 9.9 % in-
crease for CNF-ox. Considering these results, the concentration of 2 M of
ammonium sulfate in the adsorption buffer was established for further
studies.

3.1.3. RNA adsorption Isotherms

The analysis of adsorption isotherms holds significant importance as
it provides insights into the distribution of molecules between the liquid
and solid phases when the adsorption process attains equilibrium. This
information allows the characterization of the RNA adsorption capacity
of both materials. To investigate the adsorption isotherms, it was
maintained a constant solution volume (1 mL), a fixed amount of
adsorbent (1 mg), and a consistent contact time between the adsorbent
and adsorbate (20 min), while varying the initial RNA concentration
within the range of 10-50 ug/mL. According to Giles and co-workers,
the Langmuir isotherm is one of the best known and occurs in most
cases of adsorption [16]. According to this model, when the monolayer
coverage of the molecules on the adsorbent surface is completed without

interaction between the adsorbed molecules, this will be the maximum
adsorption capacity [16]. The Langmuir equation (Eq. 2) in
non-linearized form is represented by:

_ KL * Qmax * Ce

= 2
1+ K. =*C, 2

ge
where ge (mg/g) and Ce (mg/L) are the amount of RNA adsorbed at
equilibrium and RNA concentration at equilibrium (mg/L), respectively.
Qmax (mg/g) is the RNA maximum adsorption capacity, and K is the
Langmuir equilibrium constant (L/mg) that is related to the free energy
of adsorption and describes the affinity of the adsorbate for the adsor-
bent [17]. Fig. 4 depicts the adsorption isotherms of RNA on N-doped
CNTs oxidized with HNO3 and on carbon fibers oxidized with HNOs. The
experimental data are represented as symbols, and the Langmuir model
is represented by solid lines. The Langmuir parameters, as determined
through the fitting, are presented in Table 1.

Considering Table 1, when comparing the determination coefficients

30
25
@ 20
(@)

\E/ i
& 15 -
10

—— N-doped CNTs oxidized with HNO;,

1 —— Carbon fibers oxidized with HNO,
5 T y T y T y T y T y T y T ‘
0 5 10 15 20 25 30
Ce (mg/L)

Fig. 4. RNA adsorption isotherms when hydrophobic interactions are promoted (2 M (NH,4)»SO4 in 10 mM Tris-HCl pH 8). The green curve is representative of RNA
adsorption onto the CNT-N-ox, while the blue curve is representative of RNA adsorption onto the CNF-ox.
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Table 1

Langmuir parameters obtained by fitting the data in Fig. 4.
Carbon material R? Gmax (ng/g) Ky, (L/mg)
CNT-N-ox 0.9995 22.7 0.3907
CNF-ox 0.9884 30.8 0.3501

(R?), it can be concluded that this model proved to be quite adequate to
describe the RNA adsorption processes onto these materials, with an R2
of 0.99954 for the CNT-N-ox and an R? of 0.98455 for the CNF-ox. When
analyzing the isotherms of both materials (Fig. 4), CNT-N-ox showed a
Qmax Of 22.7 mg/g, while CNF-ox showed a superior gpq, value of
30.7 mg/g. The comparison of the maximum RNA adsorption capacity
of these materials with values obtained in other studies involving
nanoparticles for RNA adsorption, it is possible to observe that both of
these materials exhibit RNA adsorption capacities similar to those
studies (between 16 and 74.6 mg/g) [15,21,29]. While the adsorption
capacity of the materials in the study may be slightly lower, an advan-
tage lies in the ease of recovering the adsorbed RNA from these oxidized
materials. Additionally, these materials are capable of achieving effi-
cient capture of RNA in a simple and relatively rapid manner.

3.1.4. RNA desorption

The results indicated that exploring hydrophobic interactions was
the most suitable option to promote the adsorption of RNA over CNT-N-
ox and CNF-ox. The use of 10 mM Tris-HCI buffer at pH 8 was relatively
effective in recovering RNA from the materials (Fig. 2). However, to
provide a more comprehensive understanding of the potential for RNA
recovery from these materials, additional elution buffers were exam-
ined. These experiments involved altering both the buffer composition
and pH conditions. Specifically, the pH of the Tris-HCl buffer was raised
to pH 9, and conversely, a 100 mM Acetate buffer at pH 5 was employed.
Furthermore, surfactants, specifically 0.01 % Tween-20 and 0.2 %
Triton X-100, were also introduced.

Except for the use of the 100 mM acetate buffer pH 5, there was an
increase in the percentage of RNA desorption for both materials when
compared with the desorption obtained with the 10 mM Tris-HCl buffer
pH 8 (Fig. 5). A noticeable improvement in the desorption yield was
observed at higher pH values, such as pH 9. This can be attributed to
some differences in the ionization degree of all species involved in the
adsorption process, resulting in enhanced negative charge on both the
RNA and the polar groups of CNT-N-ox and CNF-ox. The increased
charge repulsion weakens the electrostatic interactions between the
negatively charged RNA and the adsorbent surfaces. While pH 8 is
commonly employed in RNA elution protocols, it may not generate
sufficient charge repulsion to fully release RNA from the adsorbent,
leading to lower desorption efficiency. For both materials, the best RNA
desorption was obtained with the 0.2 % Triton X-100 buffer, with
95.2% and 85.8 % of RNA recovery from CNT-N-ox and CNF-ox,
respectively. However, since the percentages of RNA desorption with
10 mM Tris-HCI, pH 9 (81 % for N-doped CNT-N-ox and 72.5 % for CNF-
ox) were not very different from the percentages obtained with Triton X-

100

Desorption (%)

CNT-N-ox

Colloids and Surfaces A: Physicochemical and Engineering Aspects 704 (2025) 135532

100, the Tris-HCI buffer was the selected condition, to avoid the incor-
poration of surfactants. With this strategy and avoiding the addition of
surfactants, it is most likely that the RNA integrity is preserved. More-
over, it is not expected a significant influence on the RNA adsorption
capacity when reusing these materials in new cycles due to the non-
specific adsorption of surfactants to carbon materials, as described in
the literature [25,35].

3.2. Reuse of carbon materials

The reusability of the CNT-N-ox and CNF-ox was also addressed.
Since almost complete RNA desorption was confirmed when the
appropriate elution buffer (10 mM Tris-HCl pH 9) was applied, it was
expected that after a new RNA capture cycle, the RNA adsorption ca-
pacity of the materials would be maintained or not be significantly
changed. Thus, the application of this RNA desorption buffer was eval-
uated as a desorption strategy and a regeneration procedure for the
materials under study. Therefore, for both materials, the previously used
RNA capture method was applied, and after the desorption, a washing
step was carried out with deionized water to repeat the adsorption/
desorption experiments over 4 cycles. The results of these assays for the
2 materials are shown in Fig. 6. Looking at Fig. 6, it can be concluded
that over the 4 cycles, there was a slight loss, of around 13 %, of RNA
adsorption capacity by the CNT-N-ox, which is considered a promising
result. On the other hand, some loss of RNA adsorption was observed
after the 1st cycle of CNF-ox, resulting in nearly a 30 % reduction in
adsorption capacity by the end of the 4th cycle. Thus, it is concluded that
despite some loss of capacity to capture RNA, both materials showed a
good capacity to be reused, making this process more efficient and
environmentally friendly. In this context, the attention turns to
exploring the feasibility of employing these materials for enhanced pu-
rification in the presence of a complex sample over several cycles, as
described in the preceding chapters.

3.3. Selectivity between RNA and pDNA

To evaluate the ability of the carbon materials to separate RNA from
impurities, selectivity assays between RNA and pDNA were performed
to understand the influence that the presence of pDNA may have on RNA
capture. For these experiments, 3 different ratios of RNA and pDNA were
prepared, namely 1:1 (RNA/pDNA), 1:2 (RNA/pDNA), and 2:1 (RNA/
pDNA). For this and considering the maximum RNA adsorption capac-
ities of the materials, the mixtures were prepared with the following
final concentrations: 20 pg/mL + 20 pg/mL (RNA/pDNA), 30 pg/mL +
30 pg/mL (RNA/pDNA), 20 pg/mL + 40 pg/mL (RNA/pDNA) and
20 pg/mL + 10 pg/mL (RNA/pDNA).

Considering the representative agarose gel electrophoresis of the
CNT-N-ox (Fig. 7), it was possible to observe that for all tested ratios,
part of the RNA is adsorbed while apparently most of the DNA remains
in solution. This preferential adsorption of the RNA can occur because
DNA is characterized by a compact structure with limited spatial

10 mM Tris-HCI, pH8

10 mM Tris-HCI, pH9

100 mM Acetate buffer, pH5
0.01% Tween-20

0.2% Triton X-100

BEERNA

Fig. 5. RNA desorption from CNT-N-ox and from CNF-ox, using different desorption solutions.
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Fig. 6. RNA adsorption capacity of CNT-N-ox and CNF-ox over 4 cycles, using the 10 mM Tris-HCI, pH 9 buffer for desorption between each reusability cycle. Values
were calculated with the data obtained from two independent measurements (mean + SD, n = 4).

20 pg/mL RNA/
20 pg/mL DNA

30 pug/mL RNA/
30 ug/mL DNA

20 pg/mL RNA/
10 pg/mL DNA

20 pug/mL RNA/
40 pg/mL DNA

Fig. 7. Agarose gel electrophoresis of RNA and DNA mixtures before and after capture with CNT-N-ox, using 4 different ratios. S — Initial sample; N — Non-adsorbed
fraction after incubation with CNT-N-ox; E — Species desorbed from CNT-N-ox. The plasmid pBHSR1-RM has 4.1 kbp, and the sRNA used ranges between 50 and 300

nucleotides.

availability of nitrogenous bases, contrary to RNA, which presents the
nitrogenous bases much more exposed, enabling a higher interaction
with the CNTs [31]. When analyzing the bands corresponding to the
desorbed fraction, it was clear that the bands corresponding to the RNA
were quite visible, while the DNA bands were practically unnoticed.
Even when a higher concentration of DNA is present in the sample
(40 pg/mL), the band corresponding to the RNA in the non-bound
sample was almost inexistent, inferring that there was selectivity of

pDNA

RNA

the CNT-N-ox towards RNA. Although the materials did not capture the
total RNA fraction, they considerably contributed to the clarification of
PDNA in the non-bound sample for all RNA/DNA ratios while recovering
an enriched sample of RNA in the desorbed fraction. In Fig. 8, which
represents the agarose gel electrophoresis for the CNF-ox, it was possible
to observe a very similar behavior to CNT-N-ox. It should also be noted
that for all the RNA and DNA ratios under study, there was a higher RNA
adsorption by the fibers, when compared with the CNTs, corroborating

——

20 pg/mL RNA/
20 pug/mL DNA

30 pug/mL RNA/
30 ug/mL DNA

20 pg/mL RNA/
40 pg/mL DNA

20 pg/mL RNA/
10 pg/mL DNA

Fig. 8. Agarose gel electrophoresis of RNA and DNA mixtures before and after capture with CNF-ox, using 4 different ratios. S — Initial sample; N — Non-adsorbed
fraction after incubation with CNF-ox; E — Species desorbed from CNF-ox. The plasmid pBHSR1-RM has 4.1 kbp, and the sRNA used ranges between 50 and 300

nucleotides.
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the results obtained for the maximum RNA adsorption capacity. Addi-
tionally, CNF-ox exhibited some nonspecific adsorption of pDNA when
compared to CNT-N-ox.

3.4. RNA adsorption from a lysate sample

To evaluate the performance of the materials in RNA capture and
recovery from a complex sample, as well as to investigate the selectivity
between RNA and other contaminating biomolecules, an E. coli lysate
transformed with plasmid pBHSR1-RM sample was used. In this case,
both materials were used over 3 consecutive cycles, i.e., the initial
sample used in the 1st cycle corresponded to the lysate sample, and then
the supernatant resulting from the 1st cycle was applied in a 2nd cycle,
and the sample resulting from the 2nd cycle was finally applied in a 3rd
cycle. The supernatants corresponding to each cycle were collected, as
well as the desorbed RNA fractions, for further analysis by agarose gel
electrophoresis and absorbance measurement, as shown in Fig. 9.

The analysis of the agarose gel electrophoresis of the experiment
performed in CNT-N-ox (Fig. 9A) revealed that compared to the initial
lysate sample (Fig. 9A S;), there was a decrease in the intensity of the
RNA band in the non-adsorbed fraction, after each cycle. More impor-
tantly, the analysis of the RNA bands corresponding to the desorbed
fractions (Fig. 9A Dy, Dy, D3), evidences the recovery of RNA after the 3
cycles without the presence of contaminating DNA. This result proved to
be highly promising as it enabled the immediate recovery of RNA,
without any DNA presence, just after the 1st cycle (Fig. 9A D;). This not
only underscores the selectivity of the material but also indicates an
apparent clarification of the recovered RNA, representing a remarkable
advance for the pre-purification of this biomolecule.

On the other hand, observing the agarose gel electrophoresis relative
to the assays with the CNF-ox (Fig. 9B), it is possible to observe that,
similarly to the CNTs, there was a decrease in the intensity of the RNA
band, in the non-adsorbed fraction, after each cycle compared to the
initial lysate sample. When analyzing the desorbed RNA band after the
1st cycle (Fig. 9B D), the possibility of recovering a considerable
amount of RNA was verified, despite the presence of a slight contami-
nation with DNA. Interestingly, when analyzing the following cycles
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(Fig. 9B Dy, Dg), it was observed the continuous recovery of RNA, while
the DNA band decreased in intensity, apparently remaining in minimal
amounts. Thus, compared to CNTs, the fibers required more than 1 cycle
for the recovery of RNA free of large amounts of DNA, suggesting a lower
selectivity.

To further confirm the selectivity towards RNA, and since pDNA is
much longer than the sRNA used in the study, two additional assays
were performed using the pUC19 vector (2.7 kbp), which is a smaller
plasmid, and a linearized version of the plasmid. These assays aimed to
evaluate whether the carbon materials selectivity depends on the length
or structural configuration of the DNA. The results of these experiments
confirmed that no adsorption of pDNA was observed when using an
E. coli lysate sample with pUC19 plasmid for both materials (Figure S2),
as well as no unspecific pDNA adsorption by the CNT-N-ox, while using
linearized pUC19 plasmid (Figure S3). These findings are consistent
with the earlier observations using larger plasmid DNA and further
support the hypothesis that the selectivity of the material for RNA is
driven by differences in nucleobase accessibility rather than the length
or structural configuration of the nucleic acids.

Therefore, using the method described for these carbon materials, it
was possible to capture and recover RNA from a lysate sample without
the need to use the substantial quantities of toxic solvents typically
employed in traditional RNA isolation techniques. In addition, the
method used in this work is neither time-consuming nor highly operator-
dependent. All these factors collectively contribute to the capability of
this method to isolate RNA that is both biologically active and chemi-
cally stable.

3.5. Host proteins quantification

Proteins are a significant component of the E. coli host and represent
one of the primary impurities associated with the RNA isolation process.
In particular, it is known that E. coli comprises about 4300 protein-
coding genes and that, according to FDA recommendations, the
maximum level of protein in a biopharmaceutical product should pref-
erably be less than 1 % (weight of impurity/weight of plasmid) [13]. For
these reasons, the removal of these biomolecules is very important to

B

Fig. 9. Agarose gel electrophoresis of E. coli lysate before and after capture method for 3 consecutive cycles. A. CNT-N-ox; B. CNF-ox. S; — Initial E. coli lysate
samples; N — Non-adsorbed fraction after incubation with (A) CNT-N-ox, and (B) CNF-ox; E — Species desorbed from (A) CNT-N-ox and (B) CNF-ox.
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prevent possible immunogenic responses upon administration of bio-
pharmaceuticals. In this regard, protein quantification was performed
using the Bradford protein assay on the E. coli lysate sample and the
samples recovered from the previous experiment of the 3 consecutive
cycles. With the CNT-N-ox, from the 105 pg/mL of protein present in the
initial E. coli lysate sample, none was detected in the non-adsorbed
fraction after the 1st cycle, meaning that all protein was adsorbed.
However, no protein was detected in the desorbed fraction, and
throughout the subsequential remaining adsorption/desorption cycles.
A similar trend was observed with the carbon fibers oxidized with HNOs.
From the 101 pg/mL of protein present in the initial E. coli lysate sample,
38 pg/mL was detected in the 1st non-adsorbed fraction, but no protein
was detected in the desorbed fraction and throughout subsequential
adsorption/desorption cycles. Analyzing the results obtained for the
CNT-N-ox, they suggest that there is full protein capture as early as the
1st cycle. In fact, a study by Burch and co-workers demonstrated the
remarkable ability of N-doped MWCNTs oxidized with HoSO4 and HNO3
to capture metalloproteins. The observations from that study suggest
that the proteins capture was mainly due to the hydrophilic nature of the
amino acid side chains present on the outer surface of the proteins,
which allows them to interact with the hydrophilic domains present on
the oxidized surface of the material [7]. Moreover, the formation of
hydrogen bonds between these chains and the carboxyl moieties on the
surface of the MWCNTSs could facilitate the stable adsorption of the
proteins. Additionally, doping the MWCNTSs with nitrogen enhanced the
hydrophilicity of the material, further facilitating the interaction with
the proteins and improving the capture of the metalloproteins [7]. This
study then proposes an explanation for the full capture of the proteins
present in the lysate sample by CNT-N-ox. In our case, also interesting
was the fact that in the desorbed RNA sample, no protein is present, thus
showing a 100 % protein reduction on the RNA desorbed sample
compared to the initial lysate sample. This phenomenon is also in
agreement with the work of Burch and co-workers, who described that
metalloproteins remained adsorbed to the MWCNTs despite the appli-
cation of washing and centrifugation steps, indicating strong in-
teractions between the proteins and the material [7]. Overall, the results
suggest that the desorption step is effective in RNA recovery, but pro-
teins remain bound, which is very important to guarantee the clarifi-
cation of the RNA sample.

Regarding CNF-ox, the results obtained indicate that in the 1st
adsorption cycle, there was a significant protein capture, corresponding
to a 63 % protein reduction in comparison with the initial lysate sample.
Although there are no studies in the literature that elucidate the inter-
action between proteins and carbon fibers, this interaction is likely
based on the same interactions that occurred for CNT-N-ox, since carbon
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fibers present similar surface chemistry and surface area. Still, the car-
bon fibers showed a lower capacity to capture proteins. On the other
hand, there was also no presence of proteins in the sample desorbed after
the 1st cycle, demonstrating once again the strong interactions occur-
ring between the surface of the material and the proteins. It can also be
seen that at the end of the 2nd cycle, it was possible to capture all the
proteins that were present in the lysate sample, and again, no proteins
were detected in the desorbed fraction. These results proved to be very
auspicious as it was possible to recover RNA samples without the pres-
ence of proteins, which correspond to one of the main impurities in a
lysate sample, concluding that both materials maintained their perfor-
mance in reducing protein levels throughout all the trials.

3.6. RNA integrity after the capture and recovery from carbon materials

To evaluate the integrity and stability of the RNA recovered from
CNT-N-ox and from CNF-ox, circular dichroism (CD) analysis was per-
formed. For comparison purposes, a control sample of low molecular
weight RNA was used and compared with the spectra of the RNA
recovered from both materials after performing the proposed method
(Fig. 10). Analyzing Fig. 104, it can be seen that both spectra have
similar profiles, with a negative band at 215 nm and a positive band at
265 nm, which are the characteristic bands of a typical RNA spectrum.
The same behavior is seen in Fig. 10B where there are no significant
differences in the characteristic RNA bands. These results indicate that
there were no relevant alterations in the structure of the RNA during the
process of clarification with carbon materials. Therefore, the RNA cap-
ture method applied in this work, using these materials does not
compromise the integrity of the RNA, allowing it to maintain its native
conformation.

4. Conclusion

In recent years, the discovery and understanding of the different RNA
functions have increased drastically, providing several avenues to
explore this biomolecule as a diagnosis or therapeutic agent. The un-
questionable success of mRNA vaccines for the treatment of COVID-19
has opened horizons and shown the versatility of RNA-based thera-
pies. The demand for RNA for the treatment of various diseases and,
more recently, for vaccine development has increased exponentially.
Thus, a widespread need arises to optimize the purification processes to
obtain RNA with full integrity, highly pure, and biologically active. To
address this challenge, different carbon materials differing in dimension,
shape, and surface modifications were explored as a promising alter-
native for RNA capture and recovery from a complex sample. Common
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Fig. 10. A. CD spectra, from 200 to 300 nm, of RNA before and after capture assay with CNT-N-ox. The dark blue line represents control RNA before the capture
procedure, and the green blue line represents RNA after the desorption procedure. B. CD spectra, from 200 to 320 nm, of RNA before and after capture assay with
CNF-ox. The dark blue line represents control RNA before the capture procedure, and the orange line represents RNA after the desorption procedure.
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RNA extraction methods present some limitations, such as time-
consuming and complex procedures and the use of organic solvents
that can compromise product integrity and have a negative environ-
mental impact and low efficiency. In this work, it is proposed an alter-
native to surpass some of these challenges, by applying a fast, efficient,
reliable, and cost-effective method that takes advantage of the notable
adsorptive capabilities of carbon materials for RNA capture. This
method can be seen as a pre-purification step and can be integrated into
a biotechnological process to reduce impurities such as DNA and
proteins.

CNT-N-ox and CNF-ox were the most promising carbon materials,
exhibiting RNA adsorption percentages of 42 % and 55 %, respectively,
and RNA desorption percentages of 81 % and 72 %, respectively. Sub-
sequent experiments with these materials proved their ability to main-
tain RNA adsorption capacity over multiple cycles. Furthermore, when
brought into contact with complex samples, the CNT-N-ox proved to be
able to capture RNA with higher selectivity compared to CNF-ox.
However, both materials were able to recover RNA without the pres-
ence of DNA over 3 cycles. Both materials under study were also able to
fully capture the proteins present in the lysate sample, without
compromising RNA desorption in the final recovery step. More impor-
tantly, it only required 1 extraction cycle for the CNT-N-ox to capture all
proteins. Finally, circular dichroism experiments confirmed the integrity
and stability of the RNA recovered from both materials.

Altogether, this work shows the applicability of a simple, rapid, and
environmentally friendly method for efficient capture and pre-
purification of RNA from bacterial lysates by exploiting the notable
potential of carbon materials. This work may contribute positively to
future investigations based on RNA extraction methods using carbon
nanotubes and other carbon-based materials. While the materials used
in this study have shown to be effective in capturing RNA, it would also
be worth exploring other carbon materials and surface functionalization
methods that could present higher adsorption capacity.
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