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Abstract

Background The production of nucleic acids (plasmid DNA or mRNA) in response to the development of new advanced
vaccine platforms has greatly increased recently, mostly resulting from the pandemic situation. Due to the intended phar-
maceutical use, nucleic acids preparations must fulfill all the required specifications in terms of purity and quality. Chroma-
tography is a standard operation used to isolate these molecules from impurities, playing a central role in the manufacturing
processes. However, the mechanism of nucleic acid adsorption in chromatographic resins is poorly understood, often leading
to low adsorption capacities and a lack of specificity.

Methods and results Here we investigated the adsorption of plasmid DNA and RNA molecules onto arginine-agarose, a resin
with potential for large-scale application. Equilibrium batch studies were performed through pre-purified samples, using
arginine-based ligands by varying the adsorption conditions in the pH value range from 6.0 to 9.0. Langmuir and Freundlich
isotherm models were used to describe the adsorption equilibrium. The best fit for both nucleic acids was achieved using the
Freundlich model. The correct choice of pH showed critical for controlling the efficacy of arginine-nucleic acid interaction,
due to its influence on the nucleic acid structures. This type of analysis is necessary for the improvement of the selectivity
and binding capacities of the resins used for plasmid DNA or mRNA purification.

Conclusions The results presented here indicate that adsorption conditions can be tuned to enhance separation between
pDNA and RNA, an important feature in the purification of nucleic acids for vaccine production.
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Introduction

The increasing amounts of pharmaceutical-grade nucleic
acids required to produce approved or prototype advanced
mRNA or DNA vaccines against SARS-CoV-2 [1-3]
demand new developments and downstream processing
solutions [4-6]. Any successful mRNA or plasmid DNA
(pDNA) production process should meet specific require-
ments: besides purity (low levels of impurities), the nucleic
acids should be homogeneous, in their active form [7, 8].
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Hence, the development of efficient production and purifica-
tion processes should take into consideration cost-effective-
ness and scalability, maximizing the recovery and purity,
and especially preserving the structural integrity of nucleic
acids [9-12].

Messenger RNA vaccines have recently demonstrated
high efficacy at preventing Covid-19 illness [1, 2], and are
currently being used globally. The mRNA vaccine has sev-
eral advantages over traditional vaccines, due to its flex-
ibility and efficiency in immunogen design and manufac-
turing [2]. Messenger RNA molecules are synthesized
from linearized pDNA by an in vitro transcription reaction.
Besides the plasmid DNA template, this reaction requires
nucleotides, polymerase, and capping enzymes, from which
the mRNA product should be properly purified by chroma-
tographic operations. The optimization of the purification
strategy is seen as one of the main achievements leading to
the reduction of innate sensing and increasing the efficiency
of the mRNA vaccine prototypes [13].
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Plasmid DNA molecules, however, are commonly pro-
duced in bacterial host cells. Plasmids typically represent
less than 3% of the macromolecules present in cell lysates
of Escherichia coli (E. coli) strains [14]. Recovery and
purification processes commonly start with alkaline lysis
that removes part of the cell walls, proteins, and genomic
DNA (gDNA), and proceed to further purification usually
using chromatographic steps [15, 16]. At this point, low
molecular weight host RNA is perhaps the most critical
impurity, mainly due to its considerable amount and physi-
cal-chemical properties similar to pDNA [10, 15, 17]. As
an example, the negatively charged RNA molecules are
frequently expected to present similar adsorption patterns
when interacting with cationic ligands of chromatographic
resins. These similarities make RNA likely to compete
and to co-purify with plasmid DNA in several unit opera-
tions [10, 16, 18]. Our group has recently presented a new
approach for pDNA purification using an agarose support.
This work showed that negative mode chromatography,
using a traditional arginine-based agarose resin, can pro-
mote high pDNA recovery and purification, comparable
with monolithic resins, with an efficient separation from
host RNA [19]. Although this strategy represents an inter-
esting alternative to previously developed pDNA purifica-
tion methods, with potentially lower operating costs, the
mechanisms behind the adsorption of pPDNA and RNA on
arginine-based resins remain not completely understood.
Through relatively simple batch format studies, impor-
tant biomolecule-adsorbent parameters, essential to the
development of adsorption processes, can be determined
to elucidate some of these aspects [20, 21]. In special,
adsorption pH is one of the critical points to consider
when choosing the process conditions for adsorption with
an impact on the adsorption capacity and selectivity of
chromatographic supports [22-24]. The comparison of
isothermal profiles determined in buffers with different
pH values allows identifying even small differences in the
adsorption mechanisms of pDNA and RNA in a chosen
resin, permitting the use of adequate process conditions
to better separate the target pPDNA molecule. It is thus
possible to control and to optimize selectivity and process
yield by choosing the correct adsorption pH [23, 25].

The adsorption isotherm describes the relationship
between the equilibrium concentration of a biomolecule in
a liquid phase and the amount adsorbed in a solid phase at
a given temperature [26]. Batch studies can thus provide
thermodynamic information on the biomolecule-resin inter-
action, allowing the screening of a wide range of conditions
with small amounts of product. Adsorption isotherm models,
such as Langmuir and Freundlich, are widely used for mod-
eling the adsorption of biomolecules onto chromatographic
resins utilized in the development of purification processes
[20, 27].

@ Springer

This work describes a systematic study on the adsorption
of plasmid DNA and RNA in arginine-agarose resin using
different pH adsorption conditions. The choice of arginine-
based ligands for nucleic acids purification was based on its
specific interaction with these molecules, especially with
supercoiled pDNA [12, 13, 28]. Here, by performing studies
in a batch equilibrium format, it was possible to compare
and to gather important information about the mechanisms
involved in pDNA and RNA adsorption. This study also con-
tributes to a better understanding on how structural changes
in terms of hydrodynamic size, promoted by pH in these
biomolecules, can ultimately lead to differences in adsorp-
tion selectivity and binding capacity. All together, the results
indicate that adsorption conditions can be tuned to enhance
separation between pDNA and RNA, an important feature
in the purification of nucleic acids for vaccine production.

Materials and methods
Bacterial growth and plasmid DNA/RNA isolation

The Escherichia coli DH10b harboring the plasmid pVAX1-
GFP (3697 bp) [29] used in this work was kindly donated
by Professor Duarte Miguel Prazeres, from Institute for
Bioengineering and Biosciences (IBB), Instituto Superior
Técnico, Lisbon. Pre-purified plasmid DNA production was
performed growing Escherichia coli DHIOB in 1 L shake
flasks containing 250 mL of terrific broth medium (10 g/L
of bactotryptone, 5 g/L of yeast extract and 10 g/L of sodium
chloride) supplemented with 30 pg/mL of kanamycin. Culti-
vation was performed at 37 °C, under 250 rpm. The growth
was controlled by measuring the ODg,,, and was final-
ized at the late exponential phase. Cells were recovered by
centrifugation, at 4500xg for 30 min at 4 °C and the pel-
let was frozen at — 20 °C until further use. The plasmids
were obtained by alkaline lysis using the lllustra plasmid
Prep Midi Flow Kit (GE Healthcare, USA), according to
the manufacturer's instructions. In the case of RNA puri-
fication, the same non-carrying plasmid E. coli strain was
used. After the bacterial growth, the cells were collected (as
previously described) and purified according to the protocol
described by Neto (2018) [30]. Two hundred milligrams of
bacterial cell pellet were resuspended in 30 uL of DEPC,
797 uL of solution containing spermidine (5 mM spermi-
dine in 20 mM Bis-Tris propane at pH 6.9) and 206 uL
EDTA solution (500 mM). The homogenate was transferred
to polypropylene tubes compatible with Fast Prep equip-
ment (Savant FP120 - Thermo Fischer Scientific, USA),
containing 0.5 g of 0.2 mm diameter glass spheres treated
with 0.1% DEPC. The cells were disrupted in a bead-beater
equipment for three cycles of 45 s at 4,500 rpm. Immedi-
ately after lysis, the tube was cooled on ice for 1 min. The
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sample was centrifuged at 10,000xg, 4 °C, for 10 min. The
supernatant was collected and divided into equal portions for
2 ml polypropylene tubes. In each tube, 1 ml of Trizol (TRI
Reagent, Invitrogen Life Technologies, USA) was added.
The tubes were vortexed vigorously for 2 min and heated
to 65 °C for 10 min. Subsequently, 400 uL of chloroform
was added to each tube and stirred vigorously. The samples
were centrifuged (18,000xg, 4°C, 5 min). Then, the aqueous
phase (containing the RNA) was carefully removed to pre-
serve the intermediate and bottom phases. The same volume
of isopropanol was added, and the tubes were inverted manu-
ally a few times for complete homogenization. The mixture
was kept on the bench for about 10 min. After this period,
the sample was centrifuged (18,000xg, 4 °C, 5 min) and
the supernatant was discarded with the aid of the pipette.
Then, 500 pL of 70% alcohol was added to the precipitate to
remove salts. RNA suspension was smoothly homogenized
and centrifuged at 18,000xg, 4 °C, for 5 min. The tube con-
taining the precipitate was upturned in a paper tissue for
approximately 3 min for drying. Finally, the RNA precipitate
was suspended in buffer and used in the following studies.
Possible protein contamination in pDNA or RNA samples
was verified via A260/A280 absorbance ratio. Since values
of approximately 1.85 (for pDNA) or 2.0 (for RNA) were
obtained, the samples were assumed as sufficiently free of
protein impurities. The integrities of the purified pPDNA and
RNA were confirmed by 0.8% agarose gel electrophoresis.

Immobilization of arginine ligands on agarose
resins

The arginine chromatographic supports were prepared as
described previously [19] by immobilizing the arginine
(Sigma-Aldrich, USA) in a pre-activated agarose medium
(Epoxy-activated Sepharose 6B, GE Healthcare, USA), fol-
lowing manufacturer's instructions. Arginine ligands were
diluted in a suitable coupling solution (0.5 M carbonate
buffer pH 9.5) to a final concentration of 100 uM arginine/
mL. The immobilization procedure consisted of mixing the
arginine solution through the pre-activated medium (in a
ratio of 1:1), followed by 16-h incubation at 25 °C. After
this, several washes were performed with the coupling
buffer, and the remaining epoxy-groups were blocked by
soaking a 0.1 M Tris—HCI pH 8.0 buffer for 4 h, at 45 °C.
Finally, for group activation, the product was washed thor-
oughly with 3 cycles of 2 different solutions with alternating
pH (0.1 M acetate pH 4.0 containing 0.5 M NaCl; 0.1 M
Tris—HCI pH 8.0 containing 0.5 M NaCl). The SEM-EDX
technique was used to provide the elemental identification
and qualitative compositional information of the resin before
and after the immobilization of the arginine, as an evidence
of the effective immobilization of the ligand in the pre-acti-
vated resin [19].

Determination of adsorption isotherms

Pre-purified plasmid and RNA solutions of known concen-
tration were prepared in 20 mM Tris and 10 mM EDTA
buffer, at different pH values (6.0; 7.0; 8.0 and 9.0), and
the samples were successively diluted. Each sample solu-
tion (0.5 mL) was placed in contact with 25 pL of resin in
2 mL Eppendorf tube. The mixtures were incubated for over
24 h at 25 °C and with constant mixing in a circular blood
homogenizer to allow the equilibrium to be reached. The
equilibrium concentrations were determined by absorbance
at 260 nm (1 unit of absorbance being equivalent to 50 pg/
mL pDNA or 40 pg/mL RNA, for an optical path of 1 cm).
The amount of adsorbed pDNA and RNA was calculated
by mass balance to the solution, before and after equilibra-
tion. Previously to the adsorption equilibrium determina-
tion, adsorption kinetics was assessed. At each pH, 0.5 mL
of solutions with different initial concentrations of pDNA
(160 pg/mL, 80 pg/mL, and 40 pg/mL) were contacted
with 25 pL of resin, and the supernatant concentration was
determined at specific intervals. Adsorption occurs mainly in
the first 10 min, and equilibrium is reached in about 60 min
(data not shown). Therefore, the total experiment time of
24 h is sufficient to assure that equilibrium is obtained. Due
to the extended pH range (from 6.0 to 9.0) studied in this
work using the Tris buffer, previous adsorption studies were
performed measuring the initial and final pH of the adsorp-
tion samples in order to verify the stability of the pH during
the experiments. No significant changes in the pH of the
samples were found.

The Langmuir (Eq. 1) and Freundlich (Eq. 2) models
were fit to the adsorption experimental data.

C
— K - -

1
q = KfCu (2)

where C is the biomolecule equilibrium concentration
in solution, ¢ is the biomolecule solid-phase equilibrium
concentration. The maximum binding capacity (g,,,,), the
association constant (K,), and the Freundlich constants (K.
and n) were obtained from the best fit of the isotherms to
the experimental data for each set of conditions tested. This
procedure was performed using Levenberg—Marquardt and
Orthogonal Distance regression routines, for the Langmuir
and Freundlich models, respectively, implemented in the
program Origin version 8.0 (Origin Lab, USA).

Determination of hydrodynamic size

The size distribution was measured by DLS (Dynamic
Light Scattering) in undiluted samples in 1 mL volume
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cuvettes at 25°C using a Zeta Plus - Zeta Potential Ana-
lyzer (Brookhaven Instruments Co, UK) equipped with a
633 nm laser and 173° detection optics. For data acqui-
sition and analysis, the software Malvern DTS v.5.10
(Malvern Instruments) was used. A standard polystyrene
cuvette, with a square cross section of 1 cm X 1 cm, was
used. The sample volume required for the measurement
was 1.5 mL. Measurements were made in duplicate
from final sample concentrations of 100 and 200 pg/
mL, respectively, for pPDNA and RNA. The equilibrium
time was the standard given by the machine measurement
method, which records a measure after a stable number
of measurements.
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Fig. 1 Adsorption isotherms for the adsorption of plasmid DNA onto
arginine-agarose resin at different pH values. Adsorption occurred in
20 mM Tris buffer containing 10 mM EDTA at pH 6.0 (A), pH 7.0
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Results and discussion

Adsorption isotherms of plasmid DNA and RNA
on arginine-agarose resin

The experimental results on the equilibrium isotherms of
pDNA and RNA are presented in Fig. 1 (pDNA) and Fig. 2
(RNA); in both Figures, the correlation of the experimental
data with the Langumir and Freundlich equations is also
presented. In general, the experimental curves are charac-
terized by a sharp increase in the concentration of adsorbed
molecules as the concentration in the solution increases, fol-
lowed by a plateau at higher concentrations, especially in the
case of pDNA. Those isotherms are considered favorable,
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(B), pH 8.0 (C) and pH 9.0 (D) and the corresponding adjustment
with the Langmuir (continuous line) and Freundlich (dashed line)
models
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Fig.2 Adsorption isotherms for the adsorption of RNA onto argi-
nine-agarose resin at different pH values. Adsorption occurred in
20 mM Tris buffer containing 10 mM EDTA at pH 6.0 (A), pH 7.0

since they present a nonlinear and concave slope in relation
to the abscissa axis [31].

Favorable isotherms usually permit higher resin adsorp-
tion capacities at lower solution concentrations compared
with linear or unfavorable isotherms. Moreover, unfavora-
ble or linear isotherms tend to be associated with broad
breakthrough-curves when adsorption occurs in packed bed
columns, due to the higher axial dispersion [32].

Experimental adsorption isotherm datasets were fitted
through non-linear regression to the non-linear forms of the
Langmuir (Eq. 1) and Freundlich (Eq. 2) models. The non-
linear regression was used to avoid possible biases related to
linearization [33]. For pDNA and RNA adsorption curves,
both Langmuir and Freundlich models resulted in a good
adjustment to the experimental data, and the Freundlich
model presents a slightly better fitting.
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(B), pH 8.0 (C) and pH 9.0 (D) and the corresponding adjustment
with Langmuir (continuous line) and Freundlich (dashed line) mod-
els. The insert in D shows the same data with different axis limits

The Langmuir model assumes monolayer adsorption pro-
cess on a surface, which contains a finite number of adsorp-
tion sites, admitting no adsorbate "migration" along the sur-
face. Its parameters are the maximum value for adsorption
capacity per unit of adsorbent mass or volume, g,,,., and the
Langmuir constant, K,, which indicates the affinity of the
solute by the adsorbent [34]. On the other hand, the Freun-
dlich model is an empirical model that admits a multi-layer
process in which the amount of adsorbed solute per unit
adsorbent mass increases gradually in a non-homogeneous
surface. The Freundlich model presents two parameters, K,
and the exponent 1/n. According to Sposito (1980) [35], the
parameter Kf, called Freundlich adsorption coefficient, is
related to the adsorption of the molecule in the resin, and
the value of n is qualitatively related to the distribution of
energetic sites in the resin pores [34].
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The values of the corresponding isotherm parameters
for each pH range dataset are presented in Tables 1 and 2,
respectively for plasmid DNA and RNA molecules. The
model fitting was evaluated by determining the respective
correlation coefficient (R?) as a measure of the data preci-
sion, and the mean square weighted deviation (chi-squared
statistic), to predict the goodness-of-fit.

In the case of plasmid DNA adsorption (Fig. 1), the iso-
therms seem to indicate that a maximum adsorption capacity
is reached at high liquid-phase equilibrium concentrations,
which is typical of the Langmuir model; however, a small
increase in g is observed at higher values of C. Assuming
plasmids as large and coiled molecules, we can expect sig-
nificant steric exclusion from the particle pores, reducing
the maximum binding capacity of agarose-based resins
[16]. The Langmuir model also assumes adsorbates as point
objects, that bind to only one ligand on the surface [26].
Unlike proteins, which commonly have charges unequally
distributed in the domains of the molecule, the distribution
of charges in the pDNA tends to be more uniform through-
out the molecule. Therefore, pPDNA may form multipoint
ionic interactions with the resin surface, shielding other
ligands around, which no longer participated in the binding
process of additional molecules at lower liquid-phase con-
centrations [20, 36]. However, at higher concentrations, the

excess of (highly) negatively charged molecules in the liquid
phase may displace part of these multipoint ionic interac-
tions, therefore allowing the adsorption of additional pDNA
molecules by changing the orientation of the adsorbed
molecules. This fact may explain the better fitting results
presented by the Freundlich model, compared to Langmuir
(Table 1), which is confirmed by the slightly higher correla-
tion coefficient (R?) and the smaller value of the mean square
weighted deviation (chi-squared). That adsorbed pDNA mol-
ecules change orientation with surface coverage has been
reported, and a similar mechanism may therefore result in
the observed behavior [37].

RNA adsorption onto arginine-agarose resin is also highly
dependent on the pH value. The larger structural variations
manifested by RNA, compared to DNA, make the analysis
of the adsorption of this molecule far more complex. RNA
preparations from cell lysates can present highly variable
size and sequence distribution, with virtually every molecule
assuming a different structural shape in solution, ultimately
promoting an irregular and multilayer adsorption due to non-
specific RNA-RNA interactions via base pairing. This phe-
nomenon may help to explain the much higher adsorption
capacity found for RNA onto arginine-agarose resin when
compared to pDNA. The Freundlich model represented the
adsorption of RNA molecules better than the Langmuir

Table 1 Langmuir and

e Model parameter pH 6.0 pH7.0 pH 8.0 pH9.0
Freundlich isotherm parameters
of plasmid DNA adsorption Langmuir Qo 0.509+0.047  0.519+0.035  0.565+0.033  0.326+0.032
obtained by nonlipear fitting at (mg/mLresin)
ur pE values t‘;;‘i‘fgz?omnlzﬁd K, 115+ 1.44 6.23+4.98 0.408+£0.150  0.097+0.038
EDTA at pH 6.0, 7.0, 8.0, and (mL/ug)
90 R? 0.924 0.836 0.939 0.975
x? 1.03x 1072 8.83x 107 4.74x 107 9.60x 107
Freundlich K 0.356+£0.013  0.368+0.019  0243+0.022  0.0755+0.009
n 113+1.24 9.76+1.40 4.93+0.56 3.25+0.32
R? 0.983 0.944 0.980 0.996
x2 3.91x107* 1.13x107? 1.56x 107 2.89x107*
Table2 Langmuir and Model parameter pH 6.0 pH7.0 pH 8.0 pH 9.0
Freundlich isotherm parameters
of RNA adsorption obtained Langmuir  q,, 8.88+1.12 9.50+0.781 10.9£0.720 -
by nonhn‘ear fitting at f(?ur pH (mg/mLresin)
Zg;‘iiisn‘i‘fl‘g“%g?nﬁ“g?;ba‘fgﬁ K, 0.0240+0.0075  0.0379+0.0080 0.0395+0.0058 —
6.0,7.0, 8.0, and 9.0 (mL/ug)
R? 0.959 0.982 0.988 -
x? 0.479 0.292 0.184 -
Freundlich K 0.861£0.096  0.890+0.098  0.956+0.110  0.00475+0.00168
n 2.42+0.165 2.11+0.120 2.00+0.122 0.968 +0.062
R? 0.985 0.988 0.982 0.996
X’ 9.18x 1072 0.134 0.197 2.12x107
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model, due to the inexistence of monolayer adsorption,
which is related to the multiple adsorption mechanisms, as
explained.

The adsorption of RNA was more intensely affected by
pH increase than adsorption of pDNA, particularly from pH
8.0 to 9.0. RNA is a single-stranded molecule that suffers
pH-dependent ionization of nucleobases, directly affecting
its structural and functional characteristics [23, 38]. Guano-
sine (G) and uridine (U) have pKa's near 9.2, becoming ani-
onic when deprotonated, although this pKa value is often
perturbed in natural RNA structures. The deprotonation of
G and U nucleobases at pH values close to 9.0 may affect
RNA-RNA interactions by non-specific base pairing, avoid-
ing multilayer adsorption onto the resin and leading to the
sharp decrease in maximum binding capacity observed in
Fig. 2D.

The literature describes the nature of the interaction
between arginine and plasmid DNA as mixed-mode inter-
actions. In the article published by Yusufaly et al., (2014),
the salt bridge formed between a histone protein and DNA is
described as a binding between the guanidinium side-chain
group of the amino acid arginine and the phosphate group
of the DNA backbone. This interaction was assumed as a
combination of (1) electrostatic attraction between the posi-
tively charged guanidinium and the negatively charged phos-
phate and, (2) the formation of hydrogen bonds between the
two end-group nitrogens in guanidinium and the two side-
group oxygens on the phosphate [39]. Sousa et al. (2008)
concluded that the interaction of arginine with supercoiled
plasmid DNA could be electrostatic and hydrophobic, but
the specific biorecognition of nucleotide bases by the argi-
nine ligand should also be involved [40]. This interaction
was also described as partly dependent on the conformation
of the DNA molecule. It is then assumed in the literature that
structural modifications resulting from pH changes may sig-
nificantly affect the adsorption of nucleic acids in different
ways. For this reason, the hydrodynamic sizes of the pDNA
and RNA molecules at different pH values were measured
by Dynamic Light Scattering (Table 3).

In a conventional Langmuir adsorption, some of the
main restrictions for the binding capacity are the availabil-
ity of ligands and the accessibility of adsorbates to these
ligands in the adsorbent surface (pores) [36]. The particle
sizes of epoxy-activated Sepharose 6B resin range from
45 to 165 pm, according to the manufacturer. The binding
capacity for pDNA and RNA should depend on its average
size, form, and ability to access ligands inside the particle
pores. As verified in Table 3, the structure of both molecules
is affected significantly by the pH variation. However, we
observed opposite effects for pH increase in plasmid and
RNA molecules size.

Plasmid DNA presented a small increase in hydro-
dynamic size in solution as pH increased. A possible

Table 3 Hydrodynamic size (nm) and polydispersity (PDI) values for
plasmid DNA and RNA

pH pDNA RNA
Hydrodynamic Polydisper-  Hydrodynamic Polydisper-
size (nm) sity (PDI) size (nm) sity (PDI)
6.0 93.6+2.83 0.302 311+25.7 0.445
7.0 103 +3.61 0.258 248+16.5 0.351
8.0 111+2.97 0.276 195+7.80 0.368
9.0 118+6.43 0.245 177+18.5 0.384

The measurements were performed in 20 mM Tris buffer containing
10 mM EDTA at different pH values (pH 6.0, 7.0, 8.0 and 9.0)

explanation is the deprotonation of Tris buffer molecules
(pKa of 8.1) that could be acting as counter ions in plas-
mid negative backbone structure, enabling condensation
of the pDNA molecules. On the other hand, RNA may be
affected by a different phenomenon. As a single-stranded
molecule, RNA can form a variety of secondary structures,
also susceptible to interact with each other by non-specific
base pairing. The unexpected high average size measured
by the DLS experiments may reflect this ability to interact
with each other in solution, besides the natural size vari-
ation in chain length, since the RNA was directly purified
from E. coli lysates, containing all different types of RNA.
Perhaps, the use of mRNA (from in vitro transcription)
instead of total RNA could provide a more homogeneous
sample, with a lower polydispersion. As discussed before,
G and U nucleobases of RNA are prone to deprotonation
(becoming anionic) at pH close to 9.0, and this may affect
RNA-RNA base pairing, resulting in a smaller and less
polydisperse sample under DLS analysis. Overall, the DLS
analysis seems to confirm that the observed decrease in
pDNA and RNA adsorption on the arginine-agarose resin
as the pH increases are possibly a result of structural
changes. Particularly the adsorption of RNA seems highly
dependent on its ability to self-interact, forming multiple
layers on the particle surface and pores. The results pre-
sented here supports our previous work showing that RNA
was preferentially bound to the arginine ligands during
chromatographic purification, interfering with the bind-
ing of pDNA [19]. For this reason, the amount of plas-
mid processed per column volume using arginine-agarose
resin, under negative mode, was substantially larger com-
pared with the conventional positive mode. Separation
of plasmid DNA from RNA molecules is a challenging
task that needs to be accomplished to produce either DNA
or mRNA vaccines. The results presented here add new
information on the choice of adsorption pH to increase
the separation efficiency and support the potential for the
use of arginine-based resins in nucleic acid purification
processes.
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Conclusions

This work focused on the study of adsorption of pDNA and
RNA onto arginine-agarose resin, in batch equilibrium.
Although some dispersion was observed in the experimental
data around the fitted isotherms, the Freundlich model could
better describe the adsorption of nucleic acids onto arginine-
agarose resins than the Langmuir model. The choice of pH
was concluded to be critical for controlling the efficiency
of the adsorption process. The results also showed that this
parameter promoted a considerable effect on the structure of
pDNA and RNA, manifested by hydrodynamic size changes
and polydispersity, which can directly alter the affinity and
binding capacity onto the resin. Given the lack of nucleic
acids adsorption data in the literature, the results herein
provide valuable information to the future development of
plasmid DNA and RNA purification processes in the context
of new therapies and vaccines.
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