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A B S T R A C T   

The large-scale production of therapeutically targeted-deoxyribonucleic acid (DNA) has passed through several 
challenges, postponing the tangible implementation of an effective, economic and sustainable manufacturing 
system. Such challenges comprise the need to develop an integrative downstream process able to extract, purify 
and long-term preserve DNA, whilst reducing the risk of degradation by endonucleases that would compromise 
their effectiveness as therapeutic products. In this work, three-phase partitioning (TPP) systems formed by the 
application of aqueous biphasic systems (ABS) composed of several biocompatible cholinium-based ionic liquids 
(ILs), are proposed for the separation of double stranded DNA (dsDNA) from the endonuclease deoxyribonuclease 
I (DNase I). By taking advantage of the tailor-made properties of ILs, dsDNA can be completely extracted to the 
IL-rich phase, whereas DNase I is precipitated at the ABS interphase. The ABS/TPP formed by IL cholinium 
glycolate ([N111(2OH)][Gly]) fulfills the aim of this work, i.e. at ensuring the technical viability of IL-based ABS/ 
TPP for the “one-pot” extraction, purification and long-term preservation of dsDNA. The results reveal the po-
tential of this system to be applied in the bioprocessing of DNA, particularly relevant when envisioning DNA- 
based therapeutic products.   

1. Introduction 

Emerging therapeutic approaches, such as gene therapy, require the 
development of an efficient large-scale upstream/downstream process, 
in which high quantities of deoxyribonucleic acid (DNA) with high pu-
rity levels may be produced [1,2]. The effectiveness of these innovative 
therapies depends on the protection and correct delivery to the cells [3]. 
There are several examples of delivery vectors, with different charac-
teristics, being the plasmid DNA (pDNA) one of the most commonly 
used, as it can be easily produced in a prokaryotic system [3,4]. How-
ever, from this type of production, DNA must be recovered from a 
complex extract containing critical impurities with similar chemical, 
physical and structural properties, namely, non-functional DNA iso-
forms, host DNA, RNA, endotoxins, endonucleases and other proteins, 
posing additional challenges to the downstream process [2]. 

The conventional methodologies to isolate and purify nucleic acids 
usually comprise several complex steps and often operate at high tem-
peratures to improve the resolution, which can induce conformational 
stress and consequent damage to the target DNA forms [5]. Therefore, 
the development of strategies able to purify and preserve the biological 

activity and structural integrity of DNA has been addressed by the sci-
entific community [6–11]. 

Aqueous biphasic systems (ABS) composed of polymers and con-
ventional salts have been widely reported as alternative extraction and 
pre-purification approaches for pDNA [6–10]. ABS are generally 
composed of two water-rich phases and, if properly designed, display 
low-to-negligible toxicity. Several authors have successfully demon-
strated the selective partition of pDNA from the remaining nucleic acids 
(RNA and genomic DNA (gDNA)) by controlling the parameters of ABS 
[6,7,10], while cell debris and contaminant proteins can be accumulated 
at the interphase [6,7]. These works demonstrate that ABS constitute 
interesting approaches for the recovery and pre-purification of pDNA, 
while being able to combine several unit operations in the downstream 
processing chain [6,7]. Despite the outstanding advantages of ABS, the 
use of high charge density salts brings some environmental concerns [9]. 
In addition, the narrow manipulation of the phases’ polarities in salt- 
polymer ABS limits the recovery yields and purification factors of 
target DNA forms, whose denatured and sheared DNA materials are still 
difficult to separate from the renatured DNA forms [6–8,12]. Some of 
the described drawbacks may be overcome with ionic liquids (ILs), 
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which if properly designed, can enhance the solubility, stability and 
lifetime of biomolecules, such as nucleic acids [13]. 

One of the most attractive features of ILs falls within the scope of 
their designer solvents ability, in which ILs can be designed and applied 
to improve the performance of particular bioprocesses [14,15]. 
Furthermore, the discovery of new and unique biocompatible ILs 
[16–19] triggered the number of studies regarding the stability of 
nucleic acids in IL aqueous solutions [20]. Pioneering investigations 
revealed the successful application of biocompatible and hydrated 
cholinium-based ILs to maintain the structural integrity of DNA [21,22] 
and the biological stability of small interfering RNA [23] up to six [21] 
and three [23] months of storage, respectively. Further reports revealed 
the improvement of the DNA lifetime in aqueous solutions or neat 
cholinium-based ILs, while also providing information on the IL-DNA 
interactions [24–30]. 

We have recently reported a complete analysis and screening of more 
biocompatible structures of ILs, such as those composed of a cholinium 
cation, to improve the stability of DNA [31]. This work revealed that 
cholinium-based ILs are better preservation agents for nucleic acids 
when compared to the more traditional imidazolium- and phosphonium- 
based ILs. In the same line, and by taking advantage of the potential of 
cholinium-based ILs to preserve the structural stability and integrity of 
RNA, Quental et al. [32] recently proposed an integrated process based 
on ABS, formed by polymers and cholinium-based ILs, comprising the 
extraction of small RNA from bacterial lysates. However, unlike the data 
reported in traditional salt-polymer ABS [7], a deeper analysis of the 
potential use of IL-based ABS to separate impurity proteins from the 
nucleic acids is fundamental, in particular the endonucleases, which 
presence in the final product, even in trace amounts, increases the 
degradation rate of target nucleic acids. 

The water-rich environment of IL-based ABS along with the selective 
precipitation of target impurities at the interphase has recently led to the 
proposal of these systems as three phase partitioning (ABS/TPP) systems 
[33]. ABS/TPP is a well-established separation technique, generally 
used to accumulate enzymes and proteins at the interphase, between an 
organic phase (usually formed with tert-butanol) and an aqueous phase 
(usually formed with ammonium sulfate), which is a valuable strategy 
for large-scale recovery of target compounds [34,35]. By combining the 
improved process biocompatibility and tunable extraction properties of 
IL-based ABS, IL-based ABS/TPP have been successfully applied in the 
recovery of proteins, such as lactoferrin, immunoglobulin G (IgG) and 
bovine serum albumin (BSA) [33,36–39]. ABS/TPP formed by 
cholinium-based ILs were also evaluated on the recovery of IgG from 
rabbit serum, in which albumin, the principal impurity, precipitated 
[39]. These promising results, where ILs successfully formed ABS/TPP 
with both salt and polymers, justify the evaluation of cholinium-based 
ILs in separating nucleic acids from undesired proteins, particularly 
through the precipitation of the proteins at the interphase and the 
extraction/recovery of the nucleic acids to the IL-rich phase. 

In this work we designed IL-based ABS/TPP systems for the simul-
taneous extraction, pre-purification and preservation of DNA. A 
screening of ABS composed of several cholinium-based ILs was initially 
carried out to optimize the enrichment of double stranded DNA (dsDNA) 
into the IL-rich phase. Then, the best systems were appraised to simul-
taneously separate dsDNA and deoxyribonuclease I (DNase I) by the 
precipitation of the protein at the interphase. Finally, those systems 
were evaluated to preserve dsDNA at the IL-rich phase. 

2. Materials and methods 

2.1. Materials 

dsDNA sodium salt extracted from Salmon testes (CAS no. 9007–49- 
2), of analytical grade, was purchased from TCI Chemicals. The 260/ 
280 nm absorbance ratio of the DNA stock solution was found to be 
1.896, indicating the absence of other proteins as impurities [40]. DNase 

I extracted from bovine spleen (CAS no. 9003–98-9), of analytical grade, 
was purchased from TCI Chemicals. The ILs studied were: 

(2-hydroxyethyl)-trimethylammonium (cholinium) bromide ([N111 

(2OH)]Br), cholinium chloride ([N111(2OH)]Cl), cholinium dihydrogen 
phosphate ([N111(2OH)][DHP]), cholinium acetate ([N111(2OH)][Ace]) 
and cholinium glycolate ([N111(2OH)][Gly]). To reduce the water and 
volatile compounds content to negligible values (<30 × 10− 6 in mass 
fraction), the ILs used in this work were dried in a vacuum line for a 
minimum of 48 h at (323 ± 1) K. The ILs were kept closed and stored in a 
desiccator up to use (maximum 48 h). The purity of each IL was checked 
by 1H and 13C nuclear magnetic resonance (NMR) spectra and found to 
be in accordance with the purity given by the suppliers. [N111(2OH)] 
[DHP] (>98 wt% pure) and [N111(2OH)][Ace] (>99 wt% pure) were 
purchased from Iolitec. [N111(2OH)]Br (>98 wt% pure) was purchased 
from TCI chemicals. [N111(2OH)]Cl (98 wt% pure) was provided by Acros 
Organics. [N111(2OH)][Gly] (97 wt% pure) was synthesized by us 
through the neutralization of cholinium bicarbonate ([N111(2OH)]CHO3) 
with the respective acid, glycolic acid (1:1.10 mol ratio), at room tem-
perature conditions according to published protocols [41]. [N111(2OH)] 
CHO3 (in water solution at 80 wt%) was purchased from Sigma-Aldrich. 
Glycolic acid (99 wt% pure) was acquired from Acros Organics. Poly 
(ethylene glycol) (PEG) of molecular weights of 400 and 600 g⋅mol− 1 

(PEG 400 and PEG 600, respectively) were acquired from Fluka and Alfa 
Aesar, respectively. Poly(propylene glycol) (PPG) of molecular weight of 
400 g⋅mol− 1 (PPG 400) was acquired from Sigma-Aldrich. Tris 
(hydroxymethyl)aminomethane (Tris buffer) (>99.8 wt% pure) was 
purchased from Pronalab. Hydrochloric acid (HCl) (in water solution at 
37 wt%) was from Sigma-Aldrich. Citrate buffer (K3C6H5O7/C6H8O7) at 
pH ≈ 7.0 was prepared with the mixture of potassium citrate tribasic 
monohydrate (K3C6H5O7⋅H2O) (99 wt% pure from Acros Organics) and 
citric acid (C6H8O7) (99.5 wt% pure from Panreac). Phosphate buffer 
(Na2HPO4/NaH2PO4) at pH ≈ 7.4, for chromatographic analysis, was 
composed of sodium hydrogen phosphate dibasic heptahydrate (Na2H-
PO4⋅7H2O) (98–102 wt% pure from Sigma-Aldrich), sodium di- 
hydrogen phosphate monobasic (NaH2PO4) (99 – 100.5 wt% pure 
from Panreac) and sodium chloride (NaCl) (extra pure from LabKem). 
The water was double distilled, passed by a reverse osmosis system and 
further treated with a Milli-Q plus 185 water purification apparatus 
(18.2 MΩ⋅cm at 298 K). 

To perform sodium dodecyl sulphate polyacrylamide gel electro-
phoresis (SDS-PAGE) the following materials used: sodium dodecyl 
sulphate (SDS) (99 wt% pure from Acros Organics), glycerol (99 wt% 
pure from Acros Organics), bromophenol blue (pure from Merck), 
dithiothreitol (DTT) (99 wt% pure from Acros Organics), Novex™ Try- 
Glycine SDS Running Buffer (10 ×) (from Invitrogen™), Novex™ 
WedgeWell™ 16 % Tris-Glycine Gel, 15 wells (from Invitrogen™), 
NZYColour Protein Marker I (from Nzytech), and BlueSafe (Nzytech). 
For the Agarose gel Electrophoresis, Agarose (GRS Agarose LE) (mo-
lecular biology grade from Grisp Research Solutions), Xpert Green DNA 
Stain (20.000 ×) (from Grisp Research Solutions), 10 × Loading Buffer 
(from TaKaRa), NZYDNA Ladder III (from Nzytech) were used. Ethyl-
enediamine tetra-acetic acid (EDTA) (99 wt% pure from Sigma-Aldrich), 
and acetic acid glacial (PA grade from Fisher Chemical), were used to 
make tris-acetate-EDTA (TAE) buffer 50 ×, applied in the Agarose gel 
Electrophoresis. The molecular structures of the investigated ILs and 
polymers are illustrated in Fig. 1. 

2.2. Experimental procedure 

2.2.1. Extraction of dsDNA 
For the extraction studies, the corresponding binodal curves of the 

ABS must be previously determined. Most of the ternary mixture com-
positions selected in this work were taken from previously reported 
phase diagrams [42–45], except for the ternary systems composed of 
K3C6H5O7/C6H8O7 + PPG 400 + H2O and [N111(2OH)]Br + PPG 400 +
H2O (in 100 mmol⋅L-1 of Tris⋅HCl (pH ≈ 7.2)). For these systems, the 
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binodal curves were experimentally determined in this work, as previ-
ously described [43,46]. An aqueous solution containing 1 g⋅L-1 of 
dsDNA in 100 mmol⋅L-1 of Tris⋅HCl (pH ≈ 7.2) was prepared. At this 
concentration, it is expected that dsDNA is completely solvated in 
aqueous medium, avoiding thus specific interactions between dsDNA 
macromolecules. All the partition studies were performed at variable 
compositions for the several polymer-based ABS investigated (detailed 
data available in the Supporting Information – cf. Table S1), with the 
amount of dsDNA added to each system being constant (mass fraction 
ca. 4 × 10-5). The different binodal curves led us to work with different 
mixture compositions able to form liquid–liquid systems (instead of 
monophasic or solid–liquid mixtures). In this sense, a constant volume 
ratio of ca. 0.6 (VIL-rich phase:Vtotal) was fixed within all the mixture 
compositions used in the partition studies. In IL-based ABS, the mixture 
points were selected to avoid discrepancies that could arise from the IL 
input into the system, although the common mixture composition could 
not be applied to the ABS constituted by [N111(2OH)]Br and PEG 400 
since only a monophasic system was observed. On the other hand, the 
partition study of dsDNA was not carried out with the ABS composed of 
[N111(2OH)][Ace] and PEG 400 due to the lack of experimental points in 
the corresponding phase diagram [43]. 

Due to the high instability of nucleic acids, each ABS containing 
dsDNA was carefully homogenized for 60 min at 15 rpm, in a vertical 
rotating shaker 360◦ PTR-35 Grant-Bio (298 K). Then, the mixtures were 
centrifuged using a Megafuge 16 R centrifuge Thermo Scientific at 3500 
rpm, (298 ± 1) K, during 30–60 min (depending on the system viscos-
ity). After carefully separating both phases, the dsDNA was quantified in 
each phase by UV absorption spectroscopy, using a Shimadzu UV-1800, 
Pharma-Spec Spectrophotometer, at a wavelength of 258 nm, using a 
calibration curve previously established. At least three ABS for each set 
of conditions and three individual samples of each phase were quanti-
fied to determine the average partition coefficients and corresponding 
standard deviations. To remove the background of each phase-forming 
component in UV absorption, blank control samples were always used, 
while 10 mmol⋅L-1 of Tris⋅HCl (pH ≈ 7.2) was taken as blank reading and 
used for the dilution steps. All measurements were performed from 200 
nm to 400 nm and carried out in a quartz cell with an optical path length 
of 10 mm. 

The extraction efficiency of DNA, EEdsDNA%, was determined as the 
percentage ratio between the weight of DNA in the extractant phase and 
that in the total mixture, according to Equation (1): 

EEdsDNA% =
wExtractant

wIL + wSalt
(1)  

where wExtractant , wIL and wSalt are the weights obtained for the extractant 
phase, IL-rich and salt-rich phases, respectively. 

2.2.2. Separation/precipitation of DNase I 
An aqueous solution containing 1 g⋅L-1 of DNase I in 100 mmol⋅L-1 of 

Tris⋅HCl (pH ≈ 7.2) was prepared. The separation studies of the endo-
nuclease were performed with the same mixture points used for the 
extraction of dsDNA (cf. Table S1 - Supporting Information), with the 
amount of endonuclease in the systems kept constant (mass fraction of 
DNase I ca. 7.9 × 10-5). Each ternary mixture containing DNase I was 
carefully homogenized in a vertical rotating shaker 360◦ PTR-35 Grant- 
Bio (298 K) at the same conditions used in the extraction of dsDNA. 
Then, mixtures were centrifuged using a Megafuge 16 R centrifuge 
Thermo Scientific at 3500 rpm, (298 ± 1) K, for 30–60 min (depending 
on the system viscosity). The top and bottom phases were separated and 
the interphase, containing precipitated DNase I, was resuspended in 100 
mmol⋅L-1 of Tris⋅HCl (pH ≈ 7.2) and homogenized in a vertical rotating 
shaker 360◦ PTR-35 Grant-Bio (298 K). 

DNase I was quantified using a Hitachi Chromaster size-exclusion 
high-performance liquid chromatography (SE-HPLC) equipment equip-
ped with a binary pump, column oven operating at (313 ± 1) K, tem-
perature controlled auto-sampler operating at (283 ± 1) K, diode-array 
detector and a column Shodex Protein KW-802.5 (8 mm × 300 mm). 
Standard aqueous solutions of DNase I at known concentration, as well 
as IL and polymer aqueous solutions spiked with DNase I at known 
concentrations, were used to validate the flow and composition of the 
mobile phase, whose conditions have been previously established [33]. 
The mobile phase consisted of Na2HPO4/NaH2PO4 buffer (at 50 mmol⋅L- 

1, pH ≈ 7.4, with NaCl at 0.3 M), with an isocratic run at a flow rate of 
0.5 mL⋅min− 1. The mobile phase was filtered before use with 0.45 μm 
regenerated cellulose membrane filters from Whatman. Individual 
standard aqueous solutions of DNase I were prepared (0.25 g⋅L-1) and 
periodically injected in order to compare the peak areas of the endo-
nuclease obtained in the aqueous standard solutions and in the samples. 
Before injection in SE-HPLC, all samples were diluted in 100 mmol⋅L-1 of 
Tris⋅HCl (pH ≈ 7.2). The wavelength was set at 280 nm. DNase I chro-
matographic peaks were analyzed to determine the weight percentage of 

Fig. 1. Chemical structures of the investigated ABS/TPP components studied: (a) [N111(2OH)]Cl; (b) [N111(2OH)][Ace]; (c) [N111(2OH)][Gly]; (d) [N111(2OH)]Br; (e) 
[N111(2OH)][DHP]; (f) PEG; (g) PPG. 
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the endonuclease at the interphase and in the top and bottom phases. At 
least three replicates were carried out for the interphase and the top and 
bottom phases to ascertain the standard deviations. Blank controls of the 
systems were always used to check for possible interferences of the 
phase-forming components in the peak retention time of DNase I. 

2.2.3. Simultaneous separation of dsDNA from DNase I 
The same mixture points used for the individual extraction and 

precipitation studies of dsDNA and DNase I were evaluated for simul-
taneously separate both biomolecules. Each ternary mixture containing 
DNase I was carefully homogenized in a vertical rotating shaker 360◦

PTR-35 Grant-Bio (298 K) at the same conditions for 58 min. Then, the 
dsDNA was added to the system and homogenized for 2 min (total time 
60 min). Both biomolecules were in the same mass fraction as used 
previously, ca. 4 × 10-5 for dsDNA and ca. 7.9 × 10-5 for DNase I. The 
system containing both dsDNA and DNase I was centrifuged using a 
Megafuge 16 R centrifuge Thermo Scientific at 3500 rpm, at (298 ± 1) 
K, for 30–60 min (depending on the system viscosity). The top and 
bottom phases were separated. The interphase containing precipitated 
DNase I was resuspended in 100 mmol⋅L-1 Tris⋅HCl (pH ≈ 7.2) and ho-
mogenized in a vertical rotating shaker 360◦ PTR-35 Grant-Bio (298 K). 
Both biomolecules were quantified in the recovered interphase, and in 
top and bottom phases through SE-HPLC. Standard aqueous solutions of 
pure DNase I, pure dsDNA and a mixture of DNase I and dsDNA at known 
concentration were periodically injected in order to compare the peak 
areas obtained in the aqueous standard solutions and in the samples. 
Before injection in SE-HPLC, all samples were diluted in 100 mmol⋅L-1 of 
Tris⋅HCl (pH ≈ 7.2). At least three replicates of each sample were carried 
out. Blank controls of the systems were always used to check for possible 
interferences of the ABS/TPP phase-forming components. 

2.2.4. SDS-PAGE 
SDS-PAGE was used to assess the presence of DNase I in each ABS 

phase. After the separation of the phases, iced ethanol was added 
(dilution factor of 4) to the samples and stored at 253 K for 2 h. To 
recover the precipitated dsDNA and DNase I, the samples were centri-
fuged in a Megafuge 16 R centrifuge Thermo Scientific at 10000 rpm, 
(277 ± 1) K for 30 min. The supernatant was recovered and discarded, 
and the precipitate was resuspended in 60 µL of Tris HCl 100 mmol⋅L-1 

(pH ≈ 7.2). The samples were diluted at a 1:1 (v/v) ratio in a sample 
buffer (composed by 2.5 mL of 0.5 M Tris HCl pH 6.8, 4.0 mL of 10 % 
(w/v) SDS solution, 2.0 mg of bromophenol blue, 2.0 mL of glycerol and 
310 mg of DTT) and heated for 5 min at 368 K. 20 µL of all samples were 
loaded and run at 100 V on a polyacrylamide gel. NZYColour Protein 
Marker I was used as molecular weight standards while commercial 
DNase I was used as DNase I standard. To stain the proteins, the gels 
were impregnated with BlueSafe and stirred in an HeidolphTM rotamax 
120 orbital shaker at 50 rpm for 40 min at room temperature. 

2.2.5. Agarose gel electrophoresis 
Agarose gel electrophoresis was performed to assess the presence of 

dsDNA in each ABS phase. As for SDS-PAGE, the phases were treated 
with iced ethanol and the biomolecules recovered through centrifuga-
tion after their precipitation. A gel with 1 % (w/v) of agarose was pre-
pared by the dissolution of agarose in 100 mL of heated TAE buffer 
(≈373 K). After the dissolution, the solution was cooled down until 
≈328 K and at that point, 1.4 µL of Xpert Green DNA Stain was added. 
Lastly, the solution was poured into a tray, where a well-former template 
is placed across the end of the tray to form wells when the gel solution 
solidifies. The samples were diluted at 9:1 (v/v) ratio in a loading buffer 
(10 × Loading Buffer from TaKaRa). 25 µL of all samples were loaded 
and run at 100 V on the agarose gel. NZYDNA Ladder III was used as 
molecular weight standards while commercial dsDNA was used as 
dsDNA standard. The bands were revealed through exposure to UV ra-
diation in a VWR GenoSmart2. 

2.2.6. Circular dichroism spectroscopy 
dsDNA secondary structure in the bottom phases was evaluated by 

circular dichroism (CD) spectroscopy using a Jasco J-1500CD spec-
trometer. A solution of DNA standard 0.04 g⋅L-1 was analyzed as a 
control. CD spectra were recorded at room temperature in the far UV 
region, from 220 to 350 nm, using quartz CD cuvettes (0.1 cm) at a scan 
rate of 50 nm.min− 1 and sensitivity of 100 mdeg. The response time and 
the bandwidth were 8 s and 1 nm, respectively. 

2.2.7. Quantification of water in the coexisting phases 
The water content of the coexisting phases was determined for the 

same mixture points used in the partition studies. The water amount in 
each phase was gravimetrically determined (±10-4 g) by evaporation, 
using an air oven at. 

(353 ± 1) K, until a constant weight of the non-volatile mixture 
(Polymer + IL/Salt/Polymer) was achieved. This process was carried out 
in triplicate to ascertain the associated standard deviations. 

2.2.8. pH and conductivity measurements 
After phase separation, the pH values (±0.02) and conductivities 

(±10-5 S⋅cm− 1) of each phase were determined at (298 ± 1) K using a 
SevenMulti (METTLER TOLEDO Instruments). The IL/salt-rich and 
polymer-rich phases were identified by conductivity values. 

3. Results and discussion 

3.1. dsDNA extraction 

In this work, commercial dsDNA with linear conformation was used 
for the extraction studies in IL-based ABS. The use of the same ILs 
studied in our previous work regarding the DNA stability [31] allows to 
establish an insightful evaluation on the dsDNA extraction mechanisms. 
Due to their promising results to stabilize the structural conformation of 
dsDNA, the following cholinium-based ILs, namely [N111(2OH)]Br, [N111 

(2OH)]Cl, [N111(2OH)][DHP], [N111(2OH)][Ace] and [N111(2OH)][Gly], 
were used to create ABS. Moreover, two polymers with different hy-
drophobicity, namely PPG 400 and PEG 400, were used to form ABS 
with cholinium-based ILs to gather a deeper understanding on the 
mechanisms responsible for dsDNA partitioning among the two phases. 
For comparison purposes, the partition behaviour of dsDNA was also 
pursued by traditional ABS. For polymer–polymer ABS, PEG 400 and 
PPG 400 were combined in aqueous media to induce liquid–liquid 
equilibrium. For salt-polymer ABS, the ternary mixtures K3C6H5O7/ 
C6H8O7 + PEG 400 (or PPG 400) + H2O were selected, since K3C6H5O7/ 
C6H8O7 is a biological and biodegradable buffer. Before the extraction 
studies of dsDNA with ABS, its structural stability was evaluated using 
CD in aqueous solutions of the polymers and citrate buffer in 10 mmol⋅L- 

1 Tris⋅HCl (pH ≈ 7.2), accordingly to our previous work [31]. CD 
analysis also allowed to a priori verify the existence of structural changes 
in dsDNA that could compromise the analysis and quantification of the 
macromolecule after the extraction step. No significant changes on 
dsDNA conformation were observed, with exception of PPG 400 that 
presents a negative effect on dsDNA stability at higher concentrations 
(cf. Figure S1 - Supporting Information), as a result of the stronger acidic 
environment provided by the presence of the polymer in solution. In this 
sense, and with the exception of the ABS composed of the citrate buffer, 
ABS were prepared at a higher concentration of buffer, 100 mmol⋅L-1 of 
Tris⋅HCl (pH ≈ 7.2), in order to avoid pH fluctuations that could affect 
the dsDNA stability and structural integrity during extraction proced-
ures, allowing to maintain the pH of the coexisting phases between 6 and 
8 (cf. Table S1 - Supporting Information). 

For the extraction studies, most of ternary mixture compositions 
selected in this work were taken considering previously reported phase 
diagrams [42–45], with the exception of the ternary systems composed 
of K3C6H5O7/C6H8O7 + PPG 400 + H2O and [N111(2OH)]Br + PPG 400 +
H2O (in 100 mmol⋅L-1 of Tris⋅HCl (pH ≈ 7.2)). For these systems, the 
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binodal curves are represented in the Supporting Information 
(Figure S2), with the experimental weight fraction data of each system 
given as well in the Supporting Information (Tables S2 to S4). 

Fig. 2 depicts the extraction efficiencies of dsDNA and water distri-
bution between the coexisting phases, ΔH2O, in the various ABS inves-
tigated: PEG 400 + PPG 400; K3C6H5O7/C6H8O7 + PEG 400; K3C6H5O7/ 
C6H8O7 + PPG 400; K3C6H5O7/C6H8O7 + PEG 600; [N111(2OH)]Cl + PEG 
400; [N111(2OH)]Cl + PPG 400; [N111(2OH)]Cl + PEG 600; [N111(2OH)] 
[Gly] + PEG 400; [N111(2OH)][Gly] + PPG 400; [N111(2OH)][DHP] + PEG 
400; [N111(2OH)][DHP] + PPG 400; [N111(2OH)][Ace] + PPG 400; [N111 

(2OH)]Br + PPG 400. Further details are given in the Supporting Infor-
mation (Table S5). The coexisting phases were identified by conduc-
tivity and water content measurements (experimental data given in the 
Supporting Information – cf. Table S1). In general, the bottom phase 
corresponds to IL- or salt-rich phase while the top phase corresponds to 
the polymer-rich phase. However, an inversion in the type of the phases 
is observed for the ABS composed of [N111(2OH)]Cl and PEG 400, where 
the top phase corresponds to the IL-rich phase and the bottom phase to 
the polymer-rich phase. This switch of phases was also tested by the 
increase of the molecular weight of PEG, in this case using PEG 600, 
where the same behaviour was observed. Regarding the polymer-
–polymer ABS composed of PEG 400 and PPG 400, PEG 400-rich phase 
was assumed as the bottom phase due to its higher water content, since 
PEG 400 is less hydrophobic than PPG 400. Moreover, and according to 
the literature [47,48], PEG 400 is denser than PPG 400 due to its shorter 
aliphatic chains. 

For all ABS containing PPG 400, dsDNA is completely extracted to 
the bottom phase, as well as for the systems containing the cholinium- 
based ILs and PEG 400 (Fig. 2 – A). The higher water content differ-
ences between the coexisting phases clearly show a lower water distri-
bution profile (Fig. 2 – B), supporting the stronger affinity of dsDNA to 
the water-rich phase (bottom phase). An exception is observed for the 
ABS composed of PEG 400 and PPG 400, where dsDNA partially parti-
tions to the bottom phase (PEG 400-rich) and the remaining nucleic acid 
is precipitated (cf. Figure S3 - Supporting Information). dsDNA precip-
itation in the presence of polymers, in particular PEG, has been already 
reported [49]. This phenomenon was mimicked in this work through the 
preparation of dsDNA by aqueous solutions of high concentration of 
Tris⋅HCl buffer (pH ≈ 7.2) (at 1000 mmol⋅L-1) and 30 wt% of PPG 400 

and PEG 400 (cf. Figure S3 - Supporting Information). Upon the addition 
of dsDNA into the solutions, the instantaneous precipitation of the 
nucleic acid occurs, thus supporting the partition behaviour observed in 
the ABS composed of PEG 400 and PPG 400. On the other hand, in the 
ABS composed of K3C6H5O7/C6H8O7 + PEG 400, dsDNA is completely 
extracted to the polymer-rich phase. The preferential partition of nucleic 
acids to the polymer-rich phase was already reported by Prazeres and co- 
workers [6], where pDNA partitions to the PEG-rich phase for polymers 
with lower molecular weight. 

In order to better understand the impact of the polymer hydropho-
bicity on the extraction of dsDNA, the increase of the molecular weight 
of PEG was investigated. In particular, with ABS containing citrate 
buffer and PEG 600, the same partition behaviour of dsDNA was 
observed (Fig. 2 – A). These results demonstrate that size exclusion does 
not present a major role on the DNA partition behaviour in PEG-ABS, as 
proposed by some authors [6,9,10]. On the other hand, in all ABS 
composed of ILs, DNA is completely extracted to the IL-rich phase, 
regardless the hydrophobicity and/or molecular weight of the polymer. 
Further experimental data demonstrate a high and similar water dis-
tribution between the coexisting phases in all PEG-ABS (Fig. 2 – B), 
without a defined trend to support the change of dsDNA partition from 
the top to the bottom phases. 

Although dsDNA is a negatively charged macromolecule due to the 
presence of a double chain of negative phosphate groups surrounding 
the external structure of the macromolecule, Fig. 2-A demonstrate 
different dsDNA migration patterns between the coexisting phases. 
Regardless the phase-forming components, the results suggest that 
specific and favourable interactions might exist between dsDNA and the 
extractant phase. Nevertheless, an adequate determination of the 
respective tie-lines towards the analytical quantification of the phase- 
forming components in each phase is unavoidable to further under-
stand the extraction mechanism of dsDNA and to further design IL-based 
ABS more prone to specific DNA forms. 

3.2. DNase I precipitation 

The permanent damage of DNA often results in a complete inhibition 
of downstream applications [50] that are essential to guarantee the 
therapeutic effectiveness of DNA products. The long-term storage and 

Fig. 2. (A) Extraction efficiency of dsDNA, 
EEdsDNA%, and (B) water variation, ΔH2O, in ABS 
composed of IL or salt or polymer (1) + Polymer (2) 
+ 100 mmol⋅L-1 Tris⋅HCl (pH ≈ 7.2). ΔH2O repre-
sents the difference in weight percentage between 
the water content in the IL/salt/polymer (1)-rich 
and polymer-rich phases. Polymer (2): (●) PEG 400; 
(●) PEG 600; (●) PPG 400. ABS order, from left to 
right: PEG 400 + PPG 400 + H2O; K3C6H5O7/ 
C6H8O7 + PEG 400 + H2O; K3C6H5O7/C6H8O7 +

PPG 400 + H2O; K3C6H5O7/C6H8O7 + PEG 600 +
H2O; [N111(2OH)]Cl + PEG 400 + H2O; [N111(2OH)] 
Cl + PPG 400 + H2O; [N111(2OH)]Cl + PEG 600 +
H2O; [N111(2OH)][Gly] + PEG 400 + H2O; [N111 

(2OH)][Gly] + PPG 400 + H2O; [N111(2OH)][DHP] +
PEG 400 + H2O; [N111(2OH)][DHP] + PPG 400 +
H2O; [N111(2OH)][Ace] + PPG 400 + H2O; [N111 

(2OH)]Br + PPG 400 + H2O. In all the systems the 
water used corresponds to an aqueous solution 
containing 100 mmol⋅L-1 of Tris⋅HCl to guarantee 
the pH ≈ 7.2.   
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preservation of DNA is a mandatory step to develop delivery strategies 
for genetic material with therapeutic purposes, such as gene therapy or 
DNA vaccination, avoiding their susceptibility to chemical or enzymatic 
degradation [51,52]. DNA is particularly vulnerable to DNase I, an 
endonuclease that non-specifically degrades single and double stranded 
DNA, preferentially by the cleavage of alternating pyrimidine/purine 
sequences, thus posing a great challenge for the long-term storage of 
DNA [53]. 

The same ABS used in the extraction of dsDNA were employed to 
investigate the removal by precipitation of DNase I. Upon the addition of 
DNase I, a light and thin layer was observed at the interphase of the ABS, 
resulting from the partial or complete accumulation of the endonuclease 
at the interphase (cf. Figure S4 in the Supporting Information). Even 
though IL-based ABS/TPP have been reported for the recovery of valu-
able proteins [36–38], the accumulation of impurities at the interphase 
can be a different and useful approach for the pre-purification of target 
products from real and complex matrices. The suitability of the inves-
tigated ABS/TPP to induce the precipitation of DNase I is summarized in 
Table 1. 

The data presented in Table 1 evidence the formation of ABS/TPP for 
all systems composed of PEG, whilst for systems containing PPG 400 the 
formation of the protein layer at the interphase is not observed. 
Furthermore, the formation of the precipitate at the interphase is fav-
oured by the increase of the PEG molecular weight. Overall, the quali-
tative trend shown in Table 1 is useful to identify the most promising 
systems able to remove DNase I by its precipitation at the interphase, 
whereas dsDNA should be recovered with high stability in one of the 
ABS phases. 

The recovery of the interphase and both liquid phases was addi-
tionally carried out and DNase I was quantified by SE-HPLC, whose 
results are shown in Table 2. An example of the obtained chromatograms 
with the peak profile of DNase I, recovered from the interphase and in 
both liquid phases of IL-based ABS/TPP, is provided in the Supporting 
Information – cf. Figure S5. 

According to the mass balance calculations for endonuclease, it can 

be concluded that the precipitate layers described in Table 2 correspond 
to the DNase I accumulated at the interphase of each ABS/TPP. It should 
be also mentioned that the amount of DNase I added to the systems was 
constant in all experiments (mass fraction of DNase I ca. 7.9 × 10-5) so 
that the differences on the amount of DNase I precipitated at the inter-
phase could be only influenced by the type and composition of the 
phase-forming components in the ABS/TPP. 

According to the data shown in Table 2, the DNase I accumulation at 
the interphase was only observed in the PEG-containing systems; the 
higher differences in the water distribution between the two liquid 
phases observed for PPG when compared to PEG (Fig. 2 - B) can prob-
ably explain the higher affinity of DNase I to the phases richer in water in 
PPG-containing systems. It is also seen that the increase of the PEG 
molecular weight favours the accumulation of DNase I at the interphase, 
which also seems to follow the higher water distribution for PEG 600- 
containing systems when compared to PEG 400-based ABS (Fig. 2 - B). 
Another important aspect described in Table 2 is the endonuclease 
redissolution process. With the exception of the [N111(2OH)]Cl-based 
ABS/TPP, DNase I cannot be completely redissolved. The same behav-
iour was observed by Alvarez-Guerra and Irabien [38] for the proteins 
lactoferrin and BSA, where the authors associated the proteins redis-
solution disability to conformational changes in their structures. 
Because of this situation, the DNase I recovered from the interphase 
could not be quantified, being alternatively determined by mass balance 
through the determination of the protein in each ABS phase. 

Contrarily to the observed in salt-polymer ABS/TPP, where complete 
interfacial precipitation of DNase I is always observed, it is possible to 
optimize the recovery of DNase I at the interphase for ABS/TPP 
composed of ILs (Table 2). At a fixed mixture composition and PEG 400 
(Table 1), the interfacial accumulation ability of DNase I is dependent on 
the IL (anion) structure and follows the trend: [N111(2OH)]Cl < [N111 

(2OH)][Gly] ≈ [N111(2OH)][DHP]. Complete accumulation of DNase I at 
the interphase was observed for systems comprising [N111(2OH)][Gly] 
and [N111(2OH)][DHP], in which no DNase I were observed in the ABS 
coexisting phases. Apart from [N111(2OH)][DHP] that provides more 
acidic conditions to the solutions, the denaturation of the DNase I was 
also observed in systems comprising [N111(2OH)][Gly], in which the 
complete endonuclease redissolution was not possible (Table 2). On the 
other hand, for the system composed of [N111(2OH)]Cl, the complete 
redissolution of DNase I recovered from the interphase was observed 
during the experiments, meaning that the preservation and/or rena-
turation of DNase I is possible in [N111(2OH)]Cl-based ABS/TPP. Based on 
the results gathered, it can be concluded that the IL structure and the 
water distribution among the coexisting phases play the major roles for 
the optimization of the DNase I recovery at the interphase of ABS/TPP, 
whilst the conformational change of the endonuclease can be controlled 

Table 1 
Main characteristics of the systems prepared to evaluate the partition of DNase I.  

System System 
composition  

Main characteristics 

100 
w1 

100 
w2  

Two liquid 
phases 

DNase I layer at the 
interphase 

Polymer (1)-Polymer (1) 
PEG 400-PPG 400  33.0  40.0  ✓ ⨯ 
Salt (1)-Polymer (2) 
Citrate buffer- 

PEG 400  
30.0  35.0  ✓ ✓ 

Citrate buffer- 
PEG 600  

30.0  35.0  ✓ ✓ 

Citrate buffer- 
PPG 400  

11.3  37.2  ✓ ⨯ 

IL (1)-Polymer (2) 
[N111(2OH)]Cl- 

PEG 400  
41.3  45.0  ✓ ✓ 

[N111(2OH)]Cl- 
PEG 600  

41.3  45.0  ✓ ✓ 

[N111(2OH)]Cl- 
PPG 400  

11.3  37.2  ✓ ⨯ 

[N111(2OH)][Gly]- 
PEG 400  

41.3  45.0  ✓ ✓ 

[N111(2OH)][Gly]- 
PPG 400  

11.3  37.2  ✓ ⨯ 

[N111(2OH)] 
[DHP]-PEG 400  

41.3  45.0  ✓ ✓ 

[N111(2OH)] 
[DHP]-PPG 400  

11.3  37.2  ✓ ⨯ 

[N111(2OH)][Ace]- 
PPG 400  

11.3  37.2  ✓ ⨯ 

[N111(2OH)]Br- 
PPG400  

17.0  41.0  ✓ ⨯  

Table 2 
Distribution profiles of DNase I among the “three phases” formed by the ABS/ 
TPP composed of Salt-Polymer and IL-Polymer.  

System Distribution of DNase I among the phases DNase 
redissolution 

100 wTop 100 
winterphase 

100 
wBottom 

Salt-Polymer 
Citrate buffer-PEG 

400 
0.00 100.0 ± 0.2 0 ⨯ 

Citrate buffer-PEG 
600 

0.00 100.0 ± 0.2 0 ⨯ 

IL-Polymer 
[N111(2OH)]Cl-PEG 

400 
85.53 ±
0.35 

14.47 ±
0.35 

0 ✓ 

[N111(2OH)]Cl-PEG 
600 

25.95 ±
0.61 

74.05 ±
0.61 

0 ✓ 

[N111(2OH)][Gly]- 
PEG 400 

0 100.0 ± 0.2 0 ⨯ 

[N111(2OH)][DHP]- 
PEG 400 

0 100.0 ± 0.2 0 ⨯  
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by a proper choice of the IL anion. Therefore, other classes of ILs (with 
different cation and anion combinations) should be sought to perform 
additional studies on the structure and conformational changes that 
DNase I might suffer. Overall, [N111(2OH)][Gly] clearly fulfills the aim of 
this work in order to ensure the technical viability of the extraction, 
purification and preservation of dsDNA from the contaminant DNase I. 

3.3. Integrated process for the simultaneous extraction, (pre)purification 
and preservation of pDNA 

Even though linear dsDNA was here employed for the partition 
studies using IL-based ABS, due to the promising results found in our 
work, we suggest the development of an integrated process for “one-pot” 
extraction, pre-purification and preservation strategy of nucleic acids, 
namely pDNA products, using IL-based ABS/TPP. Considering the pre-
vious data, the system composed of [N111(2OH)][Gly] and PEG 400 ful-
fills the complete extraction of the target nucleic acid to the IL-rich 
phase, the complete interfacial precipitation of DNase I, and can guar-
antee the long-term storage of nucleic acids in the [N111(2OH)][Gly]-rich 
phase [25]. Moreover, it has been shown that IL-based media allow to 
preserve nucleic acids stability and integrity at room temperature 
[21,25,32], thus reducing the energy consumption associated to the 
conventional refrigeration protocols for DNA-containing samples (277 K 
and 193 K for short- and long-term storage, respectively) [54]. 

As a proof of concept, a mixture of dsDNA and DNase I was added to 
the system composed of [N111(2OH)][Gly] and PEG 400 in order to verify 
if the partitioning behaviour of the individual biomolecules is main-
tained and if the dsDNA secondary structure is preserved after the 
extraction process. Fig. 3-A and 4-B present the results of SDS-PAGE and 
agarose gel electrophoresis, respectively. As depicted in Fig. 3-A, when 
both dsDNA and DNase I are present in the ABS/TPP, DNase I pre-
cipitates at the interphase, according to the presence of its characteristic 
band at ≈ 31 kDa. The absence of bands in the top and bottom phases 
indicates the complete precipitation of DNase I. Relatively to the parti-
tion of dsDNA (Fig. 3-B), a band with high intensity is present in the lane 
corresponding to the bottom phase, and no dsDNA is detected in the top 

phase, evidencing that the partition behaviour of dsDNA is kept the 
same in. However, a low intensity band also appears at the interphase, 
meaning that a low amount of DNA can be lost and that further opti-
mizations should be performed when considering this process for large- 
scale applications. 

The structure of dsDNA, after the partition, was evaluated through 
CD spectroscopy, whose results are shown in Fig. 4. The resultant spectra 
present a positive band around 280 nm and a negative around 245 nm 
for both samples: a 0.04 g.L-1 dsDNA control solution in 100 mmol⋅L-1 

Tris⋅ HCl pH 7.2 and the bottom phase of an ABS. The results are in 
accordance with the literature [31,55], indicating that dsDNA main-
tained its structural stability after the extraction to the IL-rich phase. 

These results demonstrate that, if properly designed, IL-based ABS/ 
TPP allow the simultaneous extraction of dsDNA to the IL-rich phase and 
the endonuclease DNase I precipitation at the ABS interphase. 

Fig. 3. (A) SDS-PAGE stained with BlueSafe for the detection of DNase I in the different phases of an ABS/TPP composed of 41.3 wt% [N111(2OH)][Gly] + 45 wt% 
PEG 400, with both macromolecules. (B) Agarose gel electrophoresis for the qualitative detection of DNase I in the different phases of an ABS/TPP composed of 41.3 
wt% [N111(2OH)][Gly] + 45 wt% PEG 400, with both macromolecules. 

Fig. 4. CD spectra regarding the structural stability of dsDNA, after its partition 
into the IL-based ABS/TPP composed of 41.3 wt% [N111(2OH)][Gly] + 45 wt% 
PEG 400, (yellow line) and in Tris HCl 100 mmol⋅L-1 pH 7.2 (black dashed) in a 
concentration of 0.04 g.L-1. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.) 
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Furthermore, in our work, the compounds used are low cost, while being 
water-rich and thus requiring low amounts of the remaining phase- 
forming components when compared to traditional liquid–liquid sys-
tems. Compared with a commercial Kit, such as QIAGEN Plasmid Midi 
Kit for 25 extractions that costs around $379 [56], our method allows 
the same number of extractions and amount of DNA purified by $31.32. 
This value was calculated taking into account the price of the reagents 
used for the synthesis of [N111(2OH)][Gly] [57,58] and PEG 400 [59] 
necessary to perform the described number of extractions. Still, the price 
of these compounds correspond to their acquisition at the lab scale; if 
their production is scaled-up to be implemented at a larger scale the cost 
of the developed IL-based ABS/TPP process will decrease even more. 

4. Conclusions 

It was here shown that properly designed IL-based ABS/TPP allow 
the simultaneous extraction of dsDNA to the IL-rich phase and the 
endonuclease DNase I precipitation at the ABS interphase, in which the 
best results were obtained with the systems containing the ILs [N111 

(2OH)][Gly] and [N111(2OH)][DHP]. To this end, a screening of ABS 
composed of several cholinium-based ILs was carried out to optimize the 
enrichment of dsDNA into the IL-rich phase. Then, the best systems were 
appraised to simultaneously separate dsDNA and DNase I by the pre-
cipitation of the protein at the interphase. Finally, those systems were 
evaluated to preserve DNA at the IL-rich phase. Due to its biocompatible 
features, [N111(2OH)][Gly] fulfills the aim of this work at ensuring the 
technical viability of IL-based ABS/TPP for the “one-pot” extraction, 
purification and preservation of dsDNA, as experimentally demon-
strated, whose results are expected to be transposed to other DNA types 
as advanced therapy products. 
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