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A B S T R A C T   

G-quadruplexes (G4s) play an important role in a variety of biological processes and have extensive application 
prospects. Due to the significance of G4s in physiology and biosensing, studies on G4s have attracted much 
attention, stimulating the development or improvement of methods for G4 structures and polymorphism anal
ysis. In this work, ionic liquids (ILs) were involved as mobile phase additives in reversed-phase high performance 
liquid chromatography (RP–HPLC) to analyse G4s with various conformations for the first time. How ILs affected 
the retention behaviors of G4s was investigated comprehensively. It was found that the addition of ILs markedly 
enhanced G4 retention, along with obvious amelioration on chromatographic peak shapes and separation. The 
influence of pH of mobile phase and types of ILs were also included in order to acquire an in-depth under
standing. It appeared that the effect of ILs on G4 retention behaviors was the result of a combination of various 
interactions between G4s with the hydrophobic stationary phase and with the IL-containing mobile phase, where 
ion pair mechanism and enhanced hydrophobic interaction dominated. The findings of this work revealed that 
ILs could effectively improve the separation of G4s in RP–HPLC, which was conducive to G4 structural analysis, 
especially for G4s polymorphism elucidation.   

1. Introduction 

G-quadruplex (G4) is a non-classical secondary structure of nucleic 
acids, which is formed by guanine-rich oligonucleotides and is con
structed by stacked G-tetrad layers [1]. Cations stabilize G4 structures 
by coordinating electronegative carbonyl groups of guanines to reduce 
the repulsion between oxygen atoms of adjacent G-tetrads [2]. The 
intracellular existence of G4s demonstrates their significant biological 
relevance [3,4], and their essential physiological functions are gradually 
uncovered [5,6]. Furthermore, G4s widely exist in promoters of 
disease-related genes [7,8] and in human telomeres which are associ
ated with cellular aging and apoptosis [9]. Accordingly, G4s have shown 
great potential in disease diagnosis and therapies [10,11], attracting 
widespread attention. Further findings reveal that there are more than 
one type of G4 structures existing under different conditions. This 
phenomenon is called G4 polymorphism, which has many manifesta
tions based on different criteria [12,13]. The polymorphism of G4 

structures is influenced by many factors, such as base composition [14], 
the length of loops [15], cation properties [16], molecular crowding 
environment [17], etc. Understanding the marked polymorphism of G4s 
is essential for the development of research fields like synthetic biology, 
drug design and the engineering of nanomaterials [18]. For this purpose, 
much work has been done and many methods including nuclear mag
netic resonance (NMR), X-ray crystal diffraction, circular dichroism 
(CD), etc. have been exploited. However, there are many restrictions on 
use of these methods and they are not fully adapted to studies of 
structure mixtures. As a result, for sequences forming several G4 struc
tures simultaneously [8,19–21], commonly-used methods have short
comings in distinguishing each G4 structure in a complex system. 

In recent years, high performance liquid chromatography (HPLC), a 
powerful technology in analysing complex systems, has exhibited its 
surprisingly great advantage in the analysis of G4 structural poly
morphism. Largy et al. [18] used HPLC-size exclusion chromatography 
(HPLC-SEC) to study the polymorphism of G4s and i-motifs, another 
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non-classical secondary structure of nucleic acids. Marzano et al. [22] 
investigated the species of multimers formed by a new kind of 
G4-forming molecule with the aid of HPLC-SEC. Later, they reported a 
method to easily obtain long DNA G-wires and applied HPLC-SEC to 
investigate structures of the resulting G-wires [23]. Our group [24] 
utilized reversed-phase HPLC (RP–HPLC) to explore the G4 poly
morphism of three DNA sequences, in which not only monomolecular, 
bimolecular, trimolecular, and tetramolecular G4s were separated but 
also two bimolecular G4s with very similar structures formed by the 
same sequence were successfully separated. Among various separation 
modes of HPLC, it’s no doubt that RP–HPLC owns the highest resolution 
and is quite promising in analysing G4 structural polymorphism. How
ever, there still exist some problems needed to be resolved, for instance, 
weak retention, poor resolution and peak shapes in many cases. 
Improvement on RP–HPLC methods will not only be beneficial for the 
effective separation of G4s, but also greatly promote the structural 
elucidation of G4s. Nevertheless, usual strategies used to improve 
chromatographic results behave poorly in giving a satisfying outcome 
for G4s and in adaptability to analysis of various G4 structures, which 
calls for new strategies for chromatographic improvement. 

Ionic liquids (ILs), molten salts at room temperature, are composed 
entirely of ions and possess some unique properties, like low vapor 
pressure, good thermal stability, and being miscible with common 
organic solvents [25–27], etc. The near-zero vapor pressure of ILs makes 
it hard to volatilize into environment and thus causes less pollution, for 
which ILs are thought to be environmental-friendly [28,29]. With 
continuous development, ILs gradually play an important part in 
analytical chemistry, including chromatography. In HPLC, ILs can be 
involved as surface-bonded stationary phase [30], mobile phase [31,32] 
or mobile phase additive [25,33]. Among these, ILs are most widely 
introduced as mobile phase additives and have been successfully applied 
to improve the separation of natural plant constitutes [34–36], amines 
[37], amino acids and nucleic compounds [38,39], inorganic anions [40, 
41], drugs [42,43], etc., demonstrating a great feasibility of ILs in HPLC. 
For biomacromolecules, chromatographic analysis involving ILs is 
rarely reported, especially for G4s. It was reported that ILs as mobile 
phase additives affected the chromatographic retention and separation 
of antisense oligonucleotides, and that an increase of ILs concentration 
and length of alkyl chain of ILs both enhanced the retention of common 
oligonucleotides [44,45]. This provides a perspective for applications of 
ILs in chromatographic analysis of nucleic acids. However, how ILs 
affect the retention behaviors of G4s is still out of knowledge. Compared 
with common oligonucleotides, G4s possess special secondary structures 
with more complicated retention behaviors, making their chromato
graphic analysis more challenging. Therefore, the effect of ILs on G4 
retention behaviors is worth studying, which will be of great value to G4 
studies, especially for G4s with polymorphism. 

In this work, ILs were introduced as mobile phase additives in the 
RP–HPLC analysis of G4s. The influence of IL concentrations, pH values 
of mobile phase and types of ILs on G4 retention behaviors were all 
investigated. G4s of different conformations were involved in order to 
comprehensively elucidate ILs’ effect on G4s as much as possible. 

Furthermore, a comparison between ILs and a normal ion-pairing re
agent was carried out so as to better understand the interaction mech
anism. To our knowledge, it is the first attempt using ILs as mobile phase 
additive to analyse G4s in RP–HPLC, which will afford promising per
spectives for G4 studies. 

2. Experimental section 

2.1. Materials and reagents 

All involved oligonucleotides (Table 1) were custom-synthesized by 
Sangon Biotech Co., Ltd. (Shanghai, China). The water used was ultra
pure water. All of other chemicals were of analytical reagent grade 
unless otherwise noted. Five types of ILs (structures were shown in 
Fig. 1), 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIm][BF4]), 
1-ethyl-3-methylimidazolium tetrafluoroborate ([EMIm][BF4]), 1- 
hexyl-3-methylimidazole tetrafluoroborate ([HMIm][BF4]), 1-butyl-3- 
methylimidazolium bromide ([BMIm][Br]), 1-butyl-3-methylimidazole 
hexafluorophosphate ([BMIm][PF6]), and an ion-pairing reagent tetra
butylammonium bromide (TBAB) were all purchased from Aladdin 
(Shanghai, China). 

2.2. G4 preparation 

Single-stranded oligonucleotides were dissolved in Tris-HCl buffer 
(10 mM Tris-HCl, 100 mM KCl, pH 7.4) and quantified using ultraviolet- 
visible (UV-Vis) absorption spectroscopy with the following extinction 
coefficients (ε260 nm, M− 1 cm− 1) for each nucleotide: A=15400, 
G=11500, C=7400, T=8700. DNA solutions were heated in 95 ℃ water 
bath for 5 min and then were cooled to room temperature naturally in 
order to prepare G4s. Cooled solutions were kept at 4 ℃ overnight to be 
stock solutions followed by being stored at -80 ℃ before use. 

2.3. CD experiments 

CD measurements were performed using a Chirascan digital circular 
dichroism spectropolarimeter (Applied Photophysics Ltd, England) and 
a 1-mm path length quartz cuvette. Sampling interval was 0.5 s and slit 
width was 1 nm. Resulting measurements were the average of three 
repetitions between 220 nm and 330 nm at room temperature. CD 
spectra of baseline and buffers were subtracted from the spectra of 
sample solutions. All G4s for CD measurements were prepared at a 
concentration of 10 μM. 

2.4. RP–HPLC conditions 

RP–HPLC experiments were performed on an Agilent 1200 series 
high performance liquid chromatograph (Agilent, USA) with a diode 
array detector. Separation was accomplished on a Welch Ultimate XB- 
C18 column (4.6 × 250 mm i.d., 5 μm). The column temperature was 
maintained at 30 ℃, and the detection wavelength was set at 260 nm for 
G4s. G4 concentration was 10 μM with an injection volume of 10 μL. 

Table 1 
G4-forming sequences involved in this work.  

Names Sequences (5’ to 3’) Descriptions Conformations 

24TTG TTG GGT TAG GGT TAG GGT TAG GGA Human telomere Hybrid [12] 
TBA GGT TGG TGT GGT TGG Thrombin-binding aptamer Antiparallel [46] 
Boom17 GGT TAG GTT AGG TTA GG Bombyx mori telomere Antiparallel [49] 
26CEB AAG GGT GGG TGT AAG TGT GGG TGG GT CEB25 human minisatellite locus Parallel [50] 
c-kit87-up AGG GAG GGC GCT GGG AGG AGG G c-kit promoter Parallel [48] 
VEGF17 GGG AGG GTT GGG GTG GG Human vascular endothelial growth factor proximal promoter Parallel [47] 
12TAG TAG GGT TAG GGT Human telomere Double-stranded parallel and antiparallel [19] 
GTERT-060 AGG GGA GGG GCT GGG AGG GC Human telomerase, hTERT promoter Parallel and hybrid [21] 
(G4C2)2 GGGGCCGGGGCC C9ORF72 gene Multiple [8,51] 
AS1411 GGTGGTGGTGGTTGTGGTGGTGGTGG Aptamer Multiple [52]  
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Mobile phase A was methanol, and mobile phase B was KH2PO4 (10 mM) 
and ILs. The flow rate was fixed at 1.0 mL min− 1 and experiments were 
performed on a gradient mode with: 0-15 min, 20 %A-45 %A; 15-30 
min, 45 %A-45 %A; 30-35 min, 45 %A-20 %A. ILs of [BMIm][BF4], 
[EMIm][BF4], [HMIm][BF4], [BMIm][Br], [BMIm][PF6] and an ion- 
pairing reagant TBAB were respectively used as mobile phase addi
tives in mobile phase B. For IL concentration experiments, 0, 2, 4, 8 and 
15 mM IL were added. For pH experiments, the pH of mobile phase B 
was adjusted to 5.0, 6.0, 7.0, 8.0 and 9.0, respectively, by using KOH or 
H3PO4. For ion-pairing reagant experiments, 0, 0.5, 1 and 2 mM TBAB 
were added, and the pH was controlled at 7.0. The hold-up time of these 
chromatographic conditions were determined to be 2.5-3.0 mins by 
using NaNO2. 

3. Results and discussion 

3.1. Confirmation of G4 structures 

Before RP–HPLC experiments, the formation of G4 structures should 
be confirmed. With regards to this, CD measurements were conducted, 
which was a typical method to characterize secondary structures of 
nucleic acids. As shown in Fig. S1, all sequences in this work successfully 
folded into G4 structures as expected after being annealed. 26CEB, c- 
kit87-up and VEGF17 all formed parallel G4s as indicated by a positive 
peak at around 265 nm, while Boom17 and TBA formed antiparallel G4s 
with a characteristic positive peak at around 295 nm, in agreement with 
previous studies [46–50]. 24TTG, 12TAG and GTERT-060 all displayed 
two positive peaks at around 265 and 295 nm, representing the forma
tion of hybrid or mixed G4s. Based on previous reports, it was concluded 
that 24TTG took on a hybrid (3+1) G4 topology [12], and 12TAG, 
GTERT-060 both folded into multiple structures. To be specific, G4s of 
12TAG were parallel and anti-parallel ones [19], while topologies of 
GTERT-060 G4s were parallel and hybrid ones [21]. The CD result of 
(G4C2)2 were similar to those of 12TAG and GTERT-060. According to 
reports, (G4C2)2 also produced multiple structures, including both par
allel and antiparallel conformations [7,51]. For AS1411, although CD 
spectra showed that only parallel G4s were formed, it was reported that 
AS1411 could simultaneously form at least eight G4 structures after 
being annealed in K+ buffer [52]. Therefore, it was deduced that AS1411 
folded into multiple structures under experimental conditions, and all 
these G4 structures were parallel. 

3.2. Effect of IL concentration on retention behaviors of G4s 

Based on the widespread use of [BMIm][BF4] as a mobile phase 
additive in analysing nucleotides, nucleic compounds and antibiotics 

[38,43,53], [BMIm][BF4] became our first choice to investigate the in
fluence of IL concentrations on G4 retention behaviors and following 
selection of ILs was relied on it. Firstly, experiments without adding any 
IL in mobile phase were carried out so as to get a basic understanding of 
the retention behaviors of various G4s on a hydrophobic C18 column. 
Compared with isocratic elution, gradient elution is more frequently 
used in chromatographic analysis of nucleic acids [54–59]. Our previous 
study also found that the retention of nucleic acids was quite sensitive to 
the proportion of organic modifier and that applying isocratic elution for 
nucleic acids analysis required careful optimization of mobile phase 
proportion to achieve desirable resolution [60]. However, a satisfying 
result can be easily achieved by gradient elution [60,61]. We found out 
that G4s analysis by RPLC have similar retention phenomenon as com
mon nucleic acids. A good separation for all G4s was difficult to be 
achieved using an isocratic elution, and our previous studies showed 
that gradient conditions provided satisfying results [24]. Therefore, a 
gradient condition was finally chosen in this work as the testing method. 
For the reason that phosphates were one of the most used buffers in 
HPLC, and K+ was used in annealing buffer, so 10 mM KH2PO4 was used 
in the mobile phase. Since K+ concentration in mobile phase was 
different from that in annealing buffer, CD spectra of G4s at different K+

concentrations were measured. Results showed that no big difference in 
CD signal was observed (Fig. S2), suggesting the effect of K+ concen
tration on G4 structures could be ignored. Whereafter, different con
centrations of [BMIm][BF4] were added to mobile phase. Since studies 
of G4 structures, interactions and applications were mostly conducted 
under neutral conditions, so the pH of mobile phase was set at 7.0 first. 

As shown in Fig. 2, with no IL addition, different retention was ob
tained for each G4, which was due to their different strength of hydro
phobic interactions with stationary phase. The hydrophobicity of a G4- 
forming sequence is basically depended on its base composition. Addi
tionally, for G4 structures, hydrophobic G-tetrads are the very important 
hydrophobic interaction sites. For non-parallel G4s, a large steric hin
drance at terminal G-tetrads hinders the hydrophobic interaction be
tween hydrophobic G-tetrads and stationary phase. For parallel G4s, a 
smaller steric hindrance was more beneficial for the hydrophobic 
interaction between hydrophobic G-tetrads and stationary phase. Both 
base compositions and G4 structures finally resulted in different reten
tion of various G4s, which was demonstrated by a weak retention for the 
non-parallel G4s and a relatively strong retention for the parallel G4s. 
After adding [BMIm][BF4], the retention of all G4s was enhanced. To
wards 24TTG, TBA and Boom17 (Fig. 2A–C), low concentration of IL 
caused a weak enhancement in retention. Nevertheless, when [BMIm] 
[BF4] concentration exceeded 2 mM, their retention time (tR) increased 
rapidly. For 26CEB and c-kit87-up (Fig. 2D, E), IL addition noticeably 
enhanced their retention which was further enhanced with increasing IL 

Fig. 1. Chemical structures of the studied five ILs (A-E) and an ion-pairing reagent (F): (A) 1-butyl-3-methylimidazolium tetrafluoroborate ([BMIm][BF4]); (B) 1- 
ethyl-3-methylimidazolium tetrafluoroborate ([EMIm][BF4]); (C) 1-hexyl-3-methylimidazole tetrafluoroborate ([HMIm][BF4]); (D) 1-butyl-3-methylimidazolium 
bromide ([BMIm][Br]); (E) 1-butyl-3-methylimidazole hexafluorophosphate ([BMIm][PF6]); (F) tetrabutylammonium bromide (TBAB). 
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concentration. With regard to parallel VEGF17 (Fig. 2F), its peaks were 
very wide without IL, and narrowed peaks were obtained at high IL 
concentration along with an increased tR. As presented in Fig. 2A–2J, it 
was seen that, with an increase of [BMIm][BF4] concentration, G4 
retention was continuously enhanced, accompanied with an improve
ment on peak shapes which became optimal at 15 mM [BMIm][BF4]. tR 
and symmetry factors of peaks of G4s with relatively simple structures in 
Fig. 2 were summarized in Table S1. Improvement on peak shapes was 
ascribed to the silanol-suppressing effect of ILs [62–64]. Towards 12TAG 
and GTERT-060 (Fig. 2G and 2H) with multiple structures, without IL, 
their chromatographic peaks could be divided into two parts. Part 1 
(orange rectangles in Fig. 2) were peaks with relatively strong retention 
and part 2 (blue rectangles in Fig. 2) were peaks eluted within the 
hold-up time. Compared with other G4s, the change trend in retention of 
part 1 was quite similar to these of 26CEB and c-kit87-up, implying that 
the retention behaviors of substances derived from part 1 were more 
similar to these of parallel G4s. In the meantime, the change trend in 
retention of part 2 was more analogous to that of 24TTG, suggesting that 
the retention behaviors of substances derived from part 2 were more 
similar to these of non-parallel structures. Besides, an improved sepa
ration was observed for VEGF17, 12TAG and GTERT-060 with mixed 
structures. As for (G4C2)2 and AS1411 with more complex structures, 
improved chromatographic separation was noticeably observed as 
indicated by peaks 2-5 of (G4C2)2 and peaks 3-5 of AS1411 with 
increasing concentration of [BMIm][BF4]. 

Additionally, a change in the number of peaks also occurred in 
chromatograms of G4s with multiple structures. To better learn about 
this, CD measurements under different methanol ratios and high con
centration of [BMIm][BF4] were respectively conducted (Figs. S3 and 
S4). As exhibited in Fig. S3, except that the signal at 295 nm of 12TAG 
showed a small decline with increasing methanol proportion, CD spectra 
of other G4s were almost not affected by the change of methanol 

proportion. In regard to the influence of [BMIm][BF4], as presented in 
Fig. S4, only a few G4s showed slightly changed signals and CD spectra 
of most G4s were basically the same in the presence of [BMIm][BF4]. 
Besides, since the [BMIm][BF4] concentration used in CD measurements 
was much higher than that used in RP–HPLC experiments, it was 
reasonable to believe that [BMIm][BF4] in mobile phase had a negligible 
effect on G4 structures. On the whole, both CD results demonstrated that 
adding either methanol or [BMIm][BF4] showed no distinct effect on G4 
structures. Hence, it was concluded that the observed change in the 
number of peaks was attributed to a better separation of G4s induced by 
increasing IL concentration. 

Last but not the least, it was worth noting that for G4s with relatively 
simple structures, a linear relationship between initial [BMIm][BF4] 
concentration (c[BMIm][BF4 ]) in mobile phase and tR of G4s was obtained 
(Fig. S5 and Table 2). Specifically, when [BMIm][BF4] concentration 
was between 4 mM and 15 mM, the tR of 24TTG, TBA and Boom17 was 
linearly dependent on the c[BMIm][BF4 ]. On the other hand, in regard to 
26CEB and c-kit87-up, the range of c[BMIm][BF4 ] extended to 2 mM to 15 
mM. When it came to relatively complex structures, 12TAG and GTERT- 
060, the corresponding range of c[BMIm][BF4 ] was also between 2 mM and 
15 mM, similar to parallel G4s. In respect of more complex structures, 
(G4C2)2 and AS1411, two peaks of each sequence were picked to be 
representations. Towards (G4C2)2, a good linearity was obtained at 4 
mM to15 mM c[BMIm][BF4 ]. However, it was seen that, the tR of AS1411 was 
less linearly correlated to c[BMIm][BF4 ] than G4s of other sequences, which 
was due to the inaccurate tR of peaks in AS1411 at low concentration of 
c[BMIm][BF4 ] for the poor resolution. These ranges were set to ensure that 
G4s were eluted beyond the hold-up time, so making the analysis 
meaningful. According to this finding, it was believed that the retention 
of G4s with relatively simple structures under other concentrations of 
[BMIm][BF4] at the same gradient could be easily predicted. 

In brief, the existence of IL effectively enhanced G4 retention, which 

Fig. 2. RP–HPLC chromatograms of G4s at different concentrations of IL. (A) 24TTG; (B) TBA; (C) Boom17; (D) 26CEB; (E) c-kit87-up; (F) VEGF17; (G) 12TAG; (H) 
GTERT-060; (I) (G4C2)2; (J) AS1411. Chromatograms were obtained on a Welch Ultimate XB-C18 column (4.6 × 250 mm i.d., 5 μm) at a flow rate of 1.0 mL min− 1 

under a gradient condition: 0-15 min, 20 % A-45 % A; 15-30 min, 45 % A; 30-35 min, 45 % A-20 % A. Mobile phase A was methanol and mobile phase B was 10 mM 
KH2PO4 with 0, 2, 4, 8 and 15 mM [BMIm][BF4] respectively at pH 7.0. 
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would be very advantageous for analysing weakly-retained G4s in 
RP–HPLC. Besides, improvement on peak shapes and resolution resulted 
by IL addition was quite beneficial for studies of G4s with multiple 
structures, which was expected to help investigate the polymorphism of 
putative G4-forming sequences. Furthermore, among studied G4s here, 
[BMIm][BF4] seemed to exert a more pronounced effect on the retention 
of parallel G4s than that of hybrid and antiparallel G4s. It was reported 
that ILs could have hydrophobic interactions with terminal G-tetrad 
layers [65]. We mentioned above that the steric hindrance at terminal 
G-tetrads was larger for non-parallel G4s, but smaller for parallel G4s. 
Therefore, it was inferred that compared with the larger steric hindrance 
of hybrid and antiparallel G4s, the smaller steric hindrance of parallel 
G4s facilitated their hydrophobic interactions with ILs, which finally 
made parallel G4s more affected by [BMIm][BF4] addition. This inter
esting finding indicated that the influence of IL on G4 retention be
haviors in RP–HPLC was likely to be related to the structural features of 
G4 targets, which deserved in-depth investigation. Whatever, when 15 
mM [BMIm][BF4] was added, a suitable retention, good peak shape and 
resolution were acquired for all G4s, so 15 mM was chosen as the 
optimal concentration for other experiments. 

3.3. Effect of the pH of mobile phase on retention behaviors of G4s 

It’s known that the pH of mobile phase will affect the state of ana
lytes and further affect their retention behaviors. However, how the pH 
affects G4 retention, especially in the presence of ILs, is still unclear. To 
find out the influence of pH on G4 retention behaviors, a series of ex
periments were conducted. CD measurements were performed before
hand by changing the pH of buffer where stock G4 solutions were 
diluted, in order to narrow the investigated pH range and to learn the 
effect of pH on G4 structures. As shown in Fig. S6, from pH 3.0 to 9.0, 
only when the pH was as low as 3.0 did CD spectra change obviously. At 
pH 3.0, the characteristic signals of most G4s decreased, only these of 
Boom17 (Fig. S6C) increased. Meanwhile, a new peak appeared at 245 
nm for 24TTG, a new peak at 295 nm of c-kit87-up emerged, enhanced 
signals at 290 nm appeared for both (G4C2)2 and AS1411, all because the 
low pH caused some changes in G4 conformations. From pH 5.0 to 9.0, 

almost unchanged CD spectra demonstrated the maintenance of G4 
structures. Therefore, depending on CD results, the initial pH of mobile 
phase was set at pH 5.0 and then increased incrementally to 9.0, at 
which G4 structures could remain stable as much as possible. 

RP–HPLC experiments at different pH without IL addition were 
carried out first. As presented in Fig. S7, all G4s almost had no signals at 
pH 5.0 and relatively weak signals at pH 6.0. From pH 7.0 to 9.0, 
although quite small, a decline in tR for all G4s was observed, accom
panied with an enhanced signal intensity and an improved peak shape. 
In RP–HPLC, the hydrophobicity of G4s is the fundamental factor 
determining their retention strength. It’s learnt that nucleic acids, 
including G4s, contain both acidic groups (phosphate groups) and basic 
groups (nitrogenous bases), making them have amphoteric properties. 
During this studied pH range from pH 5.0 to pH 9.0, phosphate groups 
are completely dissociated with negative charges. However, since 
nitrogenous bases, A, G, C, T, are weak bases with different pKa [66,67], 
they are in a protonated or deprotonated state during this studied pH 
range. To be specific, pKa1 and pKa2 of A are 4.17 and 9.86 respectively 
[68], pKa1, pKa2 and pKa3 of G are 3.15, 9.44 and 12.61 respectively 
[69], pKa1 and pKa2 of C are 4.58 and 12.20 respectively [68] and pKa of 
T is 9.8 [70]. At pH 5.0, all bases are in a relatively highly protonated 
state. However, the degree of protonation of these bases is weaker than 
that of phosphate groups dissociation, so G4s are net negatively charged 
in this case. Based on pKa1, partially protonated A, G and C will be 
deprotonated at pH 5.0-7.0, and their deprotonation increases with 
increasing pH, contributing to an increase of negative charges of the 
whole G4. Since pKa of T is bigger than 9.0, it will be completely pro
tonated at pH 5.0-7.0, but partially protonated at pH 7.0-9.0. Based on 
pKa2, A and G will still be partially protonated at pH 7.0-9.0. A, G, C will 
gradually deprotonate when pH changes from 7.0 to 9.0, which also 
contributes to an increase of negative charges of the whole G4. There
fore, with an increase of pH, the deprotonation of these bases increases 
and the protonation decreases, so the net negative charges of G4s in
crease. All of these will change the hydrophobicity of G4s. Therefore, it 
was deduced that signals observed at pH 5.0 and 6.0 was the result of a 
strong retention induced by a relatively strong hydrophobicity of G4s at 
low pH, which also caused these poor peak shapes at pH 6.0 because of a 
weaker stability. And the decline in tR observed from pH 7.0 to 9.0 was 
because that the net negative charges of G4s were increased with 
increasing pH, eventually resulting in a weakened hydrophobicity of 
G4s but a better peak shape. 

Subsequently, similar RP–HPLC experiments were conducted with 
an addition of 15 mM [BMIm][BF4] in mobile phase. From Fig. 3, the 
signal intensity at pH 5.0 resembled that in Fig. S7. At pH 6.0-9.0, 
compared with no IL, tR of G4s was notably increased, which was 
attributed to IL addition. From pH 7.0 to 9.0, no matter what confor
mation it was, the retention of G4s was gradually weakened with 
increasing pH, along with a better peak shape, which was also resulted 
by gradually increased net negative charges of G4s, being consistent 
with results obtained in Fig. S7. Differently, the decline in tR of each G4 
was more marked in the presence of IL than no IL existing. Besides, the 
peak resolution was also evidently improved for VEGF17 and 12TAG 
with IL addition than no IL existing. For (G4C2)2 and AS1411 with more 
complex structures, when IL existed, their separation of chromato
graphic peaks was improved with the increase of pH, such as peaks 3, 4 
in Fig. 3J. But in the meantime, there were also peaks whose separation 
became worse, like peaks 7, 8 in Fig. 3J, suggesting that the influence of 
pH on chromatographic behaviors of complex G4 structures was more 
variable. Combining Figs. 3 and S8, it demonstrated that the pH exerted 
more pronounced effect on G4 retention behavior in the presence of IL, 
which was because that pH changed the charged state of G4s and thus 
influenced interactions between G4s and ILs. 

In a word, the higher pH, the weaker retention and the better peak 
shapes. Even so, as indicated by Fig. S7, it was difficult to get a satisfying 
chromatographic performance of G4s only by adjusting pH of mobile 
phase. The existence of IL mattered much more in providing a good 

Table 2 
The linear relationship between [BMIm][BF4] concentration (c[BMIm][BF4 ]) in the 
mobile phase and the tR of each G4.  

G4s c[BMIm][BF4 ] range 
(mM) 

tR-c[BMIm][BF4 ] R2 

24TTG 4-15 tR = 0.4137c[BMIm][BF4 ] + 2.3171 0.9712 
TBA 4-15 tR = 0.3096c[BMIm][BF4 ] + 5.2496 0.9705 
Boom17 4-15 tR = 0.2857c[BMIm][BF4 ] + 4.4811 0.9734 
26CEB 2-15 tR = 0.3244c[BMIm][BF4 ] + 6.0711 0.9524 
c-kit87-up 2-15 tR = 0.3949c[BMIm][BF4 ] + 5.7735 0.9556 
VEGF17 2-15 tR (peak 1) = 0.2075c[BMIm][BF4 ] +

14.3559 
tR (peak 2) = 0.2253c[BMIm][BF4 ] +

13.7879 

0.9860 
0.9844 

12TAG 2-15 tR (peak 1) = 0.3163c[BMIm][BF4 ] +

5.8759 
tR (peak 4) = 0.3491c[BMIm][BF4 ] +

2.5848 

0.9727 
0.9736 

GTERT- 
060 

2-15 tR (peak 2) = 0.2863c[BMIm][BF4 ] +

8.9978 
tR (peak 3) = 0.4421c[BMIm][BF4 ] +

2.1557 

0.9688 
0.9719 

(G4C2)2 4-15 tR (peak 1) = 0.2920c[BMIm][BF4 ] +

14.1280 
tR (peak 5) = 0.2806c[BMIm][BF4 ] +

1.8046 

0.9783 
0.9980 

AS1411 2-15 tR (peak 1) = 0.2518c[BMIm][BF4 ] +

12.3742 
tR (peak 6) = 0.4348c[BMIm][BF4 ] +

4.7303 

0.9426 
0.9383  
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chromatogram, and then, better results could be achieved by adjusting 
pH of mobile phase. When IL was included, the shortest retention along 
with the best peak shape and resolution were obtained at pH 9.0 here for 
most G4s. In the previous section, results of the effect of IL concentra
tions on G4 retention were acquired at pH 7.0. In order to verify the 
reliability of these results, the effect of [BMIm][BF4] concentrations on 
retention behaviors of 24TTG, 26CEB, VEGF17 and GTERT-060 was 
investigated once again with pH being adjusted to 9.0, and obtained 
results were consistent with those gotten at pH 7.0 (Fig. S8). Considering 
that G4s were the most biologically active at neutral pH, along with a 
fact that the chromatographic results after excluding tR at pH 7.0 and 9.0 
were of little difference, pH 7.0 was still chosen for other experiments. 
Besides, information provided at pH 7.0 could also serve the separation 
and analysis of G4 structures in real nucleic acid samples in future 
researches. 

3.4. Effect of cations and anions types of ILs on retention behaviors of G4s 

It’s reported that different ILs affect differently on the retention of 
analytes. When ILs are used as mobile phase additives, both cation and 
anion can impact chromatographic behaviors of analytes [33,71]. Even 
though, how different cations or anions affect G4 retention is still out of 
knowledge. To learn about this issue, five different ILs of [BMIm][BF4], 
[EMIm][BF4], [HMIm][BF4], [BMIm][Br] and [BMIm][PF6] were 
selected for investigation. From CD results in Figs. S4 and S9, it was 
obtained that, even at a high concentration of ILs, there only appeared 
small changes in signal strength, which demonstrated the maintenance 
of main structure of each G4. Hence, it was inferred that G4 structures 
could be maintained under chromatographic conditions where IL con
centration was no more than 15 mM. Thereafter, the effect of different 
cations or anions on G4 retention behaviors was studied, where G4s 
were analysed with 15 mM IL additives in mobile phase at a pH of 7.0. 

The influence of IL cations on G4 retention was investigated by using 
[EMIm][BF4], [BMIm][BF4] and [HMIm][BF4], whose alkyl chains 
length on cations is getting longer and longer. As illustrated in Fig. 4, 
compared with no IL, [EMIm]+ addition led to a negligible enhancement 
in retention of hybrid and antiparallel G4s (24TTG, TBA and Boom17), 
but a relatively obvious increase in tR of parallel G4s (26CEB, c-kit87-up 
and VEGF17), suggesting a more pronounced impact of IL cations on 
parallel G4s. These peaks of 12TAG and GTERT-060 still could be 
divided into two parts in the same way as in Fig. 2G and 2H. When 
[EMIm]+ was added, the change trend in retention of each part was still 
respectively similar to these of parallel and non-parallel structures, 
consistent with these acquired in Fig. 2. In regard to (G4C2)2 and AS1411 
with much more complex structures, only several peaks displayed a 
slight enhancement in retention with the addition of [EMIm]+. From 
Fig. 4, it demonstrated that [EMIm][BF4] still resulted in an improve
ment in peak shapes, meaning that IL cation with short alkyl chain could 
still yield a silanol-suppressing effect. With [BMIm][BF4] addition, the 
enhancement in retention was much more pronounced and a more 
noticeable improvement appeared in peak shapes for all G4s. Continuing 
to increase the length of alkyl chain to six carbon atoms, when [HMIm] 
[BF4] was added, retention of all G4s was greatly enhanced, and most 
G4s could not be eluted under current elution condition, requiring an 
increase of organic modifier proportion in mobile phase. Coupled with 
Fig. 2, it was found that the effect of 15 mM [EMIm]+ on G4 retention 
was similar to that of 2 mM [BMIm]+. This reminded us that increasing 
the alkyl chain length on cation was more effective in changing G4 
retention than increasing the concentration of IL cation with a short 
alkyl chain. Apart from that, [BMIm]+ afforded better G4 separation 
than [EMIm]+ as exhibited by Fig. 4F–J. These differences observed 
between [BMIm][BF4] and [EMIm][BF4] addition were likely to be 
attributed to a fact that the short alkyl chain of [EMIm]+ caused less 
enhancement of hydrophobic interactions between G4s and stationary 

Fig. 3. RP–HPLC chromatograms of G4s at different pH of the mobile phase with ILs addition. (A) 24TTG; (B) TBA; (C) Boom17; (D) 26CEB; (E) c-kit87-up; (F) 
VEGF17; (G) 12TAG; (H) GTERT-060; (I) (G4C2)2; (J) AS1411. Chromatograms were obtained on a Welch Ultimate XB-C18 column (4.6×250 mm i.d., 5 μm) at a flow 
rate of 1.0 mL min− 1 under a gradient condition: 0-15 min, 20 % A-45 % A; 15-30 min, 45 % A; 30-35 min, 45 % A-20 % A. Mobile phase A was methanol and mobile 
phase B was 10 mM KH2PO4 with 15 mM [BMIm][BF4] at the pH 5.0, 6.0, 7.0, 8.0 and 9.0. 
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phase, which was thus insufficient for acquiring adequate G4 retention 
or good separation. 

Afterwards, the effect of different anions of ILs on G4s retention 
behaviors was investigated by comparing [BMIm][BF4], [BMIm][Br] 
and [BMIm][PF6]. As presented in Fig. 5, differences in retention be
haviors under different anions were much less significant than these 
under different cations. Chromatographic results obtained under [Br]−

and [BF4]− were basically the same except that the retention under 
[BF4]− was weaker to a very slight degree. However, although still 
insignificant, [PF6]− caused a relatively obvious reduce in tR compared 
with [Br]− and [BF4]− . Some reports suggested that ions could adsorb on 
hydrophobic stationary phases in amounts relying on their lyotropic 
order [33,71]. When anions did, there were supposed to exist electro
static repulsion between anions and negatively charged G4s. The lyo
tropic order of these three anions here was that [PF6]− >[BF4]− >[Br]−

[33,71]. Therefore, [PF6]− was inferred to adsorb more on stationary 
phase, thus causing a more obvious reduce in G4 retention. Even so, the 
reduce in retention caused by [PF6]− was negligible compared with 
changes induced by different cations of ILs, not to mention even smaller 
differences under [BF4]− and [Br]− . This reflected that the adsorption of 
anions on stationary phase should be minimal. Whatever, differences in 
results obtained under different anions were much less apparent than 
these under different cations, pointing out that anions had inappreciable 
influence on retention behaviors of G4s, no matter what conformations 
and structural complexity were. 

Combining results in Figs. 4 and 5, it could be concluded that, if a 
good separation for G4s on a C18 column was wanted, the alkyl chain on 
the cation of ILs should be taken into careful consideration because ILs 
with long alkyl chain were more effective in G4 retention enhancement, 
peak shape and separation improvement. Meanwhile, anions mattered 
much less in adjusting G4 retention behaviors. However, it was worth 
noting that when choosing ILs, the hydrophobic property should also be 

taken into account. Among these five ILs, [HMIM][BF4] and [BMIm] 
[PF6] have the strongest hydrophobicity, making them difficult to be 
dissolved in aqueous solutions. In particular, [BMIm][PF6] is more hy
drophobic, resulting in its concentration being only 40 mM instead of 
160 mM in CD measurements. Strong hydrophobicity of ILs is harmful 
for their application in HPLC as a mobile phase additive since it’s easy to 
bring pollution and blockage to instruments. Another disadvantage of 
ILs with strong hydrophobicity was that they had bigger influence on G4 
structures. From CD results in Figs. S4 and S9, it was seen that [HMIm] 
[BF4] affected CD signals more obviously than [EMIm][BF4] and 
[BMIm][BF4], indicating that [HMIm][BF4] caused more disturbance in 
G4 structures. For [BMIm][PF6], although its concentration used in CD 
experiments was much lower than these of [BMIm][BF4] and [BMIm] 
[Br], there already appeared relatively evident changes in CD signals for 
some G4s with [BMIm][PF6] addition, for instance, TBA and 12TAG. In 
this case, ILs with medium hydrophobicity were most suitable for G4 
analysis in RP–HPLC. 

3.5. Comparison between ILs and ion-pairing reagents 

In order to compare the roles of ILs and normal ion-pairing reagents 
in G4 retention in RP–HPLC, we introduced tetrabutylammonium bro
mide (TBAB), a normal ion-pairing reagent, and investigated its effect on 
G4 retention. According to CD results in Fig. S10, except that CD spectra 
of c-kit87-up and AS1411 remained basically unchanged, CD signals of 
other G4s all showed changes in signal intensity and shifts in peak po
sitions in the presence of TBAB, which was similar to CD results under 
[HMIm][BF4] addition in Fig. S4. Hence, compared with [BMIm][BF4], 
TBAB caused greater influence on G4 structures. RP–HPLC results ob
tained under different concentrations of TBAB were presented in 
Fig. S11. Combining Figs. S11 and 2, it was gotten that there existed 
obvious differences in chromatograms obtained under TBAB and 

Fig. 4. RP–HPLC chromatograms of G4s at different cation types of ILs. (A) 24TTG; (B) TBA; (C) Boom17; (D) 26CEB; (E) c-kit87-up; (F) VEGF17; (G) 12TAG; (H) 
GTERT-060; (I) (G4C2)2; (J) AS1411. Chromatograms were obtained on a Welch Ultimate XB-C18 column (4.6×250 mm i.d., 5 μm) at a flow rate of 1.0 mL min− 1 

under a gradient condition: 0-15 min, 20 % A-45 % A; 15-30 min, 45 %A; 30-35 min, 45 % A-20 % A. Mobile phase A was methanol and mobile phase B was 10 mM 
KH2PO4 with 15 mM [BMIm][BF4], [EMIm][BF4] or [HMIm][BF4] at the pH 7.0. 
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[BMIm][BF4]. First of all, compared with [BMIm][BF4], just a quite low 
concentration of TBAB was sufficient to significantly enhance the 
retention of G4s. This was because that TBAB had four butyl groups 
attaching to its nitrogen atom, making its ability to enhance the hy
drophobicity of ion pairs with G4s much stronger than that of [BMIm]+

with only one butyl group. Similar to [BMIm][BF4], as TBAB concen
tration increased, tR of G4s continued to increase. Secondly, it was seen 
that a quite low concentration of TBAB already induced a more evident 
improvement on peak shapes than [BMIm][BF4]. Besides, from chro
matograms of VEGF17 and (G4C2)2 (Fig. S11F and I), an increase of 
TBAB concentration also improved their separation. From these obser
vations, it was revealed that the influence of ILs on G4s was similar to 
that of normal ion-pairing reagents. However, for GTERT-060 
(Fig. S11H), its separation at a high concentration of TBAB was not as 
good as that at low concentrations. Moreover, the separation of AS1411 
with more complex structures was greatly reduced as only one obvious 
peak existed. Hence, improvement on separation induced by TBAB 
addition was not as regular as that induced by ILs, and differences be
tween various G4s were quite obvious. Overall, the role of ILs on G4s 
retention behavior resembled that of normal ion-pairing reagents, but it 
showed advantages in separation. 

Additionally, from the comparison of [BMIm][BF4], [HMIm][BF4] 
and TBAB, it demonstrated that the hydrophobicity of cations was not 
the stronger the better. On the one hand, too strong hydrophobicity of 
cations required a higher proportion of organic modifier for elution, but 
with regard to G4s, a high proportion of organic solvent was detrimental 
to the stability of G4 structures. On the other hand, CD results showed 
that cations with too strong hydrophobicity had more obvious effect on 
G4 structures, which introduced instability factors into experiments and 
was not conducive to studies of G4s. 

3.6. Mechanism elucidation 

In Fig. 2, it was obtained that the retention of all G4s was evidently 
enhanced with increasing [BMIm][BF4] concentration in mobile phase, 
which could be attributed to three possible reasons as follows. (i) 
Enhanced hydrophobicity. pKa value of silanol groups was about be
tween 4.5 and 4.7. At pH 5.0-9.0, silanol groups were partially ionized or 
completely ionized [72]. Therefore, cations of ILs could adsorb onto 
stationary phase by electrostatic interactions with anionic free silanols 
[25,33], leading to the hydrophobic alkyl chains of [BMIm]+ exposed to 
the outside, which enhanced the hydrophobicity of stationary phase in 
chromatographic column and finally enhanced G4s retention. (ii) Elec
trostatic interaction. Cations of ILs could also adsorb onto stationary 
phase by hydrophobic interactions between the alkyl chains of cations 
and the alkyl groups of stationary phase [25,33], leading to the posi
tively charged imidazole groups exposed to the outside. In this case, 
there should exist electrostatic attraction between [BMIm]+ cation and 
negatively charged G4s, which also contributed to retention enhance
ment. Based on these two circumstances, the higher IL concentration, 
the more [BMIm]+ cations were bound to stationary phase, the stronger 
G4 retention. (iii) Ion pair interaction. Since phosphate backbones of 
G4s were negatively charged, they could pair with free [BMIm]+ cations 
in mobile phase, thereby forming G4-IL ion pairs with stronger hydro
phobicity, which was also conducive to the increase of tR. In addition to 
retention enhancement, there also appeared an evident improvement on 
peak shapes with increasing [BMIm][BF4] concentration. This was 
ascribed to the silanol-suppressing effect of ILs [63], which further 
supported that [BMIm]+ cations were bound to anionic free silanols on 
stationary phase via electrostatic interaction, resulting in improvement 
in peak tailing and peak symmetry. 

From [BMIm][BF4] concentration experiments, it was proposed that 
the way that IL affected G4 retention behaviors could be via enhanced 

Fig. 5. RP–HPLC chromatograms of G4s at different anion types of ILs. (A) 24TTG; (B) TBA; (C) Boom17; (D) 26CEB; (E) c-kit87-up; (F) VEGF17; (G) 12TAG; (H) 
GTERT-060; (I) (G4C2)2; (J) AS1411. Chromatograms were obtained on a Welch Ultimate XB-C18 column (4.6×250 mm i.d., 5 μm) at a flow rate of 1.0 mL min− 1 

under a gradient condition: 0-15 min, 20 % A-45 % A; 15-30 min, 45 %A; 30-35 min 45 % A-20 % A. Mobile phase A was methanol and mobile phase B was 10 mM 
KH2PO4 with 15 mM [BMIm][BF4], [BMIm][Br] or [BMIm][PF6] at the pH 7.0. 
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hydrophobic interaction, electrostatic interaction and ion pair interac
tion. However, which interaction dominated in this process was unclear 
yet. In pH experiments, the pH of mobile phase changed the charged 
state of G4s and thus affected G4 retention. As pH increased, the net 
negative charges of G4s increased, which ought to be beneficial for 
electrostatic attraction with IL cations adsorbing on stationary phase 
and thus caused stronger retention. However, such enhancement of 
retention did not occur with increasing pH, indicating that the role of 
electrostatic attraction was not prominent for G4 retention. As for ion 
pair retention mechanism, from section 3.5, it was known that an ion- 
pairing reagent, TBAB, could effectively enhance G4 retention, and 
the enhancement in retention increased with increasing concentration of 
TBAB. Besides, TBAB also contributed to the improvement on peaks 
shapes. These were all similar to ILs. Although not as regular as ILs, 
TBAB induced better separation for some G4s. Therefore, it was deduced 
that ion pair mechanism mattered in the influence of ILs. Finally, to
wards hydrophobic interactions, when ILs were introduced as mobile 
phase additives, besides the hydrophobic interaction between G4s with 
the C18 of stationary phase, there existed an enhanced hydrophobic 
interaction between G4s with the alkyl chain of IL cations absorbing on 
stationary phase. Results of different cations and anions in Figs. 4 and 5 
also supported the important role of ion pair mechanism and enhanced 
hydrophobic interaction in G4 retention since the length of alkyl chain 
mattered much more in influencing G4 retention and it could change the 
hydrophobicity of IL-G4s ion pairs and stationary phase. To further 
verify the significance of hydrophobic interaction, we used a C8 column 
of the same specification to compare retention behaviors of G4s under 
the same experimental conditions. As illustrated in Fig. S12, when being 
compared with results on a C18 column in Fig. 2, the retention of G4s on 
a C8 column was significantly reduced, which proved that hydrophobic 
interaction played an important role in G4 retention. 

In summary, when ILs were used as mobile phase additives, the 
retention of G4s in RP–HPLC was mainly affected by ion pair mechanism 
and enhanced hydrophobic interaction, while electrostatic attraction 
played a small role in this process. These interaction mechanisms be
tween IL, G4s and stationary phase surface of the silica-based C18 col
umn were illustrated in Fig. 6. 

4. Conclusions 

With continuous findings of G4s in disease-related genes, G4 studies 
become increasingly important. In order to deeply understand the role of 
G4s in biological process and to better apply G4s in more fields, struc
tural analysis of G4s is very necessary. RP–HPLC is an effective tool for 
analysing complex systems, which has great potential in elucidating G4 
polymorphism. In this article, IL was introduced as a mobile phase ad
ditive to comprehensively investigate how it amended the retention 
behaviors of various G4s in RP–HPLC. It was revealed that IL addition 
obviously enhanced G4 retention, and improved peak shapes and reso
lution. A linear correlation between tR and IL concentration was ob
tained and was expected to help predict the retention of G4s in systems 
with relatively simple polymorphism. Among studied G4s, the effect of 
IL differed for G4s with distinct conformations, which reflected a dif
ference in property of various G4s or conformation-related interaction 
between IL and G4s. From this point of view, when performing chro
matographic analysis for G4s, their conformations should be taken into 
careful consideration. It was also found out that in G4 chromatographic 
analysis, the type of ILs anions had little effect on retention behaviors, 
while the length of alkyl chain on IL cations significantly influenced the 
retention of G4s. It was concluded that ion pair mechanism and 
enhanced hydrophobic interaction were two main forces impacting the 
retention behaviors of G4s in RP–HPLC when ILs were added in mobile 
phase. Although ILs have been already introduced into chromatographic 
analysis of oligonucleotides, however, as far as we know, this is the first 
work involving ILs to the separation of G4s and relatively comprehen
sive investigation of different RP–HPLC conditions were conducted. It 
was believed that this proposed strategy introducing IL in RP–HPLC was 
expected to help analyse G4 with polymorphic structures. Compared 
with common oligonucleotides that have been widely investigated, G4 
structures are more complex and variable. Since a clear understanding of 
G4 structures is significant to G4 functions and applications, we have 
faith that results of this study have important reference value in accurate 
interpretation of G4 structural polymorphism. 

Fig. 6. The interaction mechanisms between IL, G4s and the stationary phase surface of the silica-based C18 column. The green rectangles represented the elec
trostatic attraction between cations and the anionic free silanols. The blue rectangles represented the hydrophobic interaction between the alkyl chain on cations and 
the alkyl groups of stationary phase. The blue circles represented the hydrophobic interaction between the alkyl chain on cations and G4s. The green circles rep
resented the electrostatic attraction between cations and the negatively charged phosphate backbones of G4s. The pink circle represented the ion pairs between 
cations and G4s. The red ellipses represented the hydrophobic interaction between G4s and the stationary phase. 
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