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Effect and Mechanism of Deep Eutectic Solvents as Mobile-Phase
Additives on Retention Behavior of G-Quadruplexes in Reversed-
Phase High-Performance Liquid Chromatography

Lu-yan An, Long-yu Zhu, Min Zhu, Jun-qin Qiao,™ Weijuan Zheng, Xiaojun Yao, and Hong-zhen Lian*

I: I Read Online

Article Recommendations |

Cite This: Anal. Chem. 2026, 98, 16083-16095

ACCESS |

[l Metrics & More | @ Supporting Information

G4 Separation

Interaction

0% DES
10% DES

[

&g ®

G4+DES
1. RP-HPLC (mobile phase additives: DES)

<

G4 Identification :

4. Molecular Docking

3. SERS (G4+DES) (G4+DES)

2. CD (chromatographic effluent)

ABSTRACT: Separating complex biomolecules by liquid chromatography has always been challenging. In this work, deep eutectic
solvents (DESs) were employed as mobile-phase additives to separate different G-quadruplex (G4) conformations using reversed-
phase high-performance liquid chromatography (RP-HPLC). We investigated how different types and concentrations of DESs
affected the retention behavior of G4s. The addition of DESs was found to significantly improve the peak shapes and resolution. At
low concentrations, DESs enhanced the retention time of G4s, whereas higher concentrations led to a reduced retention. By
combining circular dichroism analysis, we identified the G4 conformations corresponding to distinct chromatographic peaks and
revealed that parallel G4 was more hydrophobic than nonparallel G4. In DESs, both hydrogen-bond donors and hydrogen-bond
acceptors were shown to influence G4 retention behavior, with hydrogen-bond acceptors playing a dominant role. Using SERS and
molecular docking, we further investigated the interaction mode between DESs and G4s to gain deeper insights into the retention
mechanism. It showed that DESs interact with G4s through groove binding, supported by hydrogen bonding, cation-z, and
electrostatic interactions, as well as electrostatic interaction toward the phosphate backbone, while DESs could also shield the silanol
groups of the C18 stationary phase, thereby modulating the retention behavior of G4s. This work demonstrated that DESs, as
promising green solvents, could effectively improve G4 separation in RP-HPLC. Notably, this is the first application of DESs in the
liquid chromatographic separation of complex biological macromolecules.

B INTRODUCTION

G-quadruplexes (G4s) are unique four-stranded structures
formed by the folding of guanine-rich oligonucleotides. Four
guanines are linked by Hoogsteen hydrogen bonds to form a

circular dichroism (CD),"” ultraviolet spectroscopy,” fluo-
rescence spectroscopy,”’ Raman spectroscopy,”> and mass
spectrometry analysis.”> However, when multiple components
coexist, these techniques face obvious difficulties in accurately

G-quartet,’ which is the fundamental building block of G4s.
These G-quartets stack vertically to form the G4 structures,
which are stabilized by cations (Na*, K*, and NH,") located
between the G-quartets.” Gé4s are found at telomeres and
proto-oncogene promoters. Owing to their important roles in
regulating gene transcription, G4s are promising targets for
tumor therapy.” G4 structures show significant polymor-
phism,”™"" and their biological functions are closely related to
specific topological features.'””'® Currently, a range of
techniques are employed for analyzing G4 structures, including
nuclear magnetic resonance,'” single-crystal X-ray diffraction,"®
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characterizing the G4. In this case, the effective separation of
mixed components is crucial.”**®

High-performance liquid chromatography (HPLC), as a
common separation and analysis method, has been widely used
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Table 1. G4-forming Sequences Involved in This Work

names sequence (S’ to 3') descriptions refs
TBA GGTTGGTGTGGTTGG thrombin-binding aptamer 59-62
24TTG TTGGGTTAGGGTTAGGGTTAGGGA human telomere 63,64
c-myc TGAGGGTGGGTAGGGTGGGTAA c-MYC promoter 65,66
GTERT-060 AGGGGAGGGGCTGGGAGGGC human telomerase, hTERT promoter 67
12TAG TAGGGTTAGGGT human telomere 68
AS1411 GGTGGTGGTGGTTGTGGTGGTGGTGG aptamer 69
Table 2. DESs Involved in This Work”
abbreviation HBA HBD molar ratios synthesis temperature (°C) remarks

DES1 ChCl EG 1:3 80 colorless, transparent, homogeneous solution

DES2 ChCl EG 12 80

DES3 ChCl EG 1:3 60

DES4 ChCl EG 1:3 100

DESS ChCl Urea 1:2 80

DES6 Chcl Gly 11 80

DES7 ChCl MA 1:2 80

DESS8 Betaine EG 1:3 80

DES9 TBAB EG 1:3 80

DES10 [BMIm][Br] EG 1:3 80

“ChCl: choline chloride, EG: ethylene glycol, Gly: glycerol, MA: malonic acid, TBAB: tetrabutylammonium bromide, and [BMIm][Br]: 1-butyl-3-

methylimidazolium bromide.

in nucleic acid research.”*>* The common chromatographic
separation modes include ion-exchange chromatography
(IEC),” affinity chromatography (AC),*® size exclusion
chromatography (SEC),”" and ion-pair reversed-phase liquid
chromatography (IP-RPLC).*” Among them, IP-RPLC is the
most widely used, attributed to its efficient separation. Our
group had tried to use the classic IP-RPLC method for nucleic
acid analysis to separate the different conformations of G4s but
did not achieve good results. On the contrary, obviously better
results were achieved by using the RP-HPLC method.” To
improve the separation of various G4 conformations, our
group further used ionic liquids as mobile-phase additives to
improve the separation effect of G4s in RP-HPLC.”> However,
the environmental friendliness of ionic liquids has raised some
concerns,”* which may limit their long-term applicability.
Deep eutectic solvents (DESs) are systems consisting of
mixtures of two or more compounds, which are usually
obtained through strong interactions between hydrogen-bond
donors (HBDs) and hydrogen-bond acceptors (HBAs).*
Their melting points are apparently lower than the individual
compound that makes up the DESs.*® It is widely proven that
DESs have similar properties to ionic liquids but have lower
production costs, lower toxicity, and higher biodegradabil-
ity.”’ =" As promising green solvents in analytical chemistry,
DESs can be used in sample pretreatment such as extraction,
chromatographic separation and analysis, sensing and
detection, as well as serving as a reaction medium or
functionalization reagent.”**” Notably, DESs are widely used
as mobile-phase additives in HPLC’°™>® and have been
successfully applied to improve the chromatographic separa-
tion of targets such as biogenic amines,”* alkaloids,***°
quercetin,”’ and caffeic acid.”® However, chromatographic
separation and analysis involving DESs have rarely been
reported for biomolecules such as proteins, peptides, and
nucleic acids. In pursuit of both enhanced retention perform-
ance and an environmentally friendly mobile phase, the

potential of DESs as a mobile-phase additive to separate G4
is worth exploring.

In this work, we systematically investigated the effect of
DESs as mobile-phase additives on the retention behavior of
different G4s in RP-HPLC by varying both the concentration
and the type of DESs. The G4 conformation corresponding to
each chromatographic peak was verified by using CD. To
further elucidate the role of DESs, surface-enhanced Raman
spectroscopy (SERS) was employed to investigate the
interaction mode between the DESs and G4 structures. The
interactions were visualized via molecular docking, and the
underlying retention mechanism was analyzed. This study
provides a novel perspective on the application of DESs in G4
chromatographic separation.

B EXPERIMENTAL SECTION

Materials and Reagents

The oligonucleotides (listed in Table 1) were all custom-synthesized
by Sangon Biotech (Shanghai, China). The ordered oligonucleotides
were purified by HPLC, and no further purification was required for
experiments. Chromatography grade methanol was purchased from
Honeywell (Ulsan, Korea). Tetrabutylammonium bromide (TBAB),
KH,PO,, K,HPO,, glycerol (Gly), sodium citrate, potassium iodine,
and 1-butyl-3-methylimidazolium bromide ([BMIm][Br]) were
purchased from Aladdin (Shanghai, China). Choline chloride
(ChCl), urea, and betaine were purchased from Meryer (Shanghai,
China). Malonic acid (MA) and ethylene glycol (EG) were purchased
from Macklin (Shanghai, China). Silver nitrate was purchased from
Qiangsheng (Jiangsu, China), and magnesium sulfate was purchased
from Beyotime Biotechnology (Shanghai, China). The water used was
an ultrapure water. All of the other chemicals were of analytical
reagent grade unless otherwise noted.

G4 Preparation

Single-stranded oligonucleotides were dissolved in KH,PO,—K,HPO,
(50 mM, pH 7.0) buffer. The obtained DNA solutions were heated in
95 °C water bath for 10 min and then were cooled to room
temperature naturally. Cooled solutions were kept at 4 °C overnight
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Figure 1. CD spectra of annealed G4-forming sequences in K* buffer (50 mM KH,PO,—K,HPO,, pH 7.0). (a) TBA; (b) 24TTG; (c) c-myc; (d)

GTERT-060; (e) 12TAG; (f) AS1411.

and stored at —20 °C before use. Table 1 shows the G4s used in this
work.

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 and 330 nm at room temperature. CD
spectra of baseline and buffer were subtracted from the spectra of
sample solutions. The concentration of G4s used for CD measure-
ments was 10 gM. CD melting experiments were performed to
observe the attenuation of the signal at 265 nm to record the melting
transition. The measured temperature range was 20—95 °C, and the
heating rate was 1 °C/min.

Synthesis of DESs

Suitable molar ratios of HBA and HBD were accurately weighed and
introduced into a round-bottom flask. The samples were magnetically
stirred in an oil bath at 60—100 °C to form a homogeneous and
transparent solution. Table 2 provides a detailed list of the DESs used
in this work. Both the HBA structures and the synthesized DESs were
characterized using infrared spectroscopy, and the results are shown in
Figure S1.

SEC Conditions

SEC experiment was performed on LC-20AD (Shimadzu, Kyoto,
Japan) with the UV—Vis detector. Separation was accomplished on a
TSKg G2000SWy, column (300 X 7.5 mm i.d., 10 gm). The column
temperature was maintained at 30 °C, and the detection wavelength
was set at 260 nm. The injection volume was 10 uL. A KH,PO,—
K,HPO, buffer solution (10 mM, pH 7.0) was used as the mobile
phase for isocratic elution at a flow rate of 0.5 mL/min. The final G4
concentration was 50 M.

RP-HPLC Conditions
RP-HPLC experiments were performed on LC-20AD (Shimadzu,

Kyoto, Japan) with the UV—Vis detector. Separation and analysis
were accomplished on a Welch Ultimate XB-C18 column (250 X 4.6

16085

mm id, 5 gm). The column temperature was maintained at 30 °C,
and the detection wavelength was set at 260 nm. The injection
volume was 10 uL, and the flow rate was fixed at 1.0 mL/min. The
final G4 concentration was 50 M. Mobile phase A was methanol, and
mobile phase B was K* buffer and DESs. The gradient mode for
mobile phase 1 was 0—15 min, 80% B-55% B; 15—30 min, 55% B-
55% B.

Mobile phase B: (A) Basic solution: KH,PO,~K,HPO, buffer
solution (10 mM, pH 7.0). (B) DES concentration experiments:
adding different proportions of DESs to basic solution, respectively;
(C) ChCl, TBAB, and [BMIm][Br] concentration experiments: basic
solution containing 20 mM ChCl, 2 mM TBAB, and 20 mM
[BMIm][Br], respectively.

Surface-Enhanced Raman Spectroscopy (SERS) Conditions

a. Preparation of silver nanoparticles using Lee and Meisel’s
method:”® About 36 mg of silver nitrate was weighed and
dissolved in 200 mL of purified water. About 4 mL of 1%
sodium citrate was slowly added dropwise to the boiling silver
nitrate solution, stirred continuously for 40 min until the
mixture turned yellowish-green, and stored at 4 °C. Before use,
silver sol solution was centrifuged at S000 rpm for 1S min to
remove the supernatant. Characterization of silver nano-
particles: scanning electron microscopy (SEM) images of
silver nanoparticles were taken on a Hitachi S-4800 micro-
scope (Hitachi, Tokyo, Japan) connected to a Bruker Quantax
energy-dispersive spectrometer (EDS, Bruker, Karlsruhe,
German).

. Fifty microliters of silver sol was mixed with 50 yL of 1 mM
potassium iodide solution, incubating at room temperature for
25 min. Then, 50 uL of 25 uM DNA solution and 20 uL of
magnesium sulfate solution were added. The color of the
solution changed from yellow-green to dark brown.

. Raman instrument setup: SERS spectra were obtained using a
UK laser confocal Raman spectrometer (Renishaw inVia-
Reflex). The instrument was automatically calibrated mainly
based on the peak value of silicon wafer at 520.5 cm™". The
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Figure 2. SEC chromatograms of G4s (black line) and RP-HPLC chromatograms of G4s using mobile phase 1 without DES addition (red line).
(a) TBA; (b) 24TTG; (c) c-myc; (d) GTERT-060; (e) 12TAG; (f) AS1411; (g) TBA; (h) 24TTG; (i) c-myc; (j) GTERT-060; (k) 12TAG; (1)
AS1411.

laser wavelength was 633 nm and the laser energy was 10%; structures. AS1411 and c-myc were shown to form parallel
the scan time was 30 s, the accumulation time was one cycle, structures in CD spectra with a positive peak near 265 nm and
and the lens was 50 xL. The diameter of the laser spot was 1 a negative peak near 240 nm. However, according to reports,69
pm. Prior to SERS measurements, SamPleS were placed on AS1411 could form at least eight different structures after
microscope slides and excited by laser irradiation to obtain annealing in K* buffer, e Xhibiting highly diverse structural

SERS spectra. All spectral dates were not additionally hologi d mainlv based el
processed, and spectrograms were plotted and analyzed using morphologies and mainly based on parallel structures.

Origin software. Comparison of G4 Separation by SEC and RP-HPLC
Molecular Docking K" was the main component of the annealing solution, and
The G4 structure was preprocessed in the Protein Preparation Wizard phosphates were common buffer solutions in liquid ch.roma—
module of Maestro 10.1 software’* using the OPLS_ZOOS72 force tograph}’- We chose the K,HPO,—KH,PO, buffer solution as
field. The mol2 files of ChCl and EG 3D structures were downloaded the mobile phase. For most of the experiments on the
from PubChem (https://pubchem.ncbinlm.nih.gov/), and the 3D structures, interactions, and applications of G4s were carried
structures of the. ligands were optimi?ed with the OPLS_.ZOOS force out under neutral conditions, so the mobile-phase pH was
field under the LigPrep module. The ligands were docked into each of adjusted to 7.0. Previous studies showed that gradient elution

the three G4 structures by the Glide module in the Maestro program.
The receptor lattice box was created with G4 as the centroid, and the
default box size was used. Finally, the Glide docking”>”* method was
selected to obtain the docked structures for subsequent analysis.

was an effective method for separating different G4
conformations in RP-HPLC.>*** Gradient elution was used
for all RP-HPLC in this experiment.

First, a comparison of the separation efliciency between SEC
B RESULTS AND DISCUSSION and RP-HPLC was carried out in a mobile phase without
DESs. The results in Figure 2a—f showed that SEC was

Confirmation of G4 Structures favorable for analyzing single-conformation G4s, such as TBA,

Prior to chromatographic experiments, G4 structure formation 24TTG, and c-myc. However, for G4s with multiconforma-
was confirmed using CD. As shown in Figure 1, all of the tions, such as GTERT-060, 12TAG, and AS1411, SEC was
nucleic acid sequences in this study were able to form G4 ineffective in separating them. In particular, for AS1411, only
structures after annealing. TBA formed an antiparallel structure one peak could be detected. Compared with SEC, RP-HPLC
with a characteristic positive peak around 295 nm and a was more efficient for separating different conformations of

negative peak at 265 nm.®’ 24TTG, GTERT-060, and 12TAG G4s, which has been proven in our previous work.>> However,
all showed two positive peaks near 265 and 295 nm, Figure 2g—1 shows that the studied G4s in this work had poor
representing the formation of hybrid or mixed G4s. According separation and peak shapes under the commonly used RP-
to the literature, 24TTG formed a (3 + 1) hybrid G4 HPLC method. Previous research has indicated that DESs are
topology,”> GTERT-060,” and 12TAG®® folded into multiple capable of maintaining G4 structures.”>’® Therefore, prior to

16086 https://doi.org/10.1021/acs.analchem.5c08145
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Figure 3. RP-HPLC chromatograms of G4s at different concentrations of DES1 (ChCLEG = 1:3). (a) TBA; (b) 24TTG; (c) c-myc; (d) GTERT-
060; (e) 12TAG; (f) AS1411. RP-HPLC chromatograms were obtained using mobile phase 1 with DES addition. Mobile phase A was methanol
and mobile phase B was KH,PO,—K,HPO, buffer solution (10 mM, pH 7.0) with 0, 1, 2.5, S, 7.5, 10, 12.5% (v/v) DES]I, respectively.

adding DES to the chromatographic mobile phase, CD analysis
was performed to study the effect of DESs on the G4
structures. As illustrated in Figure S2a—I, except for DES7, all
other DESs could maintain the G4 structures.

Effect of ChCl and EG-Based DESs on G4 Retention
Behavior

ChCl- and EG-based DESs are among the most common
DESs. Compared to other DESs, they have lower viscosity,
making them a better choice for use as mobile-phase additives.
As shown in Figure 3a, in the absence of DES, the TBA peak
was susceptible to split and the peak shape underwent severe
broadening. When DES1 (ChCL:EG = 1:3) was added to the
mobile phase, the splitting of the TBA peak was gradually
weakened and the peak shape improved with increasing DES1
concentration. As shown in Figure 3b,c, the retention times of
24TTG and c-myc increased with the addition of DESI.
Interestingly, when more than 10% of DES1 was added, the
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retention time of c-myc was shortened. That is, when excessive
DES1 was introduced, DES1 attached to the C18 surface
through electrostatic interaction and competed with G4 so that
weakening G4 retention.

Notably, the retention time of c-myc was obviously longer
than those of TBA and 24TTG. Studies have demonstrated
that hydrophobic base stacking plays an apparent role in the
stability of the DNA double helix.” Similarly, in G4 structures,
the G-quartets formed by guanine stacking were the main
hydrophobic sites of G4s.”” For parallel c-myc, due to the loop
regions being located on the outside of G-quartet layers, the
steric hindrance of the terminal G-quartets is small, which
facilitates stronger hydrophobic interactions with the C18
stationary phase, resulting in longer retention time. Conversely,
in the nonparallel TBA and 24TTG, the loop regions are
located above or below the G-quartet layers, resulting in
significant steric hindrance to the terminal G-quartets. This
spatial constraint impedes effective hydrophobic interactions
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Figure 4. RP-HPLC chromatograms of G4s at different concentrations of DESS (ChCl:Urea = 1:2). (a) TBA; (b) 24TTG; (c) c-myc; (d)
GTERT-060; (e) 12TAG; (f) AS1411. RP-HPLC chromatograms were obtained using mobile phase 1 with DES addition. Mobile phase A was
methanol and mobile phase B was KH,PO,—K,HPO, buffer solution (10 mM, pH 7.0) with 0, 1, 2.5, S, 7.5, 10, 12.5% (v/v) DESS, respectively.

between the G-quartets and the C18 surface, thereby leading
to shorter retention.

For GTERT-060 and 12TAG with multiple structures, as
shown in Figure 3d,e, their chromatographic peaks could be
divided into two distinct parts. The less retained species (Part
1, highlighted by the blue rectangle in Figure 3d,e) exhibited a
retention behavior similar to that of TBA and 24TTG,
suggesting they may adopt nonparallel G4 topologies. The
more strongly retained species (Part 2, pink rectangle in Figure
3d,e) exhibited a retention trend similar to that of c-myc,
implying that they may possess structural characteristics similar
to parallel G4. Compared with the chromatograms obtained in
the absence of DESI, the retention times of both GTERT-060
and 12TAG initially increased and then decreased with
increasing concentrations of DES1. Furthermore, chromato-
graphic resolution was also significantly improved. In the case
of AS1411, which adopts more complex structures, a
noticeable improvement in chromatographic separation was
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observed as the concentration of DESI1 increased to 7.5%. As
shown in Figure 3f, a total of 11 peaks were clearly observed.
These results demonstrated that the addition of DES1 to the
mobile phase effectively optimized the RP-HPLC retention
behavior of G4s by improving both peak shape and separation
resolution and enhanced retention time partly.

To identify the specific G4 structure corresponding to each
chromatographic peak, we analyzed the peak effluent using
CD. The detailed information is shown in the Supporting
Information (confirmation of G4 chromatographic peak
conformation). It showed that the TBA peak displayed an
antiparallel topology (Figure S3a). The 24TTG peak exhibited
a hybrid structure (Figure S3b). c-Myc showed a parallel
structure (Figure S3c). These results confirmed that these G4
structures remained intact during RP-HPLC analysis.

In Figure S3d—f, the CD spectra corresponded to three
chromatographic peaks of GTERT-060. Peak 1 displayed a
hybrid structure. Both peaks 2 and 3 demonstrated parallel G4
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structures. The CD profiles of 12TAG are depicted in Figure
S3g—i. Peak 1 lacked characteristic CD signals, implying that it
might correspond to a single-stranded form. Peak 2 showed a
broad and elevated absorption spanning 265—295 nm,
suggesting a mixture of structures. Peak 3 presented a parallel
conformation.

Figure S3j—n shows the CD spectra for AS1411. Due to the
weak intensity of peaks 2, 4, 7, 8, 10, and 11, these fractions
were pooled with adjacent peaks for analysis. The combined
peaks 1 + 2 showed no discernible CD signature, while peaks 3
+ 4, peak S, peaks 6 + 7, and peaks 8 + 9 + 10 + 11 all
represented parallel structures. This indicates that AS1411
predominantly adopts a parallel conformation. The CD
findings were in agreement with our speculation about the
peak structures discussed in the preceding discussion. More-
over, these data demonstrated that the RP-HPLC method with
DES1 as the mobile-phase additive had the ability to effectively
separate different G4 conformations while maintaining the G4
structures.

The identification results of each peak conformation by CD
described above provided direct confirmation of our earlier
speculation regarding the peak conformation within Part 1 and
Part 2 of GTERT-060 and 12TAG, based on the observed
changes in retention behavior.

Considering that DESs synthesized at different molar ratios
and temperatures exhibit distinct physicochemical properties
(such as the number of hydrogen bonds and viscosity), we
then prepared a series of DESs and investigated their effects on
retention behavior of G4s. DES2, also synthesized from ChCl
and EG but at a molar ratio of 1:2 (same temperature: 80 °C),
exhibited a similar influence on G4 retention behavior as DES1
when used as a mobile-phase additive, though it induced a
slightly greater increased in G4 retention time (Figure S4).
DES3 and DES4 were prepared at the same molar ratio of
ChCl to EG (1:3) but at different temperatures (60 and 100
°C, respectively). As shown in Figure SS, both displayed effects
on G4 retention behavior comparable to DES1 at 5% additive
concentration. These findings indicated that variations in the
synthesis molar ratio and temperature of DESs had only a
minor influence on the chromatographic retention behavior of
G4s.

Effect of ChCl and Urea-Based DESs on G4 Retention
Behavior

It has been reported that G4 can remain stable in ChCl and
urea-based DESs, with the parallel structure emerging as the
preferred conformation.”® DESS (ChCl:urea = 1:2) was used
as a mobile-phase additive, and the results are shown in Figure
4. Conversely, DESS did not improve the peak shape of TBA,
as shown in Figure 4a. For 24TTG and c-myc, the retention
tendency was similar to that in Figure 4b,c. The retention time
of G4s increased when the volumetric ratio of DESS in the
mobile phase increased, but this effect was diminished when it
exceeded 7.5%. This phenomenon occurred because, when too
much DESS was added, DESS competed with G4s for the C18
surface, reducing the retention of G4s. For G4s with multiple
conformations, DESS induced different effects on their
chromatographic retention behaviors. Unlike DES1, when
DESS was added at concentrations up to 10%, the intensity of
peak 1 in GTERT-060 decreased, while the intensity of peaks 2
and 3 increased (Figure 4d). This indicated a partial structural
transition from nonparallel G4 to parallel G4 conformations
within GTERT-060. A similar conformational shift was

observed for 12TAG, as shown in Figure 4e. When the
addition of DESS was up to 5%, more shifts of peak 2 occurred.
When the concentration of DESS was increased to 10%, the
intensity of peak 3 increased, indicating a rise in the proportion
of parallel G4 structures. The conformational shift phenom-
enon also occurred with AS1411, as shown in Figure 4f. Peaks
1 and 2 appeared to be cleaved when the volume ratio of DES5
reached 10%. At the same time, peak 8 weakened, and peak 9
increased in intensity. Overall, DESS improved the chromato-
graphic separation of G4s with multiple conformations at low
concentration; however, it induced structural transformations
in G4 structures at higher concentrations. Moreover, because
of its high viscosity, the long-term use of DESS in liquid
chromatography was not recommended.

Effect of ChCl and Gly-Based DESs on G4 Retention
Behavior

Upon introduction of DES6 into the mobile phase in the same
way, it was found that retention and peak shape of G4s differ
markedly from those obtained with DES1 to DESS, as shown
in Figure S6. We speculated that G4 structures were disrupted
under these conditions. However, CD spectroscopy (Figure
S2g—1) indicated that DES6 itself did not disrupt the G4
structures. To clarify the distinct retention behavior of G4s in
DESG6, we considered the physicochemical properties of DES6:
its HBD is glycerol, which exhibits a high viscosity. As a result,
when mobile phase B (containing DES6) was mixed with
mobile phase A (methanol) online, high viscosity impeded
sufficient mixing of the two phases. This resulted in
considerable fluctuations in K" concentration during the
gradient process, thereby destabilizing the G4 structures and
ultimately causing the observed chromatographic retention
behavior.

To overcome this issue, we implemented a premixed
strategy for the mobile phases to facilitate rapid K*
concentration equilibration during gradient. The compositions
were set as follows: mobile phase A (80% methanol, 20% K*
buffer containing DES6) and mobile phase B (20% methanol,
80% K* buffer containing DES6). Using the gradient elution
program of 0—15 min from 100 to 60% B, followed by a 15
min hold at 60% B (mobile phase 2), we achieved obviously
faster mixing and K" equilibrium compared with the
nonpremixed system (mobile phase 1). Reinvestigation of
G4s with DES6 in mobile phase 2 revealed a retention
behavior similar to that with DES1 (Figure S7). However,
control experiments using DES1 at concentrations of 1, S, and
10% showed nearly identical G4 retention behavior in mobile
phase 2 (Figure S8) as that in mobile phase 1 (Figure 3). This
further indicated that the G4 retention anomaly with DES6 in
mobile phase 1 was conclusively attributed to the high viscosity
of DES6 impeding mixing. In addition, it should be noted that
glycerol-induced high viscosity can cause high column pressure
and baseline instability, rendering DES6 unsuitable for long-
time testing. Nonetheless, these findings identified obvious K*
concentration fluctuations as a cause of “structural collapse” in
the analysis of G4s, a critical methodological consideration.

Effect of Other DESs on G4 Retention Behavior

We also investigated the effects of DES7 (ChCI-MA) and
DESS8 (betaine-EG) on G4 retention behavior, as summarized
in Figure S9. The results indicated that the acidity of DES7
destroyed G4 structures (Figure S2g—1) and adversely affected
the corresponding chromatographic peaks. Compared with
DES1, DES8 improved the peak shape of the TBA. However, it
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Figure S. Impact of DESI on the SERS signal of G4s. (a) Guanine nucleotide structure and syn/anti glycosidic angular conformations of dG C2'-
endo. (b—d) SERS spectra of DES1, G4, and G4+DESI obtained by using AgIMgNPs as substrate. DES1 (black), G4 (blue), and G4+5% DES1

(red).

showed poor separation efficiency for G4s involving multiple
conformations. Notably, the use of DES8 in the mobile phase
shortened G4 retention. This can be attributed to the
amphoteric ionic nature of betaine, which, unlike ChCl, carries
a negative charge that influences G4 retention.

In summary, among the tested DESs, DES1 proved to be the
most suitable mobile-phase modifier due to its low viscosity,
minimal disruption of G4 structures, and effective chromato-
graphic separation performance.

Selection of Column Temperature for G4 Separation

When high concentrations of DESs were used as mobile-phase
additives, the column pressure was always high, which was
detrimental to column efficiency. Although increasing column
temperature is a known strategy to reduce backpressure and
could theoretically benefit the analysis, CD melting experi-
ments revealed that some G4s began to unfold at temperatures
exceeding 30 °C, as corroborated by the data presented in
Figure S10. Therefore, to preserve the G4 structure during
separation, it is best to maintain the column temperature below
or equal to 30 °C.

Exploring Roles and Functions of DES Components

To systematically evaluate whether G4 retention behavior was
influenced more by HBD or HBA, we employed partial DESs
and individual HBAs as mobile-phase additives for comparative
analysis. DES1, DES9, and DES10, which share the same HBD
(ethylene glycol, EG) but differ in HBA, were selected. To
ensure the reasonableness of the G4 retention time, we
selected appropriate concentrations of each HBA and DES,
respectively. Results (Figure S11) showed that the effect of
DES1 on G4 retention behavior was similar to ChCl. DES9
mirrored the effect of TBAB, and DES10 showed an effect
comparable to that of [BMIm][Br]. These findings suggested
that the HBA component was the primary factor in DESs
affecting G4 retention behavior.

Furthermore, the effect of HBDs was evaluated by the
comparison of DES1 and DESS, which share the same HBA
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(ChCl) but differ in their HBDs. When used as mobile-phase
additives, these two DESs induced distinct G4 retention
behavior, as illustrated in Figures 3 and 4. This indicated that
HBDs also contributed to G4 retention but their effect was less
pronounced than that of HBAs.

SERS Reveals the Interaction Mode between DES1 and
G4s

SERS, which provides detailed molecular vibration informa-
tion, has proven effective for G4 conformation analysis.”””*~*’
To elucidate the mechanism of DES1, we designed a
systematic study using three representative G4 sequences,
each containing only a single conformation: the antiparallel
TBA, the hybrid-type 24TTG, and the parallel c-myc. This
selection comprehensively covered the major G4 topological
families, enabling a comparative investigation of how DES1
interacted with distinct G4 structures.

In this study, AgNPs were used as the substrate, I was
added to remove interference, and Mg>* was used to induce
aggregation of silver nanoparticles to amplify the Raman
signal.gl’82 As shown in Figure S12, SEM revealed that the
silver nanoparticles aggregated after the addition of Mg*'.
Using TBA as an example (Figure S13), in the absence of
Mg**, the Raman signals were weak even when the laser energy
of the instrument was amplified by 10 times. In contrast, after
adding Mg?*, strong signals were readily obtained at a standard
laser energy. Furthermore, we compared the SERS spectra of
three G4 sequences dissolved in water versus those in K*
solution (Figure S14). New spectral bands emerged after G4
formation (corresponding to G4s in K* solution), along with
the changes in the intensity and position of certain bands, and
the detailed information is described in Text S1. The chemical
structure of guanine nucleotide®” is shown in Figure Sa. The
major bands in the spectra of single-stranded DNAs and G4s
were assigned referring to the literature and are summarized in
Tables S1 and S2.
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We further compared the SERS spectra of G4s before and
after adding DESI1. The SERS spectra of TBA, DES1 and TBA-
DESI complex (Figure Sb) showed that after binding with
DES], the peak at 620 cm™' (dT-loop) shifted, suggesting that
DES1 interacted with dT in the loop. The intensity of
deoxyribose (1062 cm™') changed and the peak signal of
phosphate backbone (1087 cm™) shifted, indicating DESI
interacted with the deoxyribose phosphate backbone of TBA.
In the SERS spectrum of TBA alone, peaks representing dG
C2'-endo/syn (1320 cm™") and dG C2'-endo/anti (1353 cm™")
were observed. After binding with DES1, both peak shapes
changed obviously, demonstrating that DES1 interacted with
syn/anti guanine in G4s, with a stronger interaction toward
syn-guanine. Additionally, the signals at 1438 cm™' (deoxy-
ribosyl C5’-H,) and 1459 cm™ (dG N7 (strong Hoogsteen H-
bond)) were enhanced, with a more pronounced shoulder at
1459 cm™". The relative intensities of the signals at 1567 cm™!
(dG 6NH (N2H interbase H-bond)) and 1589 cm™ (dG
S6NH (N1H interbase H-bond)) were altered, indicating that
DES1 interacted with dG of G-tetrad planes and thereby
affecting the signal intensity. The band shift at 1648 cm™" (dT)
also indicated the interaction between DES1 and dT. In
addition, peak positions of 714, 774, 864, 882, 953, 1268, and
1445 cm™" originating from DES] itself were observed in the
SERS spectra of TBA-DES1. Among them, peaks overlapping
with those of TBA alone showed increased peak intensity in
the complex. For 24TTG and c-myc, the SERS results were
similar to those of TBA (Figure Sc,d), and the detailed
information is provided in Text S2.

Taken together, the above SERS results clearly indicated
that specific interactions occurred between DES1 and Gé4s.
Notably, the binding sites of DES1 were mainly found in the
groove region and phosphate backbone, regardless of the G4
conformation.

Molecular Docking Visualized the Interaction Mode
between DES1 and G4s

We performed molecular docking on ChCl and G4 as well as
EG and G4, separately. Notably, EG did not show significant
binding to any specific site of the G4s (Figure S15). In
contrast, ChCI successfully docked with the G4s, primarily
within the groove region, as depicted in Figure S16.

Detailed analysis revealed distinct interaction profiles for
each G4. In the case of TBA, ChClI formed hydrogen bonds
with dT9 in the loop region and with syn-dG10 in the G-tetrad
planes. Additional interactions were observed with dGl1,
dG14, and dG1S within the G-tetrad planes (Figure S16a—c).
For 24TTG, ChCl formed a hydrogen bond with the terminal
dT1. Furthermore, the quaternary ammonium group of ChCl
engaged in cation-7 interactions with anti-dGS in the G-tetrad
planes. Additional interactions involved dT6 and dT7 in the
loop, as well as dG3, dG4, and dG9 in the G-tetrad planes
(Figure S16d—f). Regarding the c-myc, docking results showed
that ChCl formed hydrogen bonds with anti-dG9 and anti-
dG13 and participated in cation-z interactions with the
conjugated systems of the G-tetrad planes. Besides, an
interaction with dT11 in the loop was also identified (Figure
S16g—i). Additionally, electrostatic interactions existed be-
tween [ChCl]* and the G4 phosphate backbone. Taking c-myc
as an example, ChCI occupied the pocket formed by dG9,
dG10, dT11, dA12, dG13, dG14, and dG15. Within this
pocket, dG9 and dG13 brought the G4 phosphate backbone
closer to the [ChCI]* ion by interacting with the hydroxyl

group, thereby facilitating electrostatic attraction between the
anionic backbone and the cationic choline moiety.
Collectively, the molecular docking results were strongly
consistent with the findings from the SERS assay, further
corroborating the specific binding mode of ChCl to various

G4s.
Mechanism Elucidation of Retention Behavior

In RP-HPLC, the retention of G4s is primarily governed by
hydrophobic interactions between the G-tetrad planes and the
C18 stationary phase. To confirm the dominant contribution
of hydrophobic interactions, we further compared the
retention behaviors of G4s under identical experimental
conditions using C8 and C4 columns with equivalent
specifications. As shown in Figure S17, under the same elution
protocol, G4s exhibited the shortest retention time and the
poorest resolution on the C4 column. While the C8 column
provided partial separation, it did not achieve the same
separation efficiency as the C18 column. These results clearly
demonstrated that hydrophobic interactions play a critical role
in the retention of G4s in RP-HPLC.

To assess the stability of the C18 column under the
employed conditions, its performance was monitored with 5%
DES1 as the mobile-phase additive. As shown in Figure S18a—
f, the retention time, peak shape, and resolution of G4s after
long-term use were basically consistent with those observed
during initial use. This consistency suggests that the interaction
between DES and the C18 stationary phase is predominantly
based on reversible physical adsorption rather than permanent
chemical modification or stationary phase leaching from the
column. To maximize the column lifetime, routine rinsing with
the mixture of water and methanol in different proportions
after analysis is recommended to ensure complete removal of
any residual components.

The good separation, peak shape, and the changed retention
observed for G4s with the addition of DES1 in the mobile
phase on C18 column could be attributed to the following
reasons: (a) Enhanced hydrophobicity. Specifically, ChCl
engages with G4s via groove binding, supported by hydrogen
bonding, cation-z, and electrostatic interactions. Besides, ChCl
neutralizes the deoxyribose phosphate backbone negative
charges. These interactions enhance the hydrophobicity of
G#4s, enabling them to approach the C18 surface more closely,
improving their retention. (b) Masking silanol hydroxyl
effect. The pK, value of silanol group was about 4.5—4.7. At
pH 7.0, residual silanol groups on the C18 stationary phase are
predominantly deprotonated, forming negatively charged
silanolate (Si—O~) sites. These anionic sites can engage in
undesirable electrostatic interactions with protonated basic
moieties in G4 molecules, often leading to pronounced peak
tailing and compromised resolution. Upon the addition of
DES1, the choline cation ([ChCl]") can electrostatically
associate with the exposed silanolate groups, thereby effectively
shielding or passivating these active sites. This masking effect
mitigates the unwanted secondary interactions, resulting in
improved peak symmetry and enhanced separation efliciency
for G4 structures.

In summary, the retention of G4s in reversed-phase liquid
chromatography is predominantly governed by hydrophobic
interactions. The introduction of DES1 changed the G4
retention, improved the peak shape, and increased the
separation efliciency. The mechanism is illustrated in Figure 6.
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Figure 6. Interaction mechanisms between DES1, G4s, and the stationary phase surface of the silica-based C18 column. The purple rectangles
represent the electrostatic attraction between [ChCl]" and anionic silanol groups. The orange rectangles represent the hydrophobic interaction
between C18 alkyl chains and G4s. The green circle represent the electrostatic interaction between [ChCl]* and negatively charged deoxyribose
phosphate backbones of G4s. The pink ovals represent the groove bonding between ChCl and G4s, supported by hydrogen bonding, cation-z, and
electrostatic interactions.

B CONCLUSIONS enables conformation-specific ligand design and development.
The approach may further extend to other conformationally
heterogeneous nucleic acid structures such as i-motifs. Overall,
this work introduces a sustainable separation strategy, opens
new avenues for exploring structure—function relationships of
G4s, and holds promise for wider applications.

RP-HPLC is an effective tool for analyzing complex biological
systems and has great potential for elucidating the G4
polymorphism. In this article, DESs were introduced as
mobile-phase additives to comprehensively investigate how
they amended the retention behaviors of various G4s in RP-
HPLC. The results revealed that DES1 apparently enhanced
the chromatographic separation, improved peak shapes, and W ASSOCIATED CONTENT
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