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Abstract

Innovative chiral capillary silica monoliths (CSMs) were developed based on DNA nanoflowers (DNFs). Baseline
separation of enantiomers such as atenolol, tyrosine, histidine, and nefopam was achieved by using DNF-modified CSMs,
and the obtained resolution value was higher than 1.78. To further explore the effect of DNFs on enantioseparation,
different types of chiral columns including DNA strand containing the complementary sequence of the template (DCT)-
modified CSMs, DNF,-modified CSMs, and DNF;-modified CSMs were prepared as well. It was observed that DNF-
modified CSMs displayed better chiral separation ability compared with DCT-based columns. The intra-day and inter-day
repeatability of model analytes’ retention time and resolution kept desirable relative standard deviation values of less than
8.28%. DNF,/DNF;-modified CSMs were able to achieve baseline separation of atenolol, propranolol, 2’-deoxyadenosine,
and nefopam enantiomers. Molecular docking simulations were performed to investigate enantioselectivity mechanisms
of DNA sequences for enantiomers. To indicate the successful construction of DNFs and DNF-modified CSMs, various
charaterization approaches including scanning electron microscopy, agarose gel electrophoresis, dynamic light scattering
analysis, electroosmotic flow, and Fourier-transform infrared spectroscopy were utilized. Moreover, the enantioseparation
performance of DNF-modified CSMs was characterized in terms of sample volume, applied voltage, and buffer
concentration. This work paves the way to applying DNF-based capillary electrochromatography microsystems for chiral
separation.
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Nanomaterials (NMs) occupy a crucial position in materials
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jiyibing@msn.com science due to their prominent advantages including large
54 Zhigiane Cai surface-to-volume ratios and multiform morphologies [1,
igiang Cai

2]. There exist all sorts of pretty flowers in nature, whereas
the life of flowers is ephemeral. The artistic structures of
nanoflowers can sustain the beauty of natural flowers. Com-
pared with traditional spherical NMs, nanoflowers possess
higher surface area owing to their topographic properties of
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nanolayers. As innovative generation NMs, nanoflowers give
rise to diversified applications in biocatalysis, biosensing,
drug delivery, and cancer therapy [3—6]. DNA nanoflow-
ers (DNFs) are a type of nanoflowers composing ultralong-
strand DNA and inorganic metal-ion frameworks [7-11].
The DNFs are self-assembled by the liquid crystallization
of replicated DNA building blocks without relying on Wat-
son—Crick base-pairing. Depending on their programmabil-
ity, high stability, and intrinsic functionalities, DNFs have
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attracted significant attention in biomedical field. However,
the employment of DNFs for chiral separation is seldom
reported.

Chirality is one of the predominant attributes of
nature [12—16]. Efficient enantiomeric separation is of
crucial significance. Endogenous biomolecules including
DNA, protein, and polysaccharide can construct the
basic molecular units of life. The inherent chirality of
biomolecules enables them to be satisfactory chiral
selectors [17]. For instance, polysaccharide-based chiral
stationary phases were widely used in chromatography
enantioseparation [18]. Stereoselective antibodies
were able to be applied for detecting stereoisomers in
immunoassays and sensors, and separating stereoisomers
in chiral immunoaffinity chromatography [19]. The
combination of biomolecules and NMs provides a
marvellous opportunity for preparing various chiral
materials [20-22]. A composite chiral interface was
obtained based on bovine serum albumin (BSA), multi-
walled carbon nanotubes (MWCNTs), and methylene
blue [23]. Results indicated that the chiral identification
efficiency was able to be enhanced by combining BSA and
MWCNTs. In addition to proteins, a dipeptide was chosen
as the chiral selector to develop dipeptide-functionalized
graphene oxide (GO) membranes [24]. Compared with
traditional chiral separation membranes, the resulting
membranes presented improved separation factor. Although
distinct strategies have been applied for stereorecognition,
chiral separation still brings about great challenge due to
the similar physicochemical behaviors of the enantiomers.

Among versatile approaches employed for chiral
separation, capillary electrochromatography (CEC)
is considered a desirable technique based on its high
efficiency and specific selectivity [25-28]. We reviewed
recent advances in fabricating CEC systems for chiral
separation [29, 30]. Developing new chiral selectors
has occupied a predominant position in chiral CEC.
Investigating NM-based chiral stationary phases offers a
prospective direction for the development of chiral CEC
microsystems [31-33]. NMs with large surface area are
beneficial to improve biomolecules’ immobilization
efficiency and enantioseparation performance in terms
of efficiency and selectivity. Wang et al. developed an
innovative chiral CEC microsystem depending on zeolitic
imidazolate framework-8 NMs utilizing L-histidine as the
chiral carbon center [34]. The dual-chiral p-cyclodextrin
covalent organic frameworks were applied as chiral
stationary phase in capillary columns [35]. The resulting
columns have been successfully employed to the separation
of various enantiomers. DNA is a beautiful example of the
natural self-assembling biomolecules. Diverse NMs have
been applied for developing state-of-the-art chiral sensors
by choosing DNA as a chiral donor [36—40]. It provides
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a predominant inspiration to integrate DNA and NMs in
CEC chiral separation.

Herein, we developed innovative GO-modified capillary
silica monoliths by choosing DNFs as the chiral selector.
The DNFs were self-assembled by the liquid crystallization
of replicated DNA building blocks. In addition to choosing
appropriate chiral selectors, a desirable support for biomol-
ecule immobilization should also be carefully considered.
Therefore, capillary silica monoliths with high surface
areas and desirable stability were chosen for DNF immo-
bilization [41, 42]. The influence of DNFs on DNF-GO @
CSM enantioseparation ability was explored to explain the
chiral discrimination mechanisms from material perspec-
tive. To provide microscopic insight into the enantiorecog-
nition mechanism between DNA and enantiomers, molecu-
lar docking (MD) simulations were performed by selecting
histidine and nefopam as model analytes. To further evalu-
ate the enantioseparation capability of DNFs, DNF,-GO@
CSM and DNF;-GO@CSM were designed and applied for
chiral separation. The optimized columns presented desir-
able chiral selectivity for various enantiomers including
atenolol, tyrosine, histidine, nefopam, propranolol, and
2'-deoxyadenosine. This work indicated that DNF-based
capillary silica monoliths have a significant advantage for
chiral separation.

Materials and methods
Chemicals and materials

All DNA oligonucleotides were synthesized and HPLC
purified by Sangon Biotechnology Co., Ltd. (Shanghai,
China), and the sequences are shown in Table S1. DNFs
were prepared according to the approach described in
previous paper [43]. Tetramethoxysilane (TMOS), 3-ami-
nopropyl trimethoxysilane (APTS), polyethylene glycol
(PEG), disodium hydrogen phosphate, sodium dihydro-
gen phosphate, urea, 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDCI), agarose, atenolol,
tyrosine, histidine, nefopam, propranolol, and 2'-deoxy-
adenosine enantiomers were purchased from Aladdin Co.,
Ltd. (Shanghai, China). T4 DNA ligase and Phi29 DNA
polymerase were purchased from New England BioLabs
(Beverly, MA, USA). Commercial GO dispersion was
purchased from Xianfeng Nano-materials Technology
Co., Ltd. (Nanjing, China). Acetic acid, phosphoric acid,
hydrochloric acid, toluene, methanol, and sodium hydrox-
ide were obtained from Nanjing, Chemical Reagent Co.,
Ltd. (Nanjing, China). Ultrapure water (18.2 MQ.-cm) puri-
fied by Milli-Q system (Millipore, Bedford, MA, USA)
was used for the preparation of all solutions. The capillary
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silica monoliths were prepared by a sol—gel process accord-
ing to the method described in previous paper [44, 45].

Sample and mobile phase preparation

The background electrolytes of phosphate buffer were obtained
by dissolving an exact amount of disodium hydrogen phosphate
in deionized water. Phosphoric acid solution was utilized to
adjust the pH value of the buffer solution. The sample solu-
tions (1 mg mL™") of atenolol, tyrosine, histidine, nefopam,
propranolol, and 2'-deoxyadenosine enantiomers were prepared
by dissolving analytes in the buffer solution. DNA strands
employed in this work were dissolved in deionized water. All
above solutions were stored at 4 °C in a refrigerator and filtered
through 0.22-pm pore size nylon membrane filters before use.

Preparation of DNA nanoflower-modified capillary
silica monoliths

To maximize the number of silanol groups on monolith
surface, 1 M HCI solution was pumped through capillary
silica monoliths for 3 h. The columns were rinsed to neu-
tral with water followed by methanol, and then dried by
nitrogen. Afterwards, amino-functionalized capillary silica
monoliths were obtained by introducing 10% (v/v) APTS
toluene solution into the columns and reacting at 110 °C for
6 h. To eliminate the unreacted APTS, the columns were
flushed with toluene and methanol, and dried by a nitrogen
stream. A certain volume of aqueous GO solution contain-
ing potassium hydroxide (2 mg mL~!) was drawn into the
columns and then reacted at 40 °C for 2 h. Subsequently,
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the GO-modified capillary silica monoliths were flushed
with water and methanol and dried by nitrogen. Further-
more, 20 mM EDCI dissolved in 100 mM sodium phos-
phate solution (pH 5.0) was continued to flow through the
GO-modified capillary silica monoliths for 1 h. Finally, the
DNF solution was pumped through the EDCI-activated col-
umns for 5 h. These proposed DNF-immobilized columns
were called DNF-GO@CSMs. The preparation procedure
for DNF-GO@CSMs is shown in Fig. 1.

To explore the effect of DNF on chiral separation, DNA
strand containing the complementary sequence of the
template was coated onto the EDClI-activated columns as
well. These ssDNA-functionalized capillary silica mono-
liths were called DCT-GO@CSMs. The resulting columns
were rinsed with sodium phosphate buffer solution (20 mM
phosphate buffer+ 100 mM NaCl, pH 7.4) to remove
unbound DNA. Before installation to the CEC instrument,
the obtained DNA-modified columns were conditioned
with sodium phosphate running buffer solution for 1 h.

Characterization

The surface morphologies of DNFs and DNF-immobi-
lized capillary silica monoliths were visualized by using
SEM (Hitachi S-3400N, Tokyo, Japan). FT-IR spectra
(4000-400 cm™!) was collected based on a Magna-560
spectrometer (Nicolet, Madison, WI, USA) in KBr plate.
DLS was utilized to measure the hydrated radius of DNFs.
The agarose gel electrophoresis analysis of DNF and DNA
strands was implemented by employing a 2% agarose gel
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Fig.1 Schematic drawing of the preparation procedure for DNA nanoflower-modified capillary silica monoliths
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in Tris—acetate-EDTA buffer. The gel was run at a constant
voltage of 110 V for 40 min.

Electrochromatography procedures

The CEC experiments were performed on a CL1040 high-
performance capillary electrophoresis system (Huayang
liming instrument Co., China). Analytes were electroki-
netic injected at a voltage and were detected at 215 nm.
During the running process, the applied voltage ranged
from 5 to 15 kV was utilized. And the capillary tempera-
ture was kept at 25 °C. All solutions were degassed and fil-
tered by utilizing 0.22-um pore size filters before running.

Molecular simulations

The docking of histidine/nefopam and DCT was completed
in the software AutoDock Vina 1.1.2. The 3D structure
of DCT was predicted by utilizing 3dRNA/DNA server
(http://biophy.hust.edu.cn/new/3dRNA/create). The
3D structures of histidine/nefopam were obtained from
PUBCHEM database. Moreover, ADFRsuite 1.0 was used
to convert the processed small molecules and DCT into the
PDBQT format required for AutoDock Vina 1.1.2 docking.
In the docking process, the highest rated docking con-
formation output was considered the best receptor-ligand
complex. The PyMol 2.5.4 was utilized for graphical
presentation.

Results and discussion
Characterization of DNA nanoflowers

A phosphorylated linear template was utilized to synthesize
a circular template for rolling circle amplification (RCA).
During the amplification process, tens to hundreds of tan-
dem repeats could be introduced into a long ssDNA prod-
uct. Agarose gel electrophoresis was employed to confirm

4

15kV  X30,000 0.5pm

Fig.2 Scanning electron micrographs of the hierarchal DNA nanoflower
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the formation of DNF. A representative gel image is pre-
sented in Figure S1. Owing to their different lengths, the
template and primer exhibited different migration velocities.
Assembled DNFs possessed a migration velocity approxi-
mately to zero due to their significantly larger molecular
weight. These electrophoresis results suggested that DNFs
were successfully prepared. Furthermore, the formation of
DNF flower-like spherical morphology was characterized
by SEM. As seen in Fig. 2, the monodispersed DNFs pos-
sessed petal-like structures on their surface. DLS analysis
indicated that the resulting monodisperse DNFs presented
an average diameter of approximately 500 nm (Figure S2).

Characterization of DNA nanoflower-modified
capillary silica monoliths

After each step of reaction, EOF was determined to evalu-
ate the properties of the resulting capillary columns. The
negative charge density decreased when APTS was intro-
duced into monolithic matrix, inducing an increase of the
retention time for thiourea. Attributing to the modification
of GO onto capillary monolith, the negative charge density
increased and there was an enhanced EOF mobility on the
GO-functionalized monolith. As seen in Figure S3, EOF
mobility on DNF@CSM further increased when compared
with GO-based monolith. This phenomenon was owing to
the introduction of DNF with negative charge, indicating
the successful immobilization of DNF onto GO-modified
monolith. Furthermore, desirable repeatability of retention
time for thiourea was observed with good relative standard
deviation (RSD) value of 2.02%. Additionally, EOF mobil-
ity of DCT-GO@CSM with 5.25x 1078 m? V= 57! was
obtained. The morphology of the resulting capillary silica
monoliths and DNF-immobilized capillary silica monoliths
were characterized by SEM (Fig. 3). Compared with the bare
monolith, flower-like DNFs were seen in DNF@CSM. This
result suggested the successful immobilization of DNFs onto
the pore surface of capillary silica monoliths. As shown in
Figure S4, the FTIR spectra of silica monolithic material
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Fig.3 Scanning electron micro-
graphs of the cross section of a
monolithic column. a Capil-
lary silica monolith; b DNA
nanoflower-modified capillary
silica monolith

15kV  X1,000 10pm

(b)

15kV X1,000 10pm

exhibited the characteristic bands of O—H vibration from
Si—-OH groups at 3420-3250 cm™! and Si—O-Si stretching
at 1000-1100 cm™'. The bands centered at 2940-2920 cm™"
and 1650-1580 cm™' were ascribed to the C—H vibration
of —-CH, and N-H vibration of -NH,, respectively. These
results indicated that APTS was immobilized effectively
onto silica monolith. It can be seen that the bands strength
of amino vibration decreased in Figure S4 (c), which was
attributed to the reaction between amine groups and GO.

Effect of capillary electrochromatography
conditions on chiral separation

The resulting DNF-GO@CSM was able to baseline sepa-
rate enantiomers including atenolol, tyrosine, histidine,
and nefopam (Table S2). To investigate the effect of CEC
conditions on chiral separation performance of DNF-GO @
CSM, CEC conditions such as sample volume, applied
voltage, and buffer concentration were optimized by choos-
ing histidine and nefopam as the model analytes. As seen
in Figure S5, the resolution of p,L-histidine increases with
increasing injection volume from 10 kV, 1 s, to 10 kV, 3 s.
Applied voltages of 5, 10, and 15 kV were explored under
optimum injection volume 10 kV, 3 s (Figure S6). The
influence of buffer concentration on p,L-histidine enanti-
oseparation is presented in Figure S7. As seen in Figure S8,
the chiral resolution of nefopam gets to a maximum value
when electrokinetic injection is adopted at 10 kV for 3 s.
Nevertheless, the resolution value displayed a decreased
trend with larger injection volume. The optimum applied

voltage of enantioseparating nefopam was 10 kV (Fig-
ure S9). The influence of buffer concentration on nefopam
enantioseparation was also investigated, and 20 mM was
selected as the optimal value (Figure S10).

Comparison with DCT-modified capillary silica
monoliths

In addition to DNF-GO @CSM, two types of columns includ-
ing DCT-GO@CSM and GO@CSM were prepared to explore
the effect of DNF on chiral separation. Herein, chiral mol-
ecules such as histidine, atenolol, tyrosine, phenylalanine, and
chlorpheniramine enantiomers were selected as the model
analytes to evaluate the chiral recognition capability of DNF-
GO@CSM under the optimized CEC conditions (Fig. 4).
Results indicated that DNF-GO @CSM displayed better chi-
ral separation performance compared to that of DCT-GO@
CSM and GO@CSM, suggesting that the application of DNF
was able to improve chiral separation ability of the column.
As illustrated in Figure S11, no evidence of separation was
observed for the analytes on GO@CSM. When DCT was uti-
lized as the chiral selector, the enantiomers could be partially
separated. The retention of enantiomers on DNF-GO@CSM
increased relatively in comparison with DCT-GO@CSM.
This phenomenon was attributed to the enhanced interaction
between analytes and DNF-GO@CSM based on the high
surface area of DNF. We suspected that the numerous tan-
dem repeats in the elongated ssDNA were able to improve
the interaction between DNF and analytes as well. Moreover,
thiourea was chosen as EOF marker to determine EOF of
these columns. The EOF increased accompanying with the
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increased negative charge density of DNA sequences. Con-
sidering the impact of EOF and chromatographic retention,
the retention time of analytes increased in the order of GO@
CSM < DCT-GO@CSM < DNF-GO@CSM. The stability of
DNF-GO@CSM was evaluated by determining the repeat-
ability of three successive enantioselectivity of p,L-histidine.
The intraday repeatability of retention time kept desirable
RSD values of less than 5.15%, along with good RSD values
for resolution (Rs). Moreover, the interday repeatability was
investigated by performing the chiral separation of p,L-histi-
dine. RSD values of b,L-histidine retention time and Rs with
6.05% and 8.28% were obtained. Therefore, DNF-GO @CSM
possessed satisfactory stability for chiral separation.

Molecular simulations for investigating DNA
sequences effect on chiral separation mechanism

To gain more insight into possible chiral separation mecha-
nisms of DNA sequences for enantiomers, MD simulations
were performed. Histidine and nefopam were selected as
representative analytes to visualize the forces existing in the
chiral recognition process. The docking energy were — 6.2
and — 6.5 kcal mol ™! for the p-histidine/DCT and L-histidine/
DCT complexes, respectively, suggesting that L-histidine
presented a greater stereoaffinity for DCT (Figure S12). As
seen in Fig. 5, L-histidine molecules can interact with the
pocket formed by deoxyribotide DG-90, DG-91, DA-67,
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and DC-66 in the DNA structure. The hydrogen-bonding
interactions were generated between L-histidine and DG-90,
DG-91, DA-67, and DC-66. All of these interactions further
confirmed strong binding of L-histidine and DCT. Neverthe-
less, p-histidine interacted with the pocket formed by deoxy-
ribotide DG-15, DC-24, DA-14, and DT-25. The docking
energies were — 6.8 and — 6.7 kcal mol~! for the R-nefopam/
DCT and S-nefopam/DCT complexes, respectively, suggest-
ing that R-nefopam presented a greater stereoaffinity for
DCT (Figure S13). It was observed that R-nefopam mole-
cules were able to interact with the pocket formed by deoxy-
ribotide DA-30, DC-31, DA-68, DG-90, and DG-91 in the
DNA structure (Figure S14). The hydrogen-bonding inter-
actions and n-x conjugation effects were generated between
R-nefopam and DG-90. Moreover, R-nefopam could interact
with DC-31 to form a salt bridge force. All of these interac-
tions further confirmed strong binding of R-nefopam and
DCT. Nevertheless, S-nefopam only formed n-n conjuga-
tion effects with DG-90 and DG-91. Taken together, the MD
simulation data indicated a greater stereoselective interac-
tion of DCT to L-histidine/R-nefopam than to p-histidine/S-
nefopam, ultimately leading to the chiral separation.

Effect of different types of DNFs on chiral separation

To further explore the chiral separation ability of DNFs,
template,,; (template, or template;) containing a distinct
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Fig.5 Predicting the interaction
mechanism of the p/L-histidine
and DNA complex. a Binding
mode of D-histidine and DNA
shown in cartoon; b binding
mode of L-histidine and DNA
shown in cartoon. The red and
blue sticks respectively repre-
sent L-histidine and p-histidine,
the yellow dotted line represents
the H-bond interaction located
in the p/L-histidine and DNA
complex

DNA sequence was respectively applied for developing  enantioseparation performance toward atenolol, propranolol,
DNF,/DNF; (DNF, or DNF;). It was observed that and 2'-deoxyadenosine (Fig. 6). Baseline separation
the proposed DNF,-GO@CSM presented satisfactory ~ of enantiomers including nefopam, propranolol, and

Fig.6 Enantioseparation of -~ S
chiral compounds on DNA
nanoflower,-modified capillary :
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injection, 10 kV, 3 s; running :
:
1
l\

T = k.
0 5 10 15 20 0 2 4 6 8 10 12 14
Retention time (min) Retention time (min)

A) (B)

Absorbance (mAU)

buffer, 20 mmol L' phosphate
buffer (pH 7.4); applied voltage,
10kV

N T N T N T N T N T ' T ' 1

R e
Absorbance (mAU)
D ——

0 1 2 3 4 5 6 7
Retention time (min)
L O o

@ Springer



Microchim Acta (2024) 191:584

7 S
i =) \
I 75 |
I E I
1 @ 5 I
i g {}Q i
s Mo
| s .
1 = v T ' T v T v T T 1 1
| <0 2 4 6 8 10 I

. . . U
\\ Retention time (min) R

L g
S~ N
i 2 i
I 5 " !
: s < 1

= o -
I 5 - A ’\

2 |
: i I T L4 T L T L) T % T X T L T . 1 I
I‘ 0 1 2 3 4 S 6 7 8 :
\ Retention time (min) /

~ ’

7 \\‘
g ,
| £ : :
I P "
1(C) 2 | 4,0 M !
1 = &y 1

8 RS
i = :
I ; T T 1
| =5 6 7 8 I
X N Retention time (min) "

N e e e e o —
Fig. 7 Enantioseparation of chiral compounds on DNA

nanoflower;-modified capillary silica monolith by capillary elec-
trochromatography. A Nefopam; B propranolol; C 2'-deoxyadeno-
sine. Conditions: injection, 10 kV, 3 s; running buffer, 20 mmol
L~! phosphate buffer (pH 7.4); applied voltage, 10 kV

2'-deoxyadenosine was realized by utilizing DNF;-GO@CSM
(Fig. 7). Results indicated that chiral CSMs based on DNFs
provided an efficient chiral separation platform. A comparison
of chiral materials, chromatographic parameters, and analytes
for DNF-GO@CSM and other enantioseparation methods is
summarized in Supplementary Table S3 [46—48]. Compared
with traditional spherical nanomaterials, DNFs displayed
higher surface area due to their topographic properties of
nanolayers. Owing to their programmability, various types of
DNF chiral selectors were able to be designed for separating
a variety of enantiomers. DNF-based chiral selectors offered
a reference for DNA enantiorecognition mechanism study.

Conclusion

Novel chiral capillary silica monoliths were successfully
prepared by selecting DNFs as a chiral selector.
Under the optimum conditions, baseline separation of
enantiomers including atenolol, tyrosine, histidine, and
nefopam was observed on DNF-GO@CSM. Moreover,
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DNF-GO@CSM presented satisfactory interday and
intraday repeatability owing to DNF specific stability.
Compared with DCT-GO@CSM and GO@CSM,
DNF-GO@CSM displayed desirable chiral separation
ability. We inferred that DNFs with high surface area
and numerous tandem DCT repeats facilitated the
improvement of enantioseparation performance. For
exploring the interaction between DNA sequences
and enantiomers, we further utilized MD simulations
to investigate the enantioseparation mechanisms of
DCT and model analytes. We deduced that the chiral
separation capability of DCT was owing to the different
interactions between enantiomers and DNA sequences.
In addition to DNF-GO@CSM, DNF,-GO@CSM
and DNF;-GO@CSM exhibited satisfactory chiral
separation ability as well. Baseline separation of
atenolol, propranolol, 2'-deoxyadenosine, and nefopam
enantiomers was realized. In the following study, various
types of DNF chiral selectors will be prepared due to
their programmability. We anticipate that the developed
DNF-GO@CSM will open up new prospects for
developing bionanomaterial-based CEC enantioseparation
systems. Since bionanomaterial chiral selectors can
combine the merits of biomolecules and NMs, diverse
bionanomaterials can be further investigated for chiral
separation.
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