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Abstract: A novel ZIF-8 assisted polyacrylamide functionalized silica polar stationary phase was
prepared by a facile method of adding ZIF-8 nanoparticles and silica into polyacrylamide (PAM)
aqueous solution, and then stirring the mixture until the solution was evaporated absolutely with
the help of mechanical agitator. Interestingly, the prepared stationary phase (PAM-Sil@ZIF-8 /PAM)
showed favorable hydrophilicity, as demonstrated by good separation performance and strong
retention ability toward several types of polar compounds, such as amino acids, saccharides, and
alkaloids. In addition, PAM-SIl@ZIF-8(50 mg) /PAM showed better separation performance compared
with amino-modified silica and Sil/PAM stationary phase due to the addition of ZIF-8. Furthermore,
it was demonstrated that the addition of ZIF-8 improved the specific surface area and provided
extra interaction sites for the stationary phase and analytes, which is beneficial for the separation
of samples. In addition, the column efficiency can reach 7861.9 plates/m for colchicine. Moreover,
it exhibited good stability and reproducibility under our operation conditions. In short, a novel
stationary phase, which can be used for hydrophilic interaction liquid chromatography, was obtained
and proved that the separation performance of polymer modifying silica stationary phase can be
greatly improved by the addition of MOF nanoparticles.

Keywords: ZIF-8; polyacrylamide; core-shell stationary phase; hydrophilic interaction liquid
chromatography

1. Introduction

Since chromatography was proposed by Tswett in 1903, it has become one of the
most popular and practical techniques in separation science, and was widely used in
many fields, such as petrochemical and organic synthesis. As a form of chromatogra-
phy, high-performance liquid chromatography has the advantages of fast analysis speed,
high resolution, and high sensitivity, which is the most important method for analyzing
complex samples. Hydrophilic interaction liquid chromatography (HILIC) is a mode of
high-performance liquid chromatography, and it uses an organic-rich aqueous as mobile
phase in order to separate polar analytes [1,2]. It can make up for the disadvantage that
reversed-phase liquid chromatography cannot separate polar compounds using polar sta-
tionary phases. Due to the fact that separation performance of HILIC strongly depends on
the stationary phase, many efforts have been made to produce new materials for use as the
stationary phase of HILIC.

A variety of polar stationary phases have been prepared to achieve different selectivity.
Silica-based materials attracted more attention due to their advantages, such as adjustable
particle size, high mechanical strength, big surface area, and porous structure. Apart from
this, silica gel microspheres are easy to be chemically modified due to the presence of a
large number of reactive silanol groups on the surface. Diol [3], amino [4], and amide [5]
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functionalized silica have been proven to be stationary phases of HILIC with good separa-
tion performance of a variety of polar samples. Shen’s [5] group prepared a novel amide
stationary phase by modifying silica-gel through a click chemistry reaction. Furthermore,
it was reported that the stationary phase showed good separation performance for polar
compounds, including nucleosides and nucleic acid bases with high column efficiency
and good stability. In addition, hydrophilic polymer coated silica has been extensively
studied, such as polyvinyl alcohol (PVA) [6] and hydrogel [7] modified silica. Yang’s
group [8] prepared a PVA-coated silica stationary phase for hydrophilic interaction liquid
chromatography by thermal immobilization, and it exhibited excellent separation of polar
compounds. Furthermore, our group [7] prepared a double-layer hydrogel-functionalized
silica material as stationary phase by combining physical coating and chemical coating
for liquid chromatography. Interestingly, since the hydrogen bond between the stationary
phase and the analyte changes at different temperatures in the column oven, the retention
behavior changes, which indicated that the obtained new stationary phase showed charac-
teristics of temperature response. In addition, the new stationary phase exhibited excellent
selectivity for many polar analytes and exhibited high column efficiency.

Metal organic frameworks (MOFs) that can be formed by various combinations of
metal ions and various organic ligands, possessing metal sites and regular pore sizes, are
widely studied in catalysis [9], gas capture [10], and separation [11]. For example, Wang’s
group [12] prepared an orderly MOF-assembled hybrid monolithic stationary phase, which
possessed hierarchical micro-, meso-, and macropore structure. Its unique pore struc-
ture and surface chemistry gives multiplex interactions with molecules, in order that it
is able to separate compounds of different sizes. In addition, Li’s group [13] designed
UiO-67 modified silica core-shell materials as stationary phase for liquid chromatography
and the prepared UiO-67@SiO, column showed outstanding selectivity for separation
of hydrophilic compounds, such as thioureas. Furthermore, our group prepared MOF-
808@silica [14] core-shell materials by in situ growth MOF on silica surface with the help of
sodium dodecyl benzenesulfonate. It was demonstrated that the obtained materials can be
used as stationary phase for hydrophilic interaction liquid chromatography and showed ex-
cellent separation performance in terms of alkaloids and nucleosides. In addition, our group
prepared 2D MOF-FDM-23@silica [15] core-shell materials used as stationary phase and
exhibited good separation performance for many polar analytes, such as sulfonamides and
amino acid compounds, etc. It was demonstrated that the novel 2D MOF-FDM-23@silica
stationary phase showed better separation performance and stability than most reported
MOF-based stationary phases. Apart from this, our group also prepared a series of novel
stationary phases by co-modifying the surface of silica with MOFs and polymer [16,17]. For
example, Zn-BTC and dual-network hydrogel modifying silica materials were obtained by
adding Zn-BTC to the solution, which contained silica and precursor of hydrogel. Thanks
to the addition of MOF particles, the shortcomings (such as osmotic pressure caused by
hydrogel swelling) were overcome. Furthermore, due to the synergistic effect of MOF
and hydrogel polymer, many kinds of analytes (such as organic acids and carbohydrates,
etc.) can be selectively separated and high column efficiency (90,300 plates/m for sucrose)
was obtained.

In this work, a novel polyacrylamide and ZIF-8 co-functionalized silica stationary
phase was prepared by a facile method. The obtained composite was tested for the HILIC
separation of multiple polar compounds, such as nucleosides/bases, alkaloids, saccharides,
and amino acid compounds. It was demonstrated that the addition of ZIF-8 improved
the separation performance of stationary phase. Compared with NH;-modified silica
column and only PAM modified silica column, the composite showed better peak shape
and resolution. Apart from this, the different column’s efficiency was compared, as well. It
was indicated that the addition of ZIF-8 possessed higher column efficiency. In addition,
the composite showed good stability and reproducibility by evaluation of various relative
standard deviation (RSD) parameters.
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2. Materials and Methods
2.1. Materials and Instruments

Zinc nitrate hexahydrate was obtained from Xilong Scientific Co., Ltd., Chengdu,
China. 2-Methylimidazole was purchased from Aladdin Co., Ltd., Shanghai, China. Hy-
drochloric acid (HCI) was purchased from Chengdu Kelong Chemical Co., Ltd., Chengdu,
China. NH,-modified silica packing (5 um particle size, 70 A pore size) and bare porous sil-
ica (5 um particle size, 70 A pore size) were supplied by the Lanzhou Institute of Chemical
Physics, Chinese Academy of Sciences. PAM (MW = 10,000,000, 89.21%) was purchased
from Guangya Polymer Chemical Co., Ltd., Nanchong, China; acetonitrile (ACN) and
methanol (MeOH) for the mobile phase were purchased from Por Mee. Nucleosides/bases,
alkaloids, saccharides, and amino acid compounds were all purchased from Sigma-Aldrich.
The chemicals and reagents were used without further purification.

Analytes were conducted on HITACHI Primaide system, which consists of a qua-
ternary pump, a 1430 UV /vis detector, a 1310 column oven, and a 20 puL sample loop
(Hitachi, Ltd., Xianggang, China), as well as an Agilent 1100 Series modular HPLC system
(Agilent Technologies, Santa Clara, CA, USA) with an evaporative light-scattering detector
(ELSD). The detection wavelength was 254 nm. The gas used by the ELS detector is the air
produced by the automatic air generator (XWM-1II, Tianjin Jinfen Analytical Instrument
Co., Ltd., Tianjin, China). In addition, the ELSD was set as follows: Gas flow was 2.5 L/min;
evaporative temperature was 90 °C. All columns in the paper are 15 cm long (150 x 4.6 mm
i.d.). Scanning electron microscope (SEM) images were obtained from JSM6701F (JEOL,
Tokyo, Japan). Energy-dispersive spectrometer (EDS) spectra of SEM were obtained from
JSM5600LV (JEOL, Japan), and transmission electron microscopy (TEM) images were ob-
tained from Tecnai G2 TF20 transmission electron microscope (FEI, Portland, OR, USA).
X-ray diffractogram (XRD) measurements were carried out on an X'Pert Pro Multipurpose
diffractometer (PANalytical, Inc., MA, USA) with Ni-filtered Cu K« radiation (0.15406 nm)
from 5 to 80° operated at 40 kV and 20 mA. N, adsorption surface areas were measured by
BET technique on a Micrometritics ASPS 2010 analyzer (Micromeritics, Norcross, GA, USA).

2.2. Preparation of the ZIF-8

In a typical synthesis, ZIF-8 was prepared as follows: First, zinc nitrate hexahydrate
(1.47 g) and 2-methylimidazole (3.26 g) were dissolved in methanol (100 mL) in a 250 mL
beaker, respectively. Then, the prepared solutions were mixed into a separate 250 mL beaker
and 30 min of mixing process was applied to the solution with the help of magnetic stirrer.
Thereafter, the mixture was allowed to stand at room temperature for 3 h. In addition, the
ZIF-8 was collected by centrifugation (11,000 rpm, 2 min) and washed for five times with
methanol. Finally, the products were dried at 65 °C in vacuum oven for 12 h.

2.3. Preparation of the ZIF-8 and PAM Co-Functionalized Silica Stationary Phase
and Column Packing

The ZIF-8 assisted polyacrylamide functionalized silica core-shell stationary phase
was prepared by thermal immobilization, as shown in Scheme 1. In detail, bare silica was
treated early by immersion in 37% HCI solution for 48 h, washed by centrifugation to
neutrality, and dried at 80 °C in vacuum oven for 12 h. Then, the activated silica (8 g) was
added in 400 mL PAM aqueous solution (0.1 mg/mL for PAM) and ultrasonic dispersion
for 10 min. Thereafter, the mixture was mechanically stirred (200 rpm) under 80 °C in
oil bath until the solution was evaporated completely. In addition, the precipitates were
washed with deionized water for two times by centrifugation and dried at 80 °C in vacuum
oven for 12 h (denoted as PAM-S5il). The PAM individual modified silica was obtained by
repeating the operation process for three times (denoted as Sil/PAM). The ZIF-8 and PAM
co-functionalized silica stationary phase was obtained by replacing silica with PAM-Sil and
repeating the operation process for two times with the addition of 50 mg ZIF-8 into the
mixture solution before placing it in the oil bath (denoted as PAM-Sil@ZIE-8(50 mg)/PAM).
Moreover, we prepared PAM-Sil@ZIF-8(10 mg)/PAM and PAM-Sil@ZIF-8(30 mg)/PAM
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by adjusting the amount of ZIF-8. Finally, the stationary phase was slurry-packed into
stainless-steel column (150 x 4.6 mm) with methanol as slurry solvent and propulsion
solvent. In detail, the composite (2.2 g) was dispersed in 22 mL of methanol within a
150 mL conical flask by ultrasonication for 10 min. Then, the homogeneous mixture was
loaded into a stainless column (150 x 4.6 mm i.d.) with a 40 MPa packaging machine and
methanol as a replacement liquid. When the time interval was basically constant, the filling
was completed.

OH
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[ Y )
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Scheme 1. The preparation route of the PAM-Sil@ZIF-8 /PAM.

3. Results and Discussion
3.1. Characterization of the Prepared Materials

The obtained products were characterized by SEM, TEM, XRD, and BET. The SEM
of ZIF-8, bare silica, and PAM-Sil@ZIF-8(50 mg)/PAM were shown in Figures 1 and 2,
respectively. Figure 1 demonstrated that ZIF-8 possessed a rhombic dodecahedron structure
and uniform size of about 100 nm. In addition, the SEM of PAM-Sil@ZIF-8(50 mg)/PAM
indicated that after co-functionalization by ZIF-8 and PAM, the composites showed a
smoother surface compared with bare silica (Figure 2), which demonstrated that the silica
were successfully modified. Moreover, the TEM image indicated that the PAM-Sil@ZIF-
8(50 mg)/PAM was successfully prepared with a core-shell structure (Figure S1). The XRD
patterns of the synthesized ZIF-8 and PAM-Sil@ZIF-8(50 mg)/PAM are shown in Figure 3.
The diffraction peaks of prepared ZIF-8 were consistent with standard ZIF-8, which revealed
that it was successfully prepared. However, no typical diffraction peaks of ZIF-8 were
observed over PAM-Sil@ZIF-8(50 mg)/PAM, owing to the low ZIF-8 addition. Moreover,
the EDS mapping of PAM-Sil@ZIF-8(50 mg)/PAM demonstrated that the element of Zn is
distributed homogenously, which revealed that ZIF-8 was incorporated into the composite
successfully (Figure S2). The specific surface areas and pore structure play an important role
in separation. N adsorption-desorption characterization indicated that the BET surface
area of the Sil/PAM (312.9 m?/g) was slightly lower than bare silica (371.5 m?/g), which
may be caused by the pore blocking due to the addition of PAM. Meanwhile, the BET
surface area of PAM-Sil@ZIF-8(50 mg)/PAM (354.4 m?/g) is larger than Sil/PAM due to
the high porosity of ZIF-8, as shown in Table S1. Therefore, the addition of ZIF-8 may
improve the separation performance of stationary phase.
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Figure 2. SEM image of bare silica and PAM-Sil@ZIF-8(50 mg)/PAM.
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Figure 3. XRD patterns of (a) prepared ZIF-8 and (b) PAM-Sil@ZIF-8(50 mg)/PAM.

3.2. Effect of ZIF-8 on Chromatographic Separation

Zeolite imidazolate skeleton (ZIF) is composed of metal ions and imidazolate anions.
The structure of ZIF is similar to the SiO;-zeolite and has high thermal stability. As one
kind of ZIF, ZIF-8 was obtained by the coordination of zinc ions with dimethylimidazole.
To elucidate the effect of ZIF-8 on separation performance, the chromatographic separa-
tion performances of Sil/PAM and PAM-Sil@ZIF-8 /PAM were compared. As shown in
Figure 4a, five nucleosides/bases cannot be separated completely by Sil/PAM, which is
the reason why ZIF-8 was not added. It can be seen that the separation performance was
improved with the addition of ZIF-8. Interestingly, with the increase in the amount of
ZIF-8 from 10 to 50 mg, the separation performance was gradually improved. When the
added ZIF-8 amounted to 50 mg, the baseline separation of the five analytes was achieved.
Therefore, PAM-Sil@ZIF-8(50 mg)/PAM was chosen for further study. In addition, it



Separations 2023, 10, 219

6 of 12

can be seen that PAM-Sil@ZIF-8/PAM showed better peaks symmetry compared with
5il/PAM. Furthermore, the separation performance indicated that with the increase in
the amount of ZIF-8, the retention times of substances increased, especially for analytes 4
and 5, which demonstrated that ZIF-8 improved the retention ability of stationary phase
for nucleosides/bases. Moreover, by comparing amino-modified silica and PAM-Sil@ZIF-
8(50 mg)/PAM, the superiority of PAM-Sil@ZIF-8(50 mg)/PAM stationary phase is proved
further (Figure 4a,b). The reasons why adding ZIF-8 can improve the separation perfor-
mance can be explained by the following points: First, it has been reported that ZIF-8
possessed multiple active sites (such as metal sites), which can provide extra sites for the
interaction of stationary phase and analytes [18,19]. In addition, the pore structure of ZIF-8
can provide a steric-hinderance effect [20]. Finally, N, adsorption-desorption characteriza-
tion demonstrated that the addition of ZIF-8 increased the BET surface area (by comparing
PAM-SIl@ZIF-8(50 mg)/PAM with Sil/PAM), which is beneficial for separation.

a b
17, 2345
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—
o 11 34 =
= S
z 2
) 1 2 34 =
o 5 5]
17) o
v/ 34 7
[a' 2 7 Q . . .
1 PAM-SIl@ZIF-8(5omeyPAM| o ——amino-modified silica
5 PAM-Sil@ZIF-8(30mg)/PAM
PAM-Sil@ZIF-8(10mg)/PAM
Sil/PAM
0 5 10 1520 25 30 0 5 10 15 20 25
Time(min) Time(min)

Figure 4. Separation chromatograms of five nucleosides/bases over (a) as-prepared stationary phases
and (b) amino-modified silica. Mobile phase: ACN/100 mM NH4OAc (85/15, v/v). Conditions: Flow
rate 1 mL/min, 25 °C, UV detection at 254 nm. Analytes: (1) Uridine, (2) Adenosine, (3) Inosine,
(4) Cytosine, (5) Citicoline.

3.3. Adherence to a Quantitative HILIC Retention Model

To further study the chromatographic behaviors of obtained stationary phase, five
amino acids were chosen as model analytes to investigate their retention mechanism on
PAM-Sil@ZIF-8(50 mg)/PAM by changing the volume fraction of water (20-40%). The
HILIC retention mechanism can be expressed by Equation (1) [21,22], which combines the
partitioning and adsorption model.

Ink=a+blne+co, 1

In Equation (1), k is the retention factor of the analytes; ¢ is the water content in the
mobile phase; a, b, and c are constants. The natural logarithm retention factors of five
amino acids were plotted against the volume fraction of water in the mobile phase, as
shown in Figure 5. It is demonstrated that excellent fits (R?% 0.9771-0.9890, Table S4) for five
model analytes were achieved. Therefore, the typical HILIC behaviors of PAM-Sil@ZIF-
8(50 mg)/PAM were displayed, in which the retention time of amino acids decreased with
the increase in the volume fraction of water in the mobile phase.
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Figure 5. Plots of retention factors (In k) vs. volume fraction of water for five amino acids on PAM-
Sil@ZIF-8(50 mg)/PAM. Mobile phase: ACN/H;,O. Conditions: Flow rate 1 mL/min, 25 °C, ELS
detector: Tube temperature 90 °C, gas flow: 2.5 L/min.

3.4. Effect of Column Temperature

To further investigate the chromatographic properties of PAM-Sil@ZIF-8(50 mg)/PAM,
the effect of column temperature on the separation of five nucleosides /bases was conducted,
as shown in Figure 6. It is reported that the effect of column temperature (15-35 °C) can be
explained by the van’t Hoff equation [23] (Equation (2)).

Lnk = (AH®)/RT + (AS°)/R + 1n ¢, (2)
2.0
L5 5 = Uridine
e .
v e Adenosine
1.01 — v A Inosine
= v Cytosine
_5 ] ¢ Citicoline

0.0032 0.0033 0.0034 0.0035
—;
YT ™)

Figure 6. Effect of column temperature on the retention of five nucleosides/bases. Conditions: Flow
rate 1 mL/min, 25 °C, UV detection at 254 nm. Mobile phase: ACN /100 mM NH4OAc (85/15, v/v).

AH® and AS° are the standard molar enthalpy and entropy change between the
stationary/mobile phase and analyte; k is the retention factor; R is the universal gas
constant; T is column temperature in Kelvin; ¢ is the phase ratio, respectively. It can be
seen that with the increase in temperature, the retention time of analytes decreased. In
addition, the excellent linearity between In k and 1/T (Figure 6 and Table S5) revealed that
the separation mechanism has not changed.

3.5. Separation Performance of Alkaloids

Alkaloid is a special compound with physiological activity in plants and a few animals.
Its molecular structure is mainly composed of carbon, hydrogen, and nitrogen molecules
and can be used as medicine in clinic. To further investigate the separation performance
of PAM-Sil@ZIF-8(50 mg)/PAM in HILIC model, five alkaloids were chosen as analytes
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to separate the prepared stationary phase. As shown in Figure 7, the baseline separation
was achieved on PAM-Sil@ZIF-8(50 mg) /PAM with better selectivity and symmetric peak
shape. Compared with amino-modified silica and Sil/PAM, PAM-Sil@ZIF-8(50 mg)/PAM
stationary showed excellent separation performance, which benefits by the addition of ZIF-8
particles. In addition, the resolution of five alkaloids over different columns were compared.
As shown in Table S1, PAM-Sil@ZIF-8(50 mg)/PAM possessed the largest resolution value,
which further indicated the superiority of the addition of ZIF-8 nanoparticles. Furthermore,
the column efficiency of five analytes were obtained (colchicine was 7861.9 plates/m) as
shown in Table S2.

&
=3

——amino-modified silica

23
=P AM-Sil@ZIF-8(50mg)/PAM
e S1/PAM

Response(Au)
Response(Au)

0 4 8 12 16 0 2 4 6 8
Time(min) Time(min)

Figure 7. Separation chromatograms of five alkaloids over (a) as-prepared stationary phases and
(b) amino-modified silica. Mobile phase: ACN/100 mM NH4OAc (90/10, v/v). Conditions: Flow rate
1 mL/min, 25 °C, UV detection at 254 nm. Analytes: (1) Caffeine, (2) Colchicine, (3) Theophylline,
(4) Berberine, (5) Coptisine.

3.6. Separation Performance of Amino Acids and Saccharides

Amino acids are organic compounds containing basic amino groups and acidic car-
boxyl groups and their separation is of great significance to the healthy life of human
beings. To further evaluate the ability of PAM-Sil@ZIF-8(50 mg)/PAM for the separation of
polar analytes, amino acids and saccharides were selected as model analytes. Five amino
acids were completely separated by PAM-Sil@ZIF-8(50 mg)/PAM, as shown in Figure 8a.
Compared with Sil/PAM and amino-modified silica, the addition of ZIF-8 improved the
ability to retain amino acids, which may be caused by the increased specific surface area
and extra interaction sites. This further indicated that the addition of MOF particles to
polymer modified silica was a good strategy for improving the separation performance of
stationary phase. In addition, we investigated the effect of the volume fraction of water
in the mobile phase on the separation chromatograms of five amino acids, as shown in
Figure 9. This indicated that the retention time of five amino acids decreases with the
increasing proportion of water in the mobile phase. When the volume fraction of water
is 35%, the five amino acids cannot be separated completely. Moreover, saccharides, the
product of photosynthesis in green plants, are one of the most basic and inexpensive
sources of energy for humans and most animals. They are not only nutrients, but some
of them also have special physiological activities. However, as hydrophilic compounds,
they face great challenges in separation. The separation of five saccharides was achieved
on PAM-SiIl@ZIF-8(50 mg)/PAM, as shown in Figure 10. In addition, the separation of
amino acids and saccharides was detected by an evaporative light scattering detector. The
stable baseline indicates that ZIF-8 and PAM is not leached significantly from the stationary
phase, which indicated that the stationary phase possessed good stability.



Separations 2023, 10, 219 90f 12

a 3 5 b
12 " 23,4
=
z -
5 g
a 2
=}
2 z
5 Q —amino-modified silica
o PAM-Sil@ZIF-8(50mg)PAM| ~&
— Sil/PAM
0 5 10 15 20 25 30 02 4 6 8 10 I2
Time(min) Time(min)

Figure 8. Separation chromatograms of five amino acids over (a) as-prepared stationary phases and
(b) amino-modified silica. Mobile phase: ACN/H,O (75/25, v/v). Conditions: Flow rate 1 mL/min,
25 °C, ELS detector: Tube temperature 90 °C, gas flow: 2.5 L/min. Analytes: (1) L-tryptophan,
(2) DL-phenylalanine, (3) L-isoleucine, (4) L-valine, (5) L-serine.
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Figure 9. Effect of the mobile phase composition on the separation of five amino acids on
PAM—Sil@ZIF—8(50 mg)/PAM column. Mobile phase: CAN/H,0O. Conditions: Flow rate 1 mL/min,
25 °C, ELS detector: Tube temperature 90 °C, gas flow: 2.5 L/min.
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Figure 10. Separation chromatograms of five saccharides over PAM—Sil@ZIF—8(50 mg)/PAM.
Mobile phase: ACN/H,O (75/25, v/v). Analytes: (1) Xylose, (2) Glucose, (3) Sucrose, (4) Trehalose,
(5) Raffinose. Conditions: Flow rate 1 mL/min, 25 °C, ELS detector: Tube temperature 90 °C, gas
flow: 2.5 L/min.
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3.7. Stability and Reproducibility of PAM-Sil@ZIF-8(50 mg)/PAM for Separation

The stability and reproducibility of stationary phase is important in practical applica-
tions. The reproducibility of PAM-Sil@ZIF-8(50 mg)/PAM for separation was investigated
by seven continuous injections of five nucleosides/bases. As shown in Figure 11a and
Table S6, the elution time did not change significantly and the relative standard deviation
(RSD) of the retention time was within 0.22-0.97% for the analytes. In addition, the stability
of PAM-Sil@ZIF-8(50 mg)/PAM was studied by continuous operation for 60 h, as shown
in Figure 11b and Table S7. The RSD was within 0.56-1.86%, which indicated that PAM-
Sil@ZIF-8(50 mg)/PAM possessed good stability. Therefore, PAM-Sil@ZIF-8(50 mg)/PAM
is suitable for use in liquid chromatography.

Reproducibility

Response(Au) .

Response(Au) o,

0 5 10 15 20
Time(min)

10 15 20
Time(min)

o4
W

Figure 11. (a) Stability and (b) reproducibility of PAM-Sil@ZIF-8(50 mg)/PAM for separation. Mobile
phase: ACN/100 mM NH4OAc (85/15, v/v). Conditions: Flow rate 1 mL/min, 25 °C, UV detection at
254 nm. Analytes: (1) Uridine, (2) Adenosine, (3) Inosine, (4) Cytosine, (5) Citicoline.

3.8. Comparison with Other Stationary Phases in Literature

The separation performance of PAM-Sil@ZIF-8(50 mg)/PAM was compared with
other stationary phases that have been reported in literature. For the separation of nucleo-
sides/bases, PAM-Sil@ZIF-8(50 mg)/PAM exhibited a better peak shape compared with a
non-conjugated flexible network modified silica stationary phase (Py-TAC-DMA@SiO,) [24],
which was prepared by a one pot strategy. In addition, PAM-SiIl@ZIF-8(50 mg)/PAM has
shown better separation performance compared with (HO)1,CB [6]-bonded silica [25]
stationary phase for the separation of alkaloids.

4. Conclusions

In this study, a PAM-Sil@ZIF-8 /PAM HILIC stationary phase was obtained by a simple
synthesis process of adding ZIF-8 nanoparticles and silica into polyacrylamide (PAM)
aqueous solution, and then stirring the mixture until the solution was evaporated absolutely
with the help of mechanical agitator. It was demonstrated that the addition of ZIF-8
nanoparticles can improve the separation performance of stationary phase by improving
the specific surface areas and providing extra interaction sites between the stationary phase
and analytes. In addition, by changing the addition amounts of ZIF-8 nanoparticles, the
novel stationary phase with better separation performances for hydrophilic analytes (such
as nucleosides/bases, alkaloids, and amino acids) were obtained. Moreover, compared
with amino-modified silica and Sil/PAM stationary phase, PAM-Sil@ZIF-8(50 mg)/PAM
showed better separation performance benefit by the addition of ZIF-8, which further
indicated that the addition of MOF particles to polymer modified silica was a good strategy
for improving the separation performance of stationary phase. Furthermore, the new
stationary phase showed good stability and reproducibility, which is suitable for use in LC.
The relative standard deviation (RSD) of the retention time for reproducibility with seven
replicates of continuous elution was found to range from 0.22% to 97%, and the RSD of the
stability for 60 h of continuous operation was found to range from 0.56% to 1.86%. The
results indicated that the PAM-Sil@ZIF-8(50 mg)/PAM can be used in HILIC mode of LC.
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In short, this strategy proved that the separation performance of polymer modifying silica
stationary phase can be greatly improved by the addition of MOF.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /separations10030219/s1. Figure S1: TEM image of PAM-Sil@ZIF-
8(50 mg)/PAM; Figure S2: EDS images of PAM-Sil@ZIF-8(50 mg)/PAM and distribution of O, Si,
C, and Zn elements; Table S1: BET analysis results of bare silica, PAM/Sil, and PAM-Sil@ZIF-
8(50 mg)/PAM; Table S2: The resolution of five alkaloids over different columns; Table S3: Column
efficiency of five analytes over different columns; Table S4: The results of regression coefficient of
Equation (1) for five amino acids on the PAM-Sil@ZIF-8(50 mg)/PAM; Table Sb: Fitting coefficients
and corresponding correlation coefficient for Equation (2); Table S6: Reproducibility of PAM-Sil@ZIF-
8(50 mg)/PAM; Table S7: Stability of PAM-Sil@ZIF-8(50 mg)/PAM.

Author Contributions: Conceptualization, L.W. and X.L. (Xiaojing Liang); data curation, T.Z.; formal
analysis, T.Z.; investigation, T.Z.; methodology, X.L. (Xiaojing Liang); project administration, X.L.
(Xiaofeng Lu); resources, Y.G.; software, Y.L.; supervision, X.L. (Xiaojing Liang); writing—original
draft, T.Z.; writing—review and editing, L.W. and X.L. (Xiaojing Liang). All authors have read and
agreed to the published version of the manuscript.

Funding: This research received no external funding.
Data Availability Statement: Data are contained within the article or Supplementary Material.
Acknowledgments: CAS “Light of West China” Program is gratefully acknowledged.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Alpert, A.J. Hydrophilic-interaction chromatography for the separation of peptides nucleic acids and other polar compounds.
J. Chromatogr. 1990, 499, 177-196. [CrossRef] [PubMed]

2. Jandera, P; Janas, P. Recent advances in stationary phases and understanding of retention in hydrophilic interaction chromatogra-
phy. A review. Anal. Chim. Acta 2017, 967, 12-32. [CrossRef] [PubMed]

3. Geng, H; Jing, J.; Zhang, F.; Zhang, F; Yang, B. A polar stationary phase obtained by surface-initiated polymerization of
hyperbranched polyglycerol onto silica. Talanta 2020, 209, 120525. [CrossRef] [PubMed]

4. Liu, Y,; Du, Q,; Yang, B.; Zhang, F.; Chu, C.; Liang, X. Silica based click amino stationary phase for ion chromatography and
hydrophilic interaction liquid chromatography. Analyst 2012, 137, 1624-1628. [CrossRef] [PubMed]

5. Shen, G.; Zhang, F; Yang, B.; Chu, C.; Liang, X. A novel amide stationary phase for hydrophilic interaction liquid chromatography
and ion chromatography. Talanta 2013, 115, 129-132. [CrossRef]

6. Qian, K;Peng, Y,; Zhang, F,; Yang, B.; Liang, X. Preparation of a low bleeding polar stationary phase for hydrophilic interaction
liquid chromatography. Talanta 2018, 182, 500-504. [CrossRef]

7. Fan, F; Lu, X.; Wang, L.; Liang, X.; Guo, Y. Hydrogel Coating with Temperature Response Retention Behavior and Its Application
in Selective Separation of Liquid Chromatography. Anal. Chem. 2021, 93, 16017-16024. [CrossRef]

8. Ji,S.; Zheng, Y.; Zhang, F.; Liang, X.; Yang, B. A polyvinyl alcohol-coated silica gel stationary phase for hydrophilic interaction
chromatography. Analyst 2015, 140, 6250-6253. [CrossRef]

9. Li X, Zhang, B.; Tang, L.; Goh, TW.; Qi, S.; Volkov, A ; Pei, Y.; Qi, Z.; Tsung, C.K,; Stanley, L.; et al. Cooperative Multifunctional
Catalysts for Nitrone Synthesis: Platinum Nanoclusters in Amine-Functionalized Metal-Organic Frameworks. Angew. Chem.
Int. Ed. 2017, 56, 16371-16375. [CrossRef]

10. Suh, B.L.; Lee, S.; Kim, J. Size-Matching Ligand Insertion in MOF-74 for Enhanced CO, Capture under Humid Conditions. J. Phys.
Chem. C 2017, 121, 24444-24451. [CrossRef]

11.  Yang, C.X,; Yan, X.P. Metal-organic framework MIL-101(Cr) for high-performance liquid chromatographic separation of substi-
tuted aromatics. Anal. Chem. 2011, 83, 7144-7150. [CrossRef] [PubMed]

12. Ding, M,; Yang, L.; Zeng, J.; Yan, X.; Wang, Q. Orderly MOF-Assembled Hybrid Monolithic Stationary Phases for Nano-Flow
HPLC. Anal. Chem. 2020, 92, 15757-15765. [CrossRef]

13. Li, X;; Li, B,; Liu, M.; Zhou, Y.; Zhang, L.; Qiao, X. Core-Shell Metal-Organic Frameworks as the Mixed-Mode Stationary
Phase for Hydrophilic Interaction/Reversed-Phase Chromatography. ACS Appl. Mater. Interfaces 2019, 11, 10320-10327.
[CrossRef] [PubMed]

14. Si, T.;Ma, ].; Lu, X.; Wang, L.; Liang, X.; Wang, S. Core-Shell Metal-Organic Frameworks as the Stationary Phase for Hydrophilic
Interaction Liquid Chromatography. ACS Appl. Nano Mater. 2020, 3, 351-356. [CrossRef]

15. Si, T.; Liang, X,; Lu, X.; Wang, L.; Wang, S.; Guo, Y. 2D metal-organic framework nanosheets-assembled core-shell composite

material as stationary phase for hydrophilic interaction liquid chromatography. Talanta 2021, 222, 121603. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/separations10030219/s1
https://www.mdpi.com/article/10.3390/separations10030219/s1
http://doi.org/10.1016/S0021-9673(00)96972-3
http://www.ncbi.nlm.nih.gov/pubmed/2324207
http://doi.org/10.1016/j.aca.2017.01.060
http://www.ncbi.nlm.nih.gov/pubmed/28390482
http://doi.org/10.1016/j.talanta.2019.120525
http://www.ncbi.nlm.nih.gov/pubmed/31892073
http://doi.org/10.1039/c2an16277f
http://www.ncbi.nlm.nih.gov/pubmed/22343922
http://doi.org/10.1016/j.talanta.2013.04.046
http://doi.org/10.1016/j.talanta.2018.01.009
http://doi.org/10.1021/acs.analchem.1c03514
http://doi.org/10.1039/C5AN01159K
http://doi.org/10.1002/anie.201710164
http://doi.org/10.1021/acs.jpcc.7b08239
http://doi.org/10.1021/ac201517c
http://www.ncbi.nlm.nih.gov/pubmed/21809852
http://doi.org/10.1021/acs.analchem.0c02706
http://doi.org/10.1021/acsami.9b00285
http://www.ncbi.nlm.nih.gov/pubmed/30785718
http://doi.org/10.1021/acsanm.9b01987
http://doi.org/10.1016/j.talanta.2020.121603
http://www.ncbi.nlm.nih.gov/pubmed/33167271

Separations 2023, 10, 219 12 of 12

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Fan, F; Lu, X;; Wang, S.; Wang, L.; Liang, X.; Guo, Y. Mesoporous nanomaterial-assisted hydrogel double network composite for
mixed-mode liquid chromatography. Mikrochim. Acta 2021, 188, 433. [CrossRef]

Fan, F; Lu, X,; Liang, X.; Wang, L.; Guo, Y. Preparation of hydrogel nanocomposite functionalized silica microspheres and its
application in mixed-mode liquid chromatography. J. Chromatogr. A 2022, 1662, 462745. [CrossRef]

Fu, Y.Y;; Yang, C.X.; Yan, X.P. Fabrication of ZIF-8@SiO2 core-shell microspheres as the stationary phase for high-performance
liquid chromatography. Chem. Eur. ]. 2013, 19, 13484-13491. [CrossRef]

Wei, Q.; Lian, C.; Su, H.; Gao, D.; Wang, S. Composite of ZIF-8 and totally porous silica gel for HPLC stationary phase. Microporous
Mesoporous Mater. 2019, 288, 109574. [CrossRef]

Lan, X.; Xue, K.; Wang, T. Combined synergetic and steric effects for highly selective hydrogenation of unsaturated aldehyde.
J. Catal. 2019, 372, 49-60. [CrossRef]

Jin, G.; Guo, Z.; Zhang, F; Xue, X.; Jin, Y.; Liang, X. Study on the retention equation in hydrophilic interaction liquid chromatogra-
phy. Talanta 2008, 76, 522-527. [CrossRef]

Hou, Y.; Zhang, F; Liang, X.; Yang, B.; Liu, X.; Dasgupta, PK. Poly(vinyl alcohol) Modified Porous Graphitic Carbon Stationary
Phase for Hydrophilic Interaction Liquid Chromatography. Anal. Chem. 2016, 88, 4676-4681. [CrossRef] [PubMed]

Si, T.; Wang, S.; Zhang, H.; Lu, X,; Wang, L.; Liang, X.; Guo, Y. An alternative strategy to construct uniform MOFs-Grafted silica
core-shell composites as mixed-mode stationary phase for chromatography separation. Anal. Chim. Acta 2021, 1183, 338942.
[CrossRef] [PubMed]

Fan, F; Lu, X.;; Wang, S.; Liang, X.; Wang, L.; Guo, Y. Non-conjugated flexible network for the functional design of silica-base
stationary phase for mixed-mode liquid chromatography. Talanta 2021, 233, 122548. [CrossRef]

Si, M; Li, X.; Cheng, T; Yu, Q. Preparation and characterization of perhydroxyl-cucurbit[6]uril bonded silica stationary phase for
hydrophilic-interaction chromatography. Talanta 2004, 64, 929-934. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1007/s00604-021-05094-4
http://doi.org/10.1016/j.chroma.2021.462745
http://doi.org/10.1002/chem.201301461
http://doi.org/10.1016/j.micromeso.2019.109574
http://doi.org/10.1016/j.jcat.2019.02.022
http://doi.org/10.1016/j.talanta.2008.03.042
http://doi.org/10.1021/acs.analchem.5b04384
http://www.ncbi.nlm.nih.gov/pubmed/27053418
http://doi.org/10.1016/j.aca.2021.338942
http://www.ncbi.nlm.nih.gov/pubmed/34627530
http://doi.org/10.1016/j.talanta.2021.122548
http://doi.org/10.1016/j.talanta.2004.04.012

	Introduction 
	Materials and Methods 
	Materials and Instruments 
	Preparation of the ZIF-8 
	Preparation of the ZIF-8 and PAM Co-Functionalized Silica Stationary Phase and Column Packing 

	Results and Discussion 
	Characterization of the Prepared Materials 
	Effect of ZIF-8 on Chromatographic Separation 
	Adherence to a Quantitative HILIC Retention Model 
	Effect of Column Temperature 
	Separation Performance of Alkaloids 
	Separation Performance of Amino Acids and Saccharides 
	Stability and Reproducibility of PAM-Sil@ZIF-8(50 mg)/PAM for Separation 
	Comparison with Other Stationary Phases in Literature 

	Conclusions 
	References

