Analytical and Bioanalytical Chemistry (2022) 414:3917-3925
https://doi.org/10.1007/500216-022-04036-0

RESEARCH PAPER q

Check for
updates

Maltose-functionalized HILIC stationary phase silica gel based
on self-assembled oligopeptides and its application for the separation
of polar compounds

Hailan Shi'. Li Zhang?

Received: 20 December 2021 / Revised: 6 March 2022 / Accepted: 21 March 2022 / Published online: 30 March 2022
© Springer-Verlag GmbH Germany, part of Springer Nature 2022

Abstract

In this study, carbonyldiimidazole was used to bond maltose-modified oligopeptides (Ala-Glu-Ala-Glu-Ala-Lys-Ala-Lys) to
the surface of silica spheres for hydrophilic interaction liquid chromatography (HILIC). Attenuated total reflectance-Fourier
transform infrared spectroscopy, elemental analysis, X-ray photoelectron spectroscopy, thermogravimetric analysis, BET
technique, and water contact angle measurement results confirmed the successful immobilization of the obtained material.
Compared with the conventional method for preparing carbohydrate stationary phases, this method involves simpler steps
and less time-consuming processes. The experimental results proved that the retention mechanism of the maltose-based
HILIC column matched the typical HILIC retention mechanism. The column showed high separation efficiency and stability
toward the separation of polar compounds such as amino acids, bases, nucleosides, water-soluble vitamins, and salicylic acid
and its analogs. The column achieved high selectivity toward oligosaccharide separation. In addition, this efficient analysis
demonstrates the applicability of the as-prepared material in the field of food inspection.
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Introduction

With the rapid development of glycoproteomics, metabo-
lomics, and food and environment monitoring fields, highly
polar and ionic compounds have become important research
materials in biology and chemistry [1]. It is difficult to sepa-
rate these compounds on reverse-phase liquid chromatogra-
phy (RPLC), thereby limiting their applications. Although
normal-phase liquid chromatography (NPLC) can separate
these substances, this method is typically ineffective because
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of defects caused by the effects of the environment on peak
trailing and retention time. Moreover, the mobile phase for
NPLC is less soluble than the most hydrophilic samples [2].
HILIC can overcome the limitations of RPLC and serves
as a good alternative to NPLC toward the effective separa-
tion of various highly polar compounds [3-8]. The use of
water and water-soluble organic solvents as mobile phases
can improve the dissolution of samples in the mobile phase
[9] and allow suitable retention for various highly polar
samples. In addition, a high proportion of the organic phase
increases the flow rate, reduces the retention time, and effec-
tively improves the detection sensitivity and speed of the
instrument [10-12]; HILIC is also compatible with mass
spectrometry. Thus, this analytical technique has received
widespread attention. However, owing to the diverse and
complex analytical requirements of various samples, the
need for high chromatographic performance of the stationary
phase is gradually increasing. There is no standard research
system for determining the retention mechanism of a new
hydrophilic chromatographic stationary phase. Therefore,
it is important to explore and develop high-water-affinity
stationary-phase materials with novel structures and excel-
lent performances.
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Scheme 1 Preparation procedure of the AEK8-maltose-functionalized SiO,

Almost all HILIC stationary phases have been modified
with high-polarity groups on the surface of a substrate. The
polarity of the functional groups determines the separation
performance of the stationary phases in hydrophilic and
highly polar samples, which directly affects the application
and development of HILIC [13, 14]. There are many types
of HILIC stationary phases with different functional groups,
such as amino, poly(succinimide), cyano, glycol, zwitterion,
and glycosyl groups. Carbohydrates possess abundant unique
polyhydroxy groups and possess high polarity. New carbo-
hydrate-based HILIC stationary phases have been recently
explored and developed. Guo et al. used the click reaction
to prepare a B-cyclodextrin-type HILIC stationary phase for
the first time [15]. This motivated Liang’s research group
to use azido-alkynyl and sulfhydryl-alkenyl click reactions
to prepare maltose-, glucose-, and B-cyclodextrin-modified
HILIC stationary phases, which have a strong separation
effect on small molecules, such as adenosine, amino acids,
and sugars [16]. Huang et al. also used the click reaction to
prepare chitosan-modified spherical-particle-based HILIC
stationary phases to separate carbohydrates, nucleosides,
and amino acid compounds; this column achieved a strong
separation effect [17]. However, surface bonding in click
chemistry requires the addition of azide or alkynyl groups
on the sugar unit, which is difficult to achieve in polysac-
charides because of their low solubility in organic solvents.
The preparation process of this method is time consuming;
therefore, a simpler and more effective method of polysac-
charide immobilization is needed to prepare the HILIC sta-
tionary phase.

To this end, herein, carbonyldiimidazole (CDI) was used
as a cross-linking agent, and AEK8-maltose was immobi-
lized on the silica surface to prepare a maltose-based HILIC
stationary phase (Scheme 1). This method for stationary
phase preparation is simpler than those used for the devel-
opment of conventional saccharide stationary phases and
does not involve time-consuming processes. In the HILIC
mode, the effects of different mobile phase compositions,
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salt concentrations, pH values, and temperatures on the sol-
ute retention behavior were investigated. The results con-
firmed that the retention mechanism of the maltose-based
HILIC column matched that of the typical HILIC column.
The column prepared using the as-synthesized stationary
phase exhibits high separation efficiency and stability for
separating polar compounds, such as amino acids, bases,
water-soluble vitamins, and organic acids, and achieves high
selectivity toward oligosaccharide separation.

Materials and methods
Materials and reagents

Silica gel, CDI, Vpp, Vg,, Vg7, Vi1, Vi, salicylamide, sali-
cylic acid, trans-cinnamic acid, acetylsalicylic acid, sali-
cylic acid, N,N-dimethylformamide (DMF), methanol, and
acetonitrile were purchased from the Shanghai Chemical
Reagents Company (China). 3,5-Dihydroxybenzoic acid,
lysine, arginine, glutamic acid, aspartic acid, ribose, glucose,
sucrose, melezitose, and trifluoroacetic acid were obtained
from Sigma-Aldrich. Deionized water was purified using
Milli-Q water prepared in the laboratory and all other chemi-
cals were of analytical grade. All participants provided writ-
ten informed consent.

Characterization techniques

Attenuated total reflectance-Fourier transform infrared
(ATR-FTIR) spectroscopy was performed using a Ten-
sor-27 infrared spectrometer (Bruker, Billerica, MA) with
a wedged germanium crystal as an attenuated total reflec-
tance accessory. Transmission electron microscopy (TEM)
images were obtained using a JEM-2100 microscope (JEOL,
Japan). Thermogravimetric analysis (TGA) was performed
using a SACS Q600SDT thermogravimetric analyzer (USA).
N, adsorption surface areas were measured by the BET
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technique on an ASPS 2020 M analyzer (USA). X-ray pho-
toelectron spectroscopy (XPS) was performed using an Axis
Ultra X-ray photoelectron spectrometer (Kratos Analytical
Ltd., Manchester, UK) with an Al X-ray source operating at
150 W (15 kV, 10 mA).

Synthesis of AEK8-maltose

The Fmoc-Ala-Glu(OtBu)-Ala-Glu(OtBu)-Ala-Lys(BOC)-
MBHA resin was obtained by extending the peptide chain
from the C-end to N-end according to the sequence AEAE-
AKAK (Ala-Glu-Ala-Glu-Lys-Ala-Lys) on a Rink Amide-
MBHA resin by solid-phase synthesis. Maltose and sodium
cyanoborohydrin were added to the as-synthesized oligo-
peptide and methanol was used as a solvent for the reflux
reaction at 80 °C, followed by suction filtration and wash-
ing. Then, a mixture of trifluoroacetic acid (TFA), triiso-
propylsilane (TIS), and water was used as the cutting solu-
tion for the residue protective groups of amino acid in the
oligopeptide. AEKS8-maltose was separated from the resin
at room temperature, and suction filtration was performed
on it. The filtrate was precipitated using ice-cold ether. After
centrifugation, the precipitate was dialyzed and freeze-dried
to obtain maltose-modified oligopeptide (AEKS8-maltose).

Preparation of maltose-type silica gel stationary
phase

A total of 1.0 g of silica gel activated with 10% HCI and
1.17 g of CDI were mixed in 10 mL of a 70% methanol
aqueous solution. The solution was refluxed for 5 h at 25 °C,
washed with water and methanol for several times, and dried
at 80 °C. Next, 1.0 g of the as-prepared CDI-activated silica
gel was mixed with 6 mL of 15 mg/mL AEK8-maltose DMF
solution at 40 °C for 5 h. The mixture was washed with DMF
and methanol for several times and dried at 60 °C to obtain
AEKS8-maltose-modified silica gel (SiO,-AEK8-maltose).

Column packing

Si0,-AEKS8-maltose was ultrasonically dispersed in chroma-
tographic methanol, and the dispersion was transferred to a
homogenization tube using chromatographic methanol as a
replacement liquid. This system was maintained in a column
packer at 35 MPa for 40 min, after which the nitrogen valve
in the column packer was closed. When the pressure dropped
to 0 MPa, the column was packed to obtain a 50 X4.6 mm
chromatographic column. The bare SiO, sphere column was
prepared using the same method and specifications. After
loading the column, it was activated with chromatographic
methanol for 2 h prior to use.

Separation and application of maltose-based HILIC
column

To explore the performance of the maltose-based HILIC sta-
tionary phase, experiments were performed to separate sev-
eral common polar compounds, such as nucleosides, bases,
amino acids, water-soluble vitamins, salicylic acid and its
analogs, and oligosaccharides. The separation performance
of the maltose-based HILIC column was compared with that
of a self-made bare SiO, sphere chromatographic column
under same conditions.

Reproducibility and stability test

Three batches of simultaneously prepared
Si0,-AEK8-maltose were loaded onto three chromato-
graphic columns (50 mm X 4.6 mm). The samples of Vp,,
Vg, Vg7, Vg, salicylamide, salicylic acid, and salicylide
were analyzed under the mobile phase of 85% ACN-20 mM
NH,AcO at a pH 4.0. Then, the stability of the chromato-
graphic behavior of the stationary phase was investigated
and the same column was injected with all samples for 1,
5, 15, 30, 45, 60, and 75 days to analyze the changes in the
retention behavior.

Results and discussion
Characterization of SiO,-AEK8-maltose

The morphology of silica was analyzed by TEM. From
the TEM images shown in Fig. 1a and b, no apparent
changes in the silica spheres, before and after modifica-
tion, can be observed. It may be because the function-
alized AEKS8-maltose molecule was too small to be
observed. To investigate the success of AEK8-maltose
modification on silica spheres, Fourier transform infra-
red spectroscopy (FT-IR) spectroscopy was performed
for the functional groups present on the surface of SiO,
and Si0,-AEK8-maltose. As shown in Fig. 1c, the strong
absorption peaks at 1100 and 805 cm™! correspond to the
symmetric and asymmetric stretching vibrations of Si—O-
Si, respectively. After modifying the silica spheres with
AEKS8-maltose, the stretching vibration absorption peak
of CH, appeared at 2900 cm™", and the absorption peaks
of amide I and amide II appeared at 1640 and 1560 cm™!,
respectively. The characteristic absorption peak of sugar
appeared at 3600 cm™~!. These results indicated the suc-
cessful preparation of SiO,-AEK8-maltose. Furthermore,
the average pore size of the prepared stationary phase
was approximately 12.4 nm, and the BET surface area
was approximately 312 m%/g (Fig. le). The TGA of bare
SiO, spheres and SiO,-AEKS8-maltose was also analyzed
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Fig. 1 TEM patterns of (a) SiO, and (b) SiO,-AEK8-maltose. (¢) FTIR spectra of SiO, and SiO,-AEK8-maltose. (d) XP spectra of SiO, and
Si0,-AEKS8-maltose. (e) N, adsorption/desorption isotherm of SiO,-AEKS8-maltose. (f) TGA curves of SiO, and SiO,-AEK8-maltose

(Fig. 1f). The endothermic mass loss, caused by the loss 12.39 to 12.14 g) was observed due to the breaking and
of water, was observed to be approximately 2.0% over the ~ dehydration of the silicon—oxygen bond in the silica gel.
0-100 °C range. At 200-600 °C, a mass loss of 2% (from However, the mass of Si0,-AEK8-maltose decreased from
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9.54 t0 9.34 g over 0—100 °C owing to the loss of water,
resulting in a mass loss of 2.1%. At 200-600 °C, the mass
of Si0,-AEKS8-maltose decreased to 8.53 g, resulting in
a mass loss of 8.4%. These observations preliminarily
showed that the loss of AEKS§-maltose on the silica sur-
face was about 6.4%, indicating that the new stationary
phase was modified with 6.4% wt. of AEK8-maltose to
bare SiO, spheres.

To further confirm that AEK8-maltose was successfully
modified on the surface of the silica spheres, the compo-
sition of SiO, and SiO,-AEK8-maltose was analyzed by
XPS. As shown in Fig. 1d, the XP spectra of both materi-
als exhibit four peaks: O 1's,C 1, Si 2 s, and Si 2p. The
XP spectra of the AEKS8-maltose-modified silica spheres
had a new N 1 s peak, while the peak corresponding to N
in the amino group of the peptide was only present, con-
firming that AEK8-maltose was successfully modified on
the surface of the silica spheres. At the same time, the rela-
tive content of each element was calculated from the spec-
trum; the results are summarized in Table 1. Elemental
analysis (EA) was performed before and after modifying
the silica spheres, as shown in Table 2. The contents of N,
C, and H in the modified silica spheres were significantly
increased, while AEK8-maltose contained only N (the
trace amount of N in the bare SiO, spheres came from the
air), indicating that AEK8-maltose and the silica spheres
were successfully bonded. According to the calculation
formula for surface bonding [18], the binding amount of
AEKS8-maltose on the surface of the maltose-based HILIC
stationary phase was 0.806 pmol/m?.

%X x 10°
(A )n100(1 — %X (My)/ (Ay)n100)S

coverage ( pmol /m? ) =

Here, %X is the percentage increase in carbon or nitro-
gen in the bonded support determined by EA, Ay, is the
atomic mass of carbon or nitrogen, My, is the molecular
weight of the species bonded to the silica surface, # is the
number of carbon or nitrogen atoms present in the bonded
species, and S is the specific surface area of the silica sup-
port in meters squared per gram.

After coating SiO, and SiO,-AEKS8-maltose on the
glass sheet, the water contact angle (WCA) of the coating
was measured. As shown in Table 3, the measured contact

Table 1 Relative  content of elements in  SiO, and
Si0,-AEKS8-maltose based on their XPS spectra

C (%) N (%) O (%) Si (%)
Sio, 14.13 0 52.09 33.78
Si0,-AEKS- 28.66 2.44 41.89 27.01
maltose

Table 2 EA results of SiO, and SiO,-AEK8-maltose

N (%) C (%) H (%)
Si0, 0.1 1.25 0.6
Si0,-AEK8-maltose 1.6 6.39 1.486

angle of the SiO,-AEKS8-maltose coating was larger than
that of the SiO, coating, indicating that AEK8-maltose
was successfully modified on the surface of the silica
spheres.

Influence of water content in the mobile phase

The performance of HILIC is typically analyzed on the
basis of the effect of the water content in the mobile phase
on solute retention. If the increase in the water content
weakens the retention, it is the HILIC mode. The organic
phase of the HILIC mode mainly contains acetonitrile and
methanol. Methanol is a polar protic solvent that can easily
form hydrogen bonds with the stationary phase and com-
petitively adsorbs the solutes, reducing solute retention.
Although acetonitrile is more toxic, it does not react with
the sample, and the column pressure of acetonitrile as the
organic phase is the lowest, which prolongs the service
life of the instrument and the chromatographic column.
Therefore, acetonitrile was selected as the organic phase
for this experiment. The effect of adjusting the propor-
tion of acetonitrile (5-96%) in the mobile phase on the
retention factor (k) of salicylic acid and its analogs and
water-soluble vitamins is shown in Fig. 2a. The overall
retention behaviors of the two analytes were similar. In
the ACN content range of 5-70%, water-soluble vitamins,
salicylic acid, and their analogs are almost not retained;
in the high ACN range of the mobile phase, especially
when ACN > 85%, k increases sharply. This shows that the
maltose-based HILIC stationary phase had strong hydro-
philicity, and the retention mechanism of the two analytes
on the maltose-based HILIC column was mainly hydro-
philic. Therefore, when the column was used to separate
polar compounds, the ACN content in the mobile phase
was selected within the range of 75-100%.

Table 3 WCAs of the SiO, and SiO,-AEKS8-maltose coatings

Coating additives WCAs, degrees®

Si0O,
Si0,-AEKS8-maltose

“Data are reported as the mean + standard error (n=6)
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Fig.2 Effect of (a) the ACN content in the mobile phase on the retention of solutes, and (b) column usage time on the solute retention time

Separation performance of the maltose-based HILIC
column

To investigate the performance of the maltose-modified
column toward the separation of polar compounds, experi-
ments were performed to separate acids, bases, nucleosides,
water-soluble vitamins, salicylic acid and its analogs, and
oligosaccharides. This performance was compared with that
of the bare SiO, sphere column.

Separation of amino acids

The experiment was performed under optimized chroma-
tographic conditions. The mobile phase was 75% acetoni-
trile/20 mM KH,PO,, the pH was 3.50, and the UV detector
wavelength was 190 nm. Using amino acids as solutes, the
separation effects of the four amino acids on the maltose-
based HILIC and bare SiO, sphere columns were compared
under the same chromatographic conditions. As shown in
Fig. 3a and b, the four analytes could be separated well
within 5 min on the maltose-based HILIC column, and the
peak shape is better than that obtained for the bare SiO,
sphere column. The separation effect on the bare silica
sphere column was weak, indicating that the maltose-based
HILIC column can effectively separate amino acids.

Separation of bases and nucleosides
Naphthalene was used as a reference to separate the bases
and nucleosides with gradient elution. The optimized chro-

matographic conditions were as follows: 0-5 min: 97%
ACN, 5-15 min: 97-80% ACN, 20 mM ammonium acetate,
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pH 4.0 gradient, and 0.6 mL/min flow rate. Under the same
chromatogram conditions, the separation effects of these
substances on maltose-based HILIC and bare SiO, sphere
columns were compared. The results indicate that the malt-
ose-based HILIC column allowed for a stronger separation
effect than the bare SiO, sphere column, as represented in
Fig. 3¢ and d, respectively.

Separation of water-soluble vitamins

To further investigate the separation effect of the maltose-
based HILIC column, five water-soluble vitamins were
separated. The optimized chromatographic conditions were
as follows: 85% acetonitrile/20 mM ammonium acetate
and 0.8% acetic acid, pH 4.0 mobile phase; 210 nm detec-
tion wavelength; and 0.6 mL/min flow rate. The separation
effects of five water-soluble vitamins on the maltose-based
HILIC and bare SiO, sphere columns under the same chro-
matographic conditions were compared. As shown in Fig. 3e
and f, the five analytes achieved good separation within
8 min on the maltose-based HILIC column, while the bare
SiO, sphere column could not separate them.

Separation of salicylic acid and its analogs

The optimized chromatographic conditions were as follows:
92% acetonitrile/20 mM ammonium acetate and 0.8% acetic
acid, pH 4.0 mobile phase; 200 nm detection wavelength;
and 0.6 mL/min flow rate. Salicylic acid and its analogs were
used as analytes to investigate the maltose-based HILIC
column. The separation effects of the same mixed sample
on the maltose-based HILIC and bare SiO, sphere columns
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Fig.3 Chromatograms of four 300
amino acids on (a) maltose
and (b) bare SiO, sphere
columns (1—lysine, 2—argi-
nine, 3—glutamic acid, 4—
aspartic acid). Chromatograms
of nucleic acid bases and
nucleosides on (¢) maltose and
(d) bare SiO, sphere columns
(1—naphthalene, 2—uracil,
3—adenosine, 4—adenine,
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under the same separation conditions were compared. As
shown in Fig. 4a and b, the six analytes achieved were more
effectively separated within 10 min on the maltose-based
HILIC column than on bare SiO, sphere column. This result
suggested that the maltose-based HILIC column effectively
separated salicylic acid and its analogs.

Separation of oligosaccharides

The maltose-based HILIC column was used to separate
oligosaccharides. The optimized chromatographic con-
ditions were as follows: 75% acetonitrile/water mobile
phase; 35 ‘C column temperature; 350 kappa N, pressure;
50 °C drift tube temperature; one filter; and 5 X 16 gain
value. Under the same conditions, the separation effects of
the same mixed sample on a maltose-based HILIC column
and a bare SiO, sphere column were compared. As shown
in Fig. 4c and d, six analytes achieved baseline separation
within 4 min on the maltose-based HILIC column, while

6
time (min)

10 12 8

the silica sphere column could not separate the analytes,
indicating that the maltose-based HILIC column was suit-
able for the separation of oligosaccharides.

Practical application

Owing to its high nitrogen content, melamine can be
illegally added to infant milk formulas. In this study, the
applicability of the maltose-based HILIC column was veri-
fied by analyzing melamine (Fig. 4e, f). With the mobile
phase of 75/25 (v/v) ACN/water, flow rate of 1.0 mL/
min, and detection wavelength of 254 nm, the standard
melamine retention was approximately 4 min (Fig. 4e, 1).
The main components of infant milk were eluted within
approximately 2 min (Fig. 4e, 2) causing no interference in
the detection of melamine (Fig. 4f). This efficient analysis
demonstrates the applicability of the as-prepared material
in the field of food inspection.
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Fig.4 Chromatograms of
salicylic acid and its analogs on
(a) maltose and (b) bare SiO,
sphere columns (1—salicyla-
mide, 2—salicylic acid, 3—
trans-cinnamic acid, 4—acetyl-
salicylic acid, 5—salicylic acid,
6—3,5-dihydroxybenzoic acid).
Chromatograms of oligosac-
charide on (c¢) maltose and (d)
bare SiO, sphere columns (1—

260

180

mV

20

180

-
£ 80

6

- d

ribose, 2—glucose, 3—sucrose,
4—melezitose). (e) and (f)

8

time (min)

v -+ r
10 o
time (min)

. o 300
Practical application toward the

separation of melamine in infant
milk on maltose columns y
200

m\

200

6004

B

m\V

3004

3

4

time (min)

1 2

6 2
time (min)

AU

0.1% 4
Mclamine

0.10 4

0.05 4
milk Melam ine+milk

0.00

T T
0 2 El

Retention I'ime(min)

Reproducibility and stability test

The reproducibility of different batches of the maltose-based
HILIC stationary phase was investigated. Using the mobile
phase of 85% ACN-20 mM NH,AcO, pH 4.0, the reten-
tion times of water-soluble vitamins and salicylic acid com-
pounds on the stationary phase of different batches were
monitored. As shown in Table 4, the retention times of the
four analytes were almost the same in these batches, indicat-
ing good inter-column reproducibility. In addition, the stabil-
ity of the chromatographic behavior of the stationary phase
was investigated. As shown in Fig. 2b, after 75 days of the
continuous use of the same maltose-based HILIC column,

T
¢ 8 10 0 2 4 6 8
Retention T ame(min)

10

the retention times of different analytes did not change, indi-
cating that the maltose-based HILIC stationary phase had
high stability.

Conclusions

In this study, AEK8-maltose was bonded with silica spheres
using CDI as a cross-linking agent to prepare a maltose-
based HILIC stationary phase. The steps involved in this
method are simple. In the HILIC mode, the effects of the
compositions, salt concentrations, pH values, and tem-
peratures of different mobile phases on the solute retention

Table 4 Solute retention time

- t (min)
for different batches of columns
Vip Vi Vg, Vi1 Salicylamide Salicylic acid Salicin
1 1.78 2.20 2.90 391 1.50 2.35 2.00
2 1.78 221 2.92 3.90 1.50 2.35 2.02
3 1.77 2.21 2.90 3.90 1.51 2.35 2.01
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behavior were investigated. The experimental results indi-
cated that the retention mechanism of the maltase-based
HILIC stationary phase matched the typical HILIC reten-
tion mechanism. The maltose-based HILIC column showed
a strong separation effect toward polar compounds such as
amino acids, bases, and nucleosides, water-soluble vitamins,
salicylic acid and its analogs, and oligosaccharides. In addi-
tion, the maltose-based HILIC column exhibited high repro-
ducibility, high stability, and a long service life.
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