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Abstract

Facing the trends of green chemistry, this work tries to find a novel material for per aqueous liquid chromatography (PALC)
aiming to reduce the consumption of hazardous reagents. As a kind of green nanomaterials, the chromatographic perfor-
mance of carbon quantum dots (CQDs) in PALC was rarely studied. Here, hydrophilic CQDs were prepared by a simple
hydrothermal method using citric acid and ethylenediamine as carbon sources. The synthesized CQDs with functional
groups of amino, carboxyl, and hydroxyl were decorated on silica gels forming a novel Si-CQDs stationary phase. This Si-
CQDs column possesses the typical retention feature of PALC. Compounds with different polarities including hydrophobic
pesticides, polar sulfonamides, f-adrenoceptor blockers and agonists, as well as hydrophilic nucleosides and bases obtained
satisfactory separation on this Si-CQDs column under PALC mode, even better resolution than in hydrophilic interaction
liquid chromatography (HILIC) mode. A mixture of four sulfonamides can be separated within 6 min using a mobile phase
containing only 5% acetonitrile, and the resolution achieves 2.39, 2.13, and 1.83 with an average column efficiency of 1400.
For certain compounds, this Si-CQDs column showed better separation performance than commercial SiO, column, NH,
column, and C18 column. The retention mechanism includes hydrophobic and electrostatic interactions due to the multifunc-
tional groups of CQDs. This Si-CQDs column achieved the rapid detection of residual sulfonamides in milk with simplified
sample pretreatment process and the detection of atenolol in commercial atenolol tablets. The developed Si-CQDs column
has great prospects in low-cost and environmentally friendly separation and analysis.

Keywords Carbon quantum dots - Per aqueous liquid chromatography - Green liquid chromatography

Introduction

High-performance liquid chromatography (HPLC) has been
widely used in pharmaceutical analysis, food analysis, envi-
ronmental analysis, etc. The wide use of HPLC also results
in a large number of organic solvent wastes. The consump-
tion of organic solvents, especially toxic and dangerous
chemicals, is a worldwide problem that has significant influ-
ence on human health and environment. It is a wake-up call
for chemical industry including all laboratories that innova-
tions are needed to reduce the use of hazardous chemicals.
Undoubtedly, “green” HPLC using nontoxic mobile phases
becomes an important issue and the hot topic [1-3].
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Per aqueous liquid chromatography (PALC) named by San-
dra et al. is a kind of green LC mode, in which mobile phases
containing high percentage of water (70-100%) are used [4].
PALC is a complementary separation mode for reversed-phase
liquid chromatography (RPLC) and is expected to be an alter-
native to hydrophilic interaction chromatography (HILIC)
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since a comparable retention as HILIC for polar compounds
can be achieved under PALC [5-7]. PALC is a relatively new
technique, covering the last decade. Special stationary phases
capable of withstanding high percentage of water are needed
in PALC. According to our best knowledge, there are limited
types of stationary phases for PALC which is far less than that
in RPLC and HILIC. So far, polysaccharide-modified silica
[6, 7], ionic liquid bridged periodic mesoporous organosilicas
[8], ethylene bridged hybrid silica [9], carbon nanoparticles-
functionalized silica [10], congo red-derivatized silica [11],
porous organic cage embedded C18 amide silica [12], and Au
nanoparticles-decorated SO;H-cofunctionalized silica [13]
stationary phases have been developed for PALC. Research
into the synthesis of novel stationary phases with applicability
in PALC and separation of polar and hydrophilic compounds
will be the main issue of this method [1].

Development of advanced functional materials pro-
vides more choices for the construction of PALC station-
ary phases. Carbon quantum dots (CQDs) are a member
of carbon nanomaterials discovered in 2004 [14]. Due to
the simple and green synthesis method, low toxicity, good
dispersibility, adsorption performance, and photolumines-
cence stability, CQDs have received great attention in vari-
ous research fields such as biological imaging, fluorescence
and phosphorescent sensing, photovoltaic devices, anti-
counterfeiting, and encryption [15, 16]. CQDs also pre-
sented good separation performance in HILIC, RPLC, and
mixed-mode chromatography [17]. However, the separation
performance and application potential of CQDs in PALC has
been scarcely explored.

Here, CQDs were modified on silica gels forming a novel
CQDs-functionalized silica (Si-CQDs) stationary phase.
Using CQDs as ligands achieves the one-step modifica-
tion of multiple functional groups including —-NH,, —OH,
—COOH, and aromatic skeleton onto silica gels, which is
simple. The retention behavior and separation performance
of this Si-CQDs stationary phase under PALC mode was
explored using nucleosides and bases, -adrenoceptor block-
ers and agonists, pesticides, and sulfonamides as analytes. Its
separation performance was compared with commercial C18
column, NH, column, and SiO, column. While maintaining
the good separation efficiency as commercial columns, the
use of organic solvents can be reduced greatly, indicating the
developed Si-CQDs column may be a good choice for low-
cost and environmentally friendly separation and analysis.

Experimental
Reagents

Silica gels (100 A5 pm) were supplied by Fuji Silysia
Chemical Ltd. (Japan). 3-Glycidoxypropyltrimethoxysilane
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(analytical grade, 98%), citric acid (analytical grade,
99%), ethylenediamine (analytical grade, 99%), formic
acid (analytical grade, 98%), ammonium acetate (analyti-
cal grade, 98%), and standard chemicals (HPLC grade)
were purchased from Meryer Chemical Technology
Co. Ltd. (Shanghai, China). Methanol and acetonitrile
(HPLC grade) were obtained from Macklin Biochemi-
cal Technology Co. Ltd. (Shanghai, China). Commer-
cial Purospher STAR RP-18 endcapped Hibar RT (5 pm,
150 mm X 4.6 mm i.d.), Purospher STAR NH, LiChro-
CART (5 pm, 150 mm X 4.6 mm i.d.), and Ascentis® Si
HPLC 581,512-U (5 pm, 150 mm X 4.6 mm i.d.) columns
were used as a comparison.

Instruments

The Fourier transform infrared spectroscopy (FTIR) spectra
were acquired on a Thermo Scientific Nicolet iS5 Fourier
transform infrared spectrometer (Thermo, USA). Transmis-
sion electron microscope (TEM) images were obtained on
a JEOL JEM-2100F field emission transmission electron
microscope (JEOL, Japan). Laser scanning confocal micro-
scope (LSCM) images were obtained on a FLUOVIEW
FV1200 biological confocal laser scanning microscope
(OLYMPUS, Japan). Surface area and pore size analysis
were carried on a NOVA 2200e surface analysis instrument
(Quantachrome, USA). X-ray crystal diffraction (XRD)
was performed on D8 ADVANCE diffractometer (Bruker
AXS, Germany). X-ray photoelectron spectroscopy (XPS)
was recorded on a VG ESCALAB 210 instrument (Thermo,
USA). Thermogravimetric analysis was carried on a MET-
TLER TOLEDO TGAZ2 instrument (METTLER TOLEDO,
Switzerland). Elemental analysis was performed on vario
EL apparatus (Elementar, Germany). Zeta potential values
were obtained on Zetasizer Nano ZSE nanoparticle size
analyzer (Malvern, Britain). Chromatographic analysis was
performed on a HITACHI Primaide HPLC system equipped
with a manual injector with 20 pL sample loop, a 1310 col-
umn oven, a 1110 pump, and a 1430 diode array detector
(HITACHLI, Japan).

Synthesis of CQDs

CQDs were synthesized by a simple hydrothermal method.
A total of 1.0g citric acid was dissolved in 60 mL deion-
ized water, and then 200 pL ethylenediamine was added into
above solution. The mixture was transferred to a Teflon-
sealed autoclave and heated at 200°C for 4 h. After cooling
to room temperature, the transparent yellow solution was
dialyzed for 3 days. Finally, CQDs were obtained by freeze
drying.
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Preparation of Si-CQDs stationary phase

CQDs were bonded onto silica gels using 3-glycidoxypro-
pyltrimethoxysilane as spacer referred to previous reports
[18, 19]. For a schematic diagram of the preparation pro-
cess, please see Fig. 1. The first step was to prepare epoxy
groups modified silica gels (Si-epoxy). A total of 3.0g silica
gels were dispersed in 75 mL anhydrous toluene, and then
1.5 mL 3-glycidoxypropyltrimethoxysilane was added into
above dispersion system and heated at 100°C for 24 h under
stirring at 700 rpm. After cooling to room temperature, the
products were washed using toluene, ethanol, and methanol
in turn through filtration. The Si-epoxy particles were dried
at 60°C under vacuum. The second step was to prepare Si-
CQDs stationary phase. In total, 0.25g CQDs, 2.5g Si-epoxy,
and 100 pL triethylamine were dispersed in 100 mL metha-
nol under stirring at 600 rpm, and the dispersion was heated
at 80°C for 12 h. The products were washed by methanol and
deionized water repeatedly. Finally, the Si-CQDs stationary
phase was acquired by vacuum drying at 60°C.

Column packing

The Si-CQDs particles were packed into stainless steel
tubes (150 mm X 4.6 mm i.d.) at 40 MPa by a slurry packing
method. Equal volume of methanol and isopropyl alcohol
mixture were used as homogenate solvent and methanol was
used as propulsion solvent.

Treatment of real samples

Milk called Modern Meadow was purchased from local
supermarket (RT Mart, Qingdao, China). The milk was
treated by a simple method without purifying through solid
phase extraction column. A 5 mL milk was transferred

into a 50 mL plastic centrifugal pipe, then 20 mL ace-
tonitrile containing 0.1% formic acid was added, and the
mixture was vortex-mixed for 5 min and centrifuged at
8000 rpm for 5 min. The supernatant was filtered through
a filter membrane (0.22 pm), and the final volume of
extract was regulated to 25 mL by acidified acetonitrile.
Stock solutions of individual sulfonamides at 0.1 g L™!
were prepared by dissolving 10 mg of each sulfonamide
in 100 mL of acetonitrile containing 0.1% formic acid.
A total of 1.0 mL of the above solutions was mixed and
further diluted to 100 mL with acidified acetonitrile to
obtain standard solution of sulfonamides mixture at the
concentration of 1.0 mg L™!. Milk samples spiked with
sulfonamides at different concentrations were obtained by
adding appropriate volumes of standard solution of sul-
fonamides mixture into milk.

Atenolol tablets produced by Jiangsu Huanghe Pharma-
ceutical Co., Ltd. (China) were purchased from Qingdao
Tongfang pharmacy. Ten tablets were crushed by mortar,
and 20 mg of the powder was dispersed in 200 mL metha-
nol under ultrasonic for 30 min. Finally, the sample was
filtered through nylon filter membrane (0.22 pm) to obtain
the stock solution at the concentration of 0.1 g L™!. The
stock solution was diluted to 25 pg L™' by methanol for
HPLC analysis.

Chromatographic parameters

The formulas of chromatographic parameters such as
retention time (#g), retention factor (k), resolution (R,),
column efficiency (), and asymmetry factor (A,) are listed
in Supporting Information (Eq. S1-S9). Dead time was
determined from the solvent peak of methanol.

Fig. 1 Diagrammatic sketch of OHO o o
the preparation of CQDs and /U\/\/L/l( COOH
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Results and discussion

Characterizations of CQDs and Si-CQDs stationary
phase

The morphology of as-synthesized CQDs was character-
ized by TEM (Fig. 2a), from which we saw that CQDs
were monodisperse spherical particles. The dimensional
statistics was acquired by measuring one hundred of par-
ticles in the TEMs; the sizes of CQDs were in the range
of 1.7-3.1 nm with an average size of 2.3 nm. The lattice
spacing of CQDs was 0.23 nm (see the inset of Fig. 2a),
which was consistent with that of (100) facet of graphite
[20]. The XRD pattern measured for the CQDs showed a
broad peak centered at 20.6° (Fig. 3a), which was consist-
ent with the (002) lattice spacing of carbon-based materi-
als [21]. Comparing the TEM images of Si-epoxy (Fig. 2b)
and Si-CQDs (Fig. 2c), the surface of silica gels become
rough with adhered particles after modification of CQDs.
The LSCM image of Si-CQDs (Fig. 2d) also showed bright
blue fluorescence, indicating the successful modification
of CQDs onto silica gels.

The specific surface area and pore size were tested
before and after modification of CQDs on silica gels.
After modification of CQDs onto Si-epoxy, the specific
surface area increased from 294.368 to 347.587 m%/g,
displaying the abundant adsorption sites of CQDs. The
pore size decreased by about 2.2 nm (from 10.131 to

Fig.2 TEM images of CQDs
(a), Si-epoxy (b) and Si-CQDs
(c); LSCM image of Si-CQDs
()

0.0
15 20 25 30 3.

Size (nm)
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7.966 nm) which was in accord with the size of CQDs,
demonstrating CQDs were not only decorated on the sur-
face of silica gels, but also entered into the channels of
porous silica gels. The loading amount of CQDs on silica
gels was tested by thermogravimetric analysis. Comparing
the thermogravimetric curves of Si-epoxy and Si-CQDs
depicted in Fig. S1, the loading amount of CQDs was
about 2%, meaning the content of CQDs on silica gels was
about 20 mg/g. No significant weight loss was observed
until the temperature exceeds 300°C, indicating the good
thermostability of Si-CQDs stationary phase. Elemental
analysis (Table S1) was also carried out to investigate the
loading of CQDs on silica gels. The content of C% and
N% increased after modification of CQDs onto Si-epoxy,
which again indicated the successfully preparation of Si-
CQDs stationary phase.

The chemical composition of CQDs was characterized
by FTIR and XPS. XPS survey (Fig. 3b) shows the pre-
dominant elements of the prepared CQDs are C, O, and N.
The high-resolution C 1 s spectra (Fig. 3c) can be divided
into three components, corresponding to the signals of C—C
(284.7 eV), C-0 (286.0 eV), and C=0 (287.5 eV). The
high-resolution O 1 s spectra (Fig. 3d) can be divided into
three components, corresponding to quinine O (530.8 eV),
C=0 (532.1 eV), and C-O (532.5 eV). The high-resolu-
tion N 1 s spectra (Fig. 3e) can be divided into two compo-
nents, corresponding to pyridine N (401.5 eV) and amide
N (399.9 eV). The results are consistent with the data pre-
viously reported [22-24]. The FTIR spectrum of CQDs
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Fig.3 XRD spectrum of CQDs (a); XPS survey of CQDs (b), high-resolution XPS spectrum of C 1 s (¢), O 1 s (d), and N 1 s (e); FTIR spectra

of CQDs and Si-CQDs (f)

shows the characteristic peak of N-H and O-H located at
3424 cm~! and 3228 cm™!, respectively. The peaks located
at 1702 cm™!, 1658 cm™', and 1426 cm™' can be assigned
to the stretching vibration of C=0 in COOH, HNCO, and
COO~. The peak at 1138 cm™! can be attributed to the
stretching vibration of C—O-C. According to above dis-
cussion, we roughly conclude that CQDs have functional
groups of amino, hydroxyl, amide, epoxy/ether, and carboxyl
groups. The FTIR spectrum of Si-CQDs shows the charac-
teristic peaks of carboxyl and amide groups, demonstrating
the successful decoration of CQDs onto silica gels.

Chromatographic performance of Si-CQDs
stationary phase

Retention behavior under PALC

The retention behavior of this Si-CQDs column with the var-
iation of water content in mobile phase was explored. Fig-
ure 4 shows the variation of log k with the increase of water
content from 50 to 100% in mobile phases. The retention
time of all the tested compounds increased slightly as the
water content increased from 50 to 85% and then increased
dramatically when the water content further increased to
100%, exhibiting typical PALC retention behaviors [6, 10].
It seems that the retention time is extremely sensitive to any

149 o Sulfapyridine
1 —e— Sulfathiazole
1.2 —a— Triadimenol
—v— Hexaconazole
1 —e— Diniconazole
1.0 { —<¢— Hesperidin

| —— Wogonoside

T 1
50 60 70 80 90 100
Volume fraction of water (%)

Fig.4 Plots of logarithm of retention factor versus volume fraction of
water in mobile phases

small variation of acetonitrile content in water-rich mobiles
phases. This may be because acetonitrile acts as strong elu-
ent in water-rich mobile phase system and small changes of
acetonitrile content could lead to the drastic composition
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change of the adsorbed eluent layer onto the stationary phase
and have a crucial impact on retention especially when the
acetonitrile content is less than 10%.

The influence of temperature on retention was inves-
tigated using mefenamic acid, ranolazine, and labetalol
hydrochloride as probes. The chromatographic process is
a consecutive distribution process of solutes between the
mobile phase and stationary phase when they move through
a column. The equilibrium distribution constant of solute
molecules between stationary phase and mobile phase is
related to thermodynamic parameters including standard free
energy (AG), enthalpy (AH), and entropy (AS). The ther-
modynamic variables can be obtained from the temperature-
dependent retention data via the van’t Hoff equation (Eq. S5)
[25]. Figure S2 shows the dependence of In k and 1/T, and
we see the In k of solutes has good liner relationship with
1/T, which is in accord with the van’t Hoff equation. The
retention time decreased when the temperature increased.
The thermodynamic parameters obtained from the slope and
intercept of the van’t Hoff plots are listed in Table S2. In the
temperature range of 20-60°C, the AG for the three analytes
retained on the Si-CQDs column are negative values, indi-
cating the interaction between analytes and stationary phase
is spontaneous. The AH are negative values, demonstrat-
ing the interaction process between analytes and stationary
phase is exothermic. Kara et al. propose that when AH is less
than 40 kJ mol~!, it should be a physical adsorption process
[26]. In this case, all AH values are less than 40 kJ mol™!,
meaning the retention of compounds on Si-CQDs stationary
phase is a physical adsorption process. The AS values are
also negative, meaning the interaction between compounds
and CQDs results in reduced degrees of freedom. AH and
AS can reveal intermolecular interactions empirically. When
AH <0, AS <0, as in this case, indicating the van der Waals
force and hydrogen bond interaction play a major role on the
retention of Si-CQDs column [27, 28].

The effect of ionic strength on retention was explored.
Naproxen, mefenamic acid, ranolazine, and labetalol hydro-
chloride were chosen as test compounds under the mobile
phase of 90% ammonium acetate/10% acetonitrile. Figure S3
shows the variation of log k with the change of concentra-
tions of ammonium acetate from 10 to 100 mM in mobile
phases. The tested compounds have different retention
behaviors with the variation of concentrations of ammonium
acetate, meaning the effect of ionic strength on retention is
not constant, which is related to the properties of analytes.
The retention of naproxen and mefenamic acid increased
with the enhance of ionic strength, while it decreased for
ranolazine and labetalol hydrochloride. Naproxen and
mefenamic acid are acid compounds with pKa of 4.3 and
4.2, respectively. Under the neutral mobile phase, they were
negatively charged and formed electrostatic repulsion inter-
action with COO™ in CQDs. While ranolazine and labetalol
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hydrochloride were positively charged due to the protona-
tion of NH,, they thus formed electrostatic attraction with
COO™ in CQDs. The increase of ionic strength can weaken
the electrostatic interaction between analytes and station-
ary phase. With the increase of salt concentration in mobile
phase, the electrostatic repulsion force between naproxen
(and mefenamic acid) and CQDs was reduced, thus their
retention increased; the electrostatic attraction interaction
between ranolazine (and labetalol hydrochloride) and CQDs
was reduced, and thus their retention decreased.

The influence of pH on retention was investigated. The
pH of mobile phase influences the surface charge status of
both stationary phase and solutes, further influencing the
electrostatic interaction and thus the retention time. Select-
ing naproxen, mefenamic acid, ranolazine, and labetalol
hydrochloride as probes, the variation of log k with pH in
the range of 3.0-7.4 was explored. As shown in Fig. S4,
naproxen and mefenamic acid had similar retention behavior
with the variation of pH, they achieved the strongest reten-
tion at pH of 4.0, and then the retention decreased continu-
ously with the increase of pH. The retention of ranolazine
and labetalol hydrochloride increased continuously with the
increase of pH. Since -NH, and -COOH co-existed in the
surface of CQDs, zeta potential was tested to figure out the
charge state of CQDs. The zeta potential values of CQDs in
the pH range of 3.0-7.0 are listed in Table S3. The charge of
CQDs changes from positive to negative at a turning point
of pH 5.0. At the pH of 3.0 and 4.0, positive zeta potential
values are obtained, meaning CQDs are positively charged
and the dissociated naproxen and mefenamic acid will form
electrostatic attraction interaction with CQDs. With the pH
increases from 3.0 to 4.0, the dissociation degree of nap-
roxen and mefenamic acid increases, thus forming stronger
electrostatic attraction interaction and achieve stronger
retention at pH 4.0. While at the pH of 5.0, 6.0, and 7.0,
negative zeta potential values of CQDs are obtained, mean-
ing CQDs are negatively charged. Dissociated naproxen and
mefenamic acid form electrostatic repulsion interaction with
negatively charged CQDs; thus their retention decreases
continuously with the pH increase from 4.0 to 7.0. Ranola-
zine and labetalol hydrochloride are strong alkaline com-
pounds and are protonated in the tested pH range. With the
increase of pH, the electrostatic repulsion force decreases
and the electrostatic attraction interaction enhances; thus
their retention increases continuously with the pH increases
from 3.0 to 7.0. The existence of electrostatic interaction
well explains the retention behavior of the four drugs on the
Si-CQDs column with the change of ionic strength and pH.

Separation performance under PALC

Some hydrophobic, polar, and hydrophilic compounds
including pesticides, f-adrenoceptor blockers and agonists,
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sulfonamides, nucleosides, and bases are chosen as probes
to evaluate the separation performance of this Si-CQDs
column under PALC and HILIC modes. The chromato-
grams are shown in Fig. 5; we are surprised to find that
the developed Si-CQDs column not only has separation
ability for various kinds of compounds under PALC mode,
but also shows better separation performance than that in
HILIC mode. Within the same analysis time, the same
analytes achieved better separation under PALC mode than
in HILIC mode, highlighting the unique superiority and
huge prospects of CQDs in PALC.

The peak shape in PALC and HILIC modes was stud-
ied using sulfathiazole and adenine as probes. Chromato-
graphic parameters including f, k, N, and A, are listed in
Table S4. Under similar i, more serious peak tailing is
found in PALC mode, which may be due to the stronger
adsorption interaction under PALC since most hydropho-
bic adsorption sites cannot be occupied by acetonitrile.
We also should keep in mind that too high a water con-
centration can seriously affect the symmetry of the peaks
because of overloading effects [29]. In fact, higher N can
be achieved under PALC when k is below 2.0; however,
with the prolong of #z, more and more serious peak tailing
leads to the decline of N [5].

Retention mechanism

To understand the retention mechanism of this novel Si-
CQDs column, relationship between k and lipophilicity
expressed as octanol-water partition coefficient at the pH 7.4
(log D, 4) was established by introducing the positively and
negatively charged molecular fractions as additional param-
eters. Log k,, values were determined using 100% aqueous
mobile phase. The log D, , data and the corresponding frac-
tions of positive (F*), negatively (F~) are taken from refs.
[30, 31] and are listed in Table S5. From the obtained regres-
sion equation (Eq. 1), it can be seen both F* and F~ terms
are positive values, reflecting the increase of retention in the
presence of charged species, which confirms the contribu-
tion of electrostatic interactions to retention.

logk,, = (0.228 + 0.025)logD, 4 + (1016 + 0.086)F*
+(0.256 + 0.091)F~ + (0.129 + 0.073) 1))
(n=25,R=0.955R* =0912,5 = 0.196, F = 72.1)

To further understand the retention interactions of this Si-
CQDs column, linear solvation energy relationship (LSER)
model was established. The principle of LSER for under-
standing the retention mechanism is based on the equation
listed below [32-34].

Fig.5 Chromatograms of
nucleosides (a), p-adrenoceptor a 3
blockers and agonists (b),
pesticides (c), and sulfonamides
(d) on Si-CQDs column under
PALC and HILIC modes.
Analytes: (a) (1) uridine,

(2) inosine, (3) xanthine, (4)
guanosine, (5) adenine; (b)

(1) formoterol, (2) nebivolol,
(3) carazolol, (4) bambuterol,
(5) sotalol, (6) acebutolol, (7)
oxprenolol, (8) clenbuterol, (9)
dopamine; (c) (1) metalaxyl,

HILIC

Nucleosides and bases

b B-Adrenoceptor blockers and agonists

PALC

(2) triadimenol, (3) hexacona- ; 2 3 .
zole, (4) diniconazole; (d) (1) Time (min)

8 10 0 5 10 15 20 25
Time (min)

sulfadoxine, (2) sulfanilamide,
(3) sulfapyridine, (4) sulfathia- C

zole; mobile phase: (a) ACN/ 2 4

H,O (v/v), PALC: 0/100, 1

HILIC: 75/25; (b) ACN/20- 4
mM ammonium acetate (v/v),
PALC: 10/90, HILIC: 87/13;
(c) ACN/20-mM ammonium
acetate (v/v), PALC: 10/90,
HILIC: 95/5; (d) ACN/20-
mM ammonium acetate (v/v),
PALC: 5/95, HILIC: 95/5; flow
rate: 1.0 mL min~'; injection
volume: 20 pL; UV detection

PALC

wavelength: 254 nm

Pesticides d Sulfanilamides

PALC
1,2,3

HILIC

r T T T

0 2 4 6
Time (min)

Time (min)
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logk =eE+sS+aA+bB+vW+d D™ +d*'D*+c (2)

In this equation, capital letters represent the solute
descriptors, while lower case letters represent the system
constants. k is the retention factor. E is the excess molar
refraction and models polarizability contributions from n
and z electrons. S is the solute dipolarity/polarizability. A
and B are the overall hydrogen-bond acidity and basicity of
solute. V is the McGowan characteristic volume. D~ and D*
represent the negatively charged and positively charged ionic
compounds, respectively. ¢ is the model intercept term and
is not assigned any chemical significance.

Here, 27 model compounds were employed to construct
the LSER model under PALC mode using 10% methanol/20-
mM ammonium acetate as mobile phase. Solute descriptors
obtained from references [32—35] and log k data are listed
in Table S6. The obtained LSER equation (Eq. 3) is listed
below.

Logk = 0.584E — 0.415S + 0.095A — 0.676B
+0.794V - 0.714D~ + 0.780D* — 0.359 3)
(n=27,R=0.953,R> = 0.908,s = 0.149, F = 26.9)

If the value of a system constant is positive, it indicates
that solutes are more likely retained in the stationary phase.
In this chromatographic system, large and positive system
constants of e, v, and D" are obtained, meaning the corre-
sponding interactions play significant role on retention. The
e system constant presents the contribution of z-7 interac-
tion on retention [36]. In this case, the e system constant is a
positive value, indicating the stationary phase forms stronger
#-x interaction with analytes. The z-7 retention interaction
may come from the aromatic skeleton of CQDs. The large
and positive v system constant represents the contribution
of hydrophobic interaction on retention [36]. The d system
constant is a measure of the electrostatic interaction between
stationary phase and solutes. In this case, a positive d* and
anegative d~ is obtained, indicating the Si-CQDs stationary
phase forms strong electrostatic attraction interaction with
positively charged solutes and electrostatic repulsion interac-
tion with negatively charged solutes. The conclusion drawn
from LSER is in accord with the practical retention behavior
of this Si-CQDs column. After investigating the retention
mechanism of this Si-CQDs column, it can be concluded
that hydrophobic and electrostatic interactions make great
contributions on retention.

Comparison with commercial columns

The separation performance of this Si-CQDs column was
compared with popular HILIC column including SiO, col-
umn and NH, column as well as RPLC C18 column. The
compared chromatograms are shown in Fig. 6, and chro-
matographic parameters including k, R, and N are listed
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in Table S7. For the separation of hydrophilic nucleosides
and bases (Fig. 6a), C18 column presented relatively weak
separation ability due to the inadequate retention of hydro-
philic compounds. Nucleosides and bases which should be
separated well on NH, column in HILIC mode according
to previous experience [37] were not completely separated
under the PALC mode. The SiO, column also did not show
the good separation performance under PALC mode. Under
the same mobile phase condition of PALC, the Si-CQDs
column showed better separation performance for the tested
hydrophilic compounds.

For the separation of p-adrenoceptor blockers and ago-
nists (Fig. 6b), the Si-CQDs column still presented the best
separation performance. The 9 medicines were not com-
pletely separated on C18 column, occurred with leading
peak and tailing peak for specific compounds. Moreover, it
needed higher percentage of acetonitrile in mobile phase for
the separation of these medicines due to the strong hydro-
phobicity of C18 column. Under the same mobile phase con-
dition as Si-CQDs column, the 9 medicines had very weak
retention and were co-eluted on NH, column, and this might
be due to the electrostatic repulsion interaction between pro-
tonated amino groups in these alkaline drugs and stationary
phase. The 9 medicines were not separated well on SiO,
column with the occurrence of peak tailing phenomenon,
which might be due to the reason that pure SiO, column is
not proper for separating alkaline compounds [38].

For the separation of pesticides and sulfonamides
(Fig. 6¢, d), C18 column showed the best separation per-
formance with the best peak shape, but the separation was
not under green LC mode since mobile phase needed more
acetonitrile. Under the same mobile phase condition of
PALC, the four pesticides achieved better separation on Si-
CQDs column than SiO, column and NH, column. Four
sulfonamides obtained relatively good separation on all the
four columns. It should be noted that the retention order
of analytes is different on the four columns, and this can
be attributed to the different retention mechanism of C18
column, SiO, column, NH, column, and Si-CQDs column
since they have different functional groups. The better sepa-
ration performance of Si-CQDs column may come from the
multifunctional groups of CQDs and the synergistic effect
of multiple retention interactions.

From comparing chromatograms and chromatographic
parameters, it can be found that not all columns are suit-
able for PALC mode. SiO, column and NH, column are
excellent columns for HILIC under the condition of high
percentage of organic solvent; however, their column effi-
ciency and separation performance reduced under PALC
mode with high percentage of water. Therefore, under the
background of green chemistry, it is necessary to find and
construct novel materials to develop stationary phases
with applicability in PALC. Though this Si-CQDs column



Microchim Acta (2022) 189: 175

Page9of13 175

Fig.6 Chromatograms of
nucleosides (a), p-adrenoceptor a

blockers and agonists (b), pesti- 1.2,3,4,5
cides (¢), and sulfonamides (d)
on Si-CQDs column, commer-
cial SiO, column, commercial

NH, column, and commercial

C18 column. Analytes: (a) 1,2
(1) uridine, (2) inosine, (3)
xanthine, (4) guanosine, (5) 4,5

adenine; (b) (1) formoterol, /\

c18 7 C18

Si-NH2 19 Si-NH2

(2) nebivolol, (3) carazolol,
(4) bambuterol, (5) sotalol, (6)
acebutolol, (7) oxprenolol, (8)
clenbuterol, (9) dopamine; (c)
(1) metalaxyl, (2) triadimenol, 5
(3) hexaconazole, (4) dinicona-
zole; (d) (1) sulfadoxine, (2)
sulfanilamide, (3) sulfapyridine
(4) sulfathiazole; mobile phase:
(a) ACN/H,0 (v/v), Si-CQDs
column, SiO, column, NH, col-

Si02

Si-CQDs

umn: 0/100, C18 column: 5/95;
(b) ACN/20-mM ammonium . .
acetate (v/v), Si-CQDs column, Time (mm)

5 6 0 5 10 15 20 25
Time (min)

SiO, column, NH, column:
10/90, C18 column: 25/75; c
(c) ACN/20-mM ammonium
acetate (v/v), Si-CQDs column, 1

SiO, column, NH, column: 3
10/90, C18 column: 60/40;

(d) ACN/20-mM ammonium
acetate (v/v), Si-CQDs column
and SiO, column: 5/95, NH,
column: 10/90, C18 column:
20/80; glow rate: 1.0 mL min~';
injection volume: 20 pL; UV
detection wavelength: 254 nm 13,4

4 1

Cc18 3 c18

A

Si-NH2

Si02 3 Si02

Si-CQDs

Time (min)

Time (min)

presented good resolution, its column efficiency under
PALC mode was still lower than commercial C18 column,
which should be further improved in the follow-up work.
Table 1 summarizes the reported columns employed for
pharmaceutical analysis. Comprehensively analyzing the
number of drugs that can be completely separated, separa-
tion time, and mobile phase condition, the developed Si-
CQDs column possesses the advantage that while main-
taining the satisfactory separation efficiency, the use of

organic solvents can be reduced greatly, which has great
prospects in low-cost separation and analysis.

Column stability

Column stability is a key index to evaluate the perfor-
mance of a chromatographic column. Here, we focus on
the stability of this Si-CQDs column in PALC mode since
CQDs-based columns have been proved to have good sta-
bility under RPLC and HILIC [37, 47]. Figure S5 shows

@ Springer
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Table 1 An overview on stationary phases employed in liquid chromatography for pharmaceutical analysis

Materials of Column Analytes Separation Mobile phase References
time (min)
Intersil® ODS-3 7 Antihypertensive drugs 25 ACN/KH,PO, (40/60) [39]
Caltrex BIII® 7 Antihypertensive drugs 15 ACN/KH,PO, (40/60) [39]
Luna® HILIC 3 antihypertensive drugs 4 ACN/ammonium formate (85/15) [40]
XSelect® CSH™ Fluoro-Phenyl 3 antihypertensive drugs 4 ACN/ammonium formate (85/15) [40]
4 pesticides 16 ACN/0.1% formic acid (20/80)
3 benzodiazepine drugs 35 ACN/0.1% formic acid (20/80)
Aniline-modified porous graphitic carbon 5 basic pharmaceuticals 20 ACN/ammonium acetate (63/37) [41]
4-Ferrocenylbenzoyl chloride 7 sulfonamides 60 MeOH/0.1% acetic acid (55/45) [42]
2-Methylimidazolium 6 sulfonamides 11 Gradient elution: ACN/ammonium acetate (95/5 [43]
to 80/20)
Polysaccharide 10 sulfonamides 20 ACN/ammonium acetate (3/97) [7]
Congo red 5 sulfonamides 50 MeOH/ACN/HAc—NaAc (20/5/75) [11]
C18-doubly zirconized silica 6 pesticides 25 Gradient elution: MeOH/water (60/40 to 95/5) [44]
7 pharmaceuticals 20 Gradient elution: ACN/phosphate buffer (17/83
to 60/40)
14-membered tetraazamacrocycle 5 pesticides 25 MeOH/water (50/50) [45]
Pentafluorobenzamide 4 pesticides 10 ACN/0.1% formic acid (20/80) [40]
3 antihypertensive drugs 8 ACN/ammonium formate (85/15)
3 benzodiazepine drugs 10 ACN/0.1% formic acid (20/80)
Zeolitic imidazolate framework 8 (ZIF-8) 4 pesticides 8 ACN/water (99.5/0.5) [46]
Au nanoparticles and SO;H 4 B-adrenergic agonists 11 Gradient elution: ACN/ammonium formate [13]
(4/96 to 25/75)
CQDs 9 p-adrenoceptor block- 18 ACN/ammonium acetate (10/90) This work

ers and agonists
4 pesticides
4 sulfonamides

ACN/ammonium acetate (10/90)
ACN/ammonium acetate (5/95)

the chromatograms of model compounds separated on this
Si-CQDs column every other period of time after long-term
flush by mobile phase containing high proportion of water.
No obvious separation performance degradation is observed,
indicating the good stability of the developed Si-CQDs
column under PALC mode. The stability of this column
exposed to 100% water was also tested by selecting nucleo-
sides as probes. The fi and N had no significant change after
continuously washing by water over 96 h (Fig. S6), and the
relative standard deviation (RSD) of f; and N was below
0.61% and 0.47%, respectively. In fact, this column has been
used for about 4 months in our lab with more than 1000
injections, and no significant performance reduce is found,
indicating this Si-CQDs column meets the requirement for
routine laboratory work.

Repeatability and reproducibility
The repeatability and reproducibility of the Si-CQDs col-
umn were tested using nucleosides as probes. The RSDs of

k, peak area (A), and N are shown in Table S8. The RSDs
of k are in the range of 0.27-0.46% (n= 10, run-to-run),
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0.38-0.70% (n=3, day-to-day), 3.6-5.4% (n=3, column-
to-column), and 5.2-7.2% (n =3, batch-to-batch), showing
the practicability of the proposed column and the effective-
ness of the preparation method. Though the batch-to-batch
reproducibility of the Si-CQDs column is acceptable, it is
lower than small molecule modified columns, which may be
due to the heterogeneity including size and surface state of
as-synthesized CQDs.

Real sample analysis
Detection of residual sulfonamides in milk

The applicability of the developed Si-CQDs column for
real sample analysis was tested by detecting residual
sulfonamides in milk. Sulfonamides belong to synthetic
broad-spectrum antibiotics; residual sulfonamides in
animal derived-food will accumulate in the human body
through the food chain and do great harm to human health
[48, 49]. The European Union stipulates that the maxi-
mum residue limit (MRL) of sulfonamides (all substances
belonging to the sulfonamide group) is 100 pg/L in milk.
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Here, a green HPLC method based on the novel Si-CQDs
column is developed for simultaneous detection of resid-
ual sulfamerazine, sulfisoxazole, and sulfadimethoxine in
milk. Generally, the sample pretreatment process of milk
includes extraction, degreasing, and purifying by solid
phase extraction column [50], which is not conducive to
rapid detection. In this case, we simplified the pretreat-
ment process of milk, hoping to establish a rapid detec-
tion method. The milk was extracted by acidified acetoni-
trile and then was injected in HPLC system for analysis
directly after centrifugation and filtration. The chroma-
tograms of milk extract without and with spiked sulfona-
mides are shown in Fig. 7; sulfamerazine, sulfisoxazole,
and sulfadimethoxine can be separated from interferents
under the optimized condition within 15 min. The three
sulfonamides were not detected in the milk. The chro-
matographic peak area had good linear relationship with
the concentrations of added sulfonamides in the range
of 1-20 pg/L. The fitted linear equation for determin-
ing sulfamerazine, sulfisoxazole, and sulfadimethoxine
was A =15682¢c + 7643 (r=0.9990, LOD=0.77 pg/L),
A=18501c+ 25,633 (r=0.9997, LOD=0.73 pg/L),
and A=12375¢+ 10,634 (r=0.9998, LOD =0.94 pg/L),
respectively. The LOD was calculated based on the 36/m
criterion (where o is the standard deviation of the blank
and m is the slope of the calibration plot). The spiked
recoveries (Table S9) were in the range of 87.5-108%,
with RSD less than 7.9%, demonstrating the developed
method based on this Si-CQDs column was reliable.

Detection of atenolol tablets

The developed Si-CQDs column was used to detect atenolol
in commercial atenolol tablets. The detection method was
compared with a reference method based on RPLC using
C18 column [51]. Figure S7 shows the chromatograms of
atenolol standard and real sample on C18 column and Si-
CQDs column. In the similar analysis time, atenolol can be

Fig.7 a Chromatograms of a
milk extracts without and with
added sulfamerazine, sulfisoxa-
zole, and sulfadimethoxine. b
Linear relationship between
peak area and concentrations
of sulfamerazine, sulfisoxazole,
and sulfadimethoxine; mobile
phase: ACN/20-mM ammo-
nium acetate (10/90, v/v); flow
rate: 1.0 mL min~'; injection
volume: 20 pL; UV detection
wavelength: 254 nm

0.016

0.012 4

- suIZelaweyNg
—— ajozexosy|ng

D 0.008
<

0.004

0.000 —7:;4

detected on this Si-CQDs column under mobile phase con-
taining only 10% methanol, while 40% methanol are needed
using traditional reversed-phase C18 column. As shown in
Fig. S7b, standard curves were established on C18 column
and Si-CQDs column, respectively. Good linear relation-
ship between the peak area and the concentrations of ate-
nolol in the range of 5-100 pg/L is achieved. The linear
equation for determining atenolol was A =2025c¢ + 5426
(R?=0.9994, LOD = 4.4 pg/L) based on the developed Si-
CQDs column, and the linear equation of A=2558¢-558
(R*=0.9975, LOD =3.5 pg/L) was obtained on reversed-
phase C18 column. One same real sample was detected on
both C18 column and Si-CQDs column, the sample content
was 20.4 pg/L determined by the developed method, and a
very similar result of 19.7 pg/L was obtained by a reference
method based on C18 column, which further verified the
practicability and reliability of this Si-CQDs column.

Conclusions

This work described the preparation and application of Si-
CQDs stationary phase for PALC. Compounds with differ-
ent polarity including hydrophobic pesticides, polar sulfona-
mides, B-adrenoceptor blockers and agonists, hydrophilic
nucleosides, and bases all obtained good separation under
mobile phase containing low percentage of organic solvent,
demonstrating the wide application scope of this Si-CQDs
column. This Si-CQDs column showed better separation
performance under PALC mode than in HILIC mode and
even presented better separation performance than commer-
cial SiO, column, NH, column, and C18 column for certain
compounds. The good separation performance of this Si-
CQDs column can be attributed to the synergistic effect of
multiple retention interactions of CQDs such as hydrophobic
and electrostatic interactions. Despite all this, the column
efficiency of the developed Si-CQDs column under PALC
mode should be further improved in the follow-up work.
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This Si-CQDs column was successfully applied for the rapid
detection of residual sulfonamides in milk and the detection
of atenolol in commercial atenolol tablets, which verified
the practicability of this Si-CQDs column in pharmaceutical
analysis. With the progress in the synthetic technology of
CQDs, the homogeneity of CQDs is hoping to be improved
and the limitation of nanoparticles-based stationary phases
in commercialization may be broken.
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