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Abstract Carbon dots derivatized from N-([3-aminoethyl)-y-
aminopropyl-methyldimethoxysilane (AEAPMS) were coat-
ed onto silica microparticles. These particles (Sil-CDs) are
shown to be an excellent stationary phase for use in hydro-
philic interaction chromatography. Analytes including sulfon-
amides, nucleosides and bases, flavones and amino acids can
be well separated on this stationary phase. Compared to a
silica stationary phase functionalized with AEAPMS only,
the Sil-CDs show enhanced separation performance. The se-
lectivity factors of three nucleosides and bases (1.02—1.09)
and four sulfonamides (1.04—1.11) on AEAPMS functional-
ized silica stationary phase were improved to 1.10-1.20 and
1.13-1.15 respectively on Sil-CDs stationary phase. This is
attributed to the higher number of surface functional groups
due to the introduction of carbon dots. The successful appli-
cation of the Sil-CDs stationary phase highlights the potential
of carbon dots as a modified material in chromatography.
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Introduction

The improvement of the separation capability of chro-
matographic columns is a subject of ongoing research.
Even reversed-phase liquid chromatography (RPLC), es-
pecially C18 column, which is applicable to most of the
analytes, has been fully developed and commercialized
[1, 2], but it is not suitable for the very polar and
hydrophilic samples [3]. With the in-depth research of
proteomic and metabolomics, a more effective separa-
tion method for the polar biological sample is desper-
ately needed. As an alternative to normal phase liquid
chromatography (NPLC), hydrophilic interaction chro-
matography (HILIC) use aqueous-organic mobile phase
which is more compatible to hydrophilic molecules [4].
Besides, HILIC is a better choice to couple with mass
spectrometry (MS), for organic-rich mobile phase re-
markably improved ESI-MS sensitivity [5].

Since HILIC was proposed by Alpert in 1990 [6],
various functional groups were employed as stationary
phases for HILIC. The NPLC stationary phases, such as
amino, cyano, diol, and bare silica, can be used directly
into HILIC mode. Besides, stationary phase designed
especially for HILIC were also prepared by researchers,
including saccharides [7, 8], amide [9], zwitterionic
molecules [10] and hydrophilic polymers [11, 12]. As
the scientific applications of carbon nanomaterials
(CNMs) proliferated, serials of CNMs were found out
to be excellent materials for analytical research. Thanks
to their outstanding properties like large surface areas,
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high adsorption capacities and high thermal and me-
chanical stabilities, CNMs has been successfully used
in sample pretreatment [13—15], analytical electrochem-
istry [16] and liquid chromatography. Among them,
some carbon nanomaterial with hydrophilic functional
groups, like graphene oxide (GO) [17], oxidized
nanodiamond [18], carbon nanoparticle (CNP) [19],
were selected to prepare HILIC stationary phases, which
showed acceptable separation performance [20].

Because of the good water solubility, excellent biocompatibil-
ity [21], neglectable cytotoxicity [22], outstanding photostability
and high quantum yield (QY) [23, 24], carbon dots (CDs) were
widely used in bioimaging [25], chemical sensor [26], electronic
sensor [27], photocatalysis [28], optoelectronics [29] and etc.
And almost every application are related to their fluorescence
property [30]. The tunable surface functionalization of CDs is
also a hot research point, which meant to broaden their applica-
tions with enhanced properties to meet specific requirements
[31], such as easier conjugation to specific materials and higher
selectivity and sensitivity to specific targets [32].

Our lab has presented a carbon dot-decorated silica station-
ary phase in deep eutectic solvents. Carbon dots were pre-
pared via a solid-phase synthesis approach using tryptophan
and aconitic acid in a molar ratio of 2:1. This phase gives a
typical example of using carbon dots as stationary-phase com-
ponent for HILIC [33]. On the other hand, silanized carbon
dots, in particular, were developed with easy conjugation to
silica-based matrix, which has been used in modification of
silica nanoparticles [34, 35] and glasses [36] etc. Inspired by
this, we extended the application of silanized CDs to liquid
chromatography stationary phase, in which properties like
easy stabilization and tunable surface functional groups were
treated as major concerns.

To accomplish this, our lab used a method by pyrolysis of
anhydrous citric acid in hot N-(3-aminoethyl)-~y-aminopropyl
methyldimethoxy silane (AEAPMS) to synthesis amino-
modified silanized carbon dots, and then grafted the CDs onto
the spherical porous silica. The resulting silanized carbon
dots-grafted silica (Sil-CDs) was then used as stationary phase
in HILIC, and satisfactory separation performance for sulfon-
amides, flavones, amino acids, nucleosides and bases were
obtained.

Experimental

Materials and reagents

All chemicals and reagents were used without further purifi-
cation. Spherical porous silica (diameter: 5 um, pore size:
90 A, surface area: 306 m* g ') were obtained from Fuji

Silysia Chemical Ltd. (Aichi, Japan, http://www.fuji-silysia.
co.jp/). N-(3-Aminoethyl)-y-aminopropyl methyldimethoxy
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silane (98%) and anhydrous citric acid (99%) were
purchased from Energy Chemical (Shanghai, China, http://
www.energy-chemical.com.cn/). Sulfonamide drugs were
obtained from Aladdin (analytical standard: sulfadimoxine,
sulfamerazine, sulfapyridine, sulfanilamide,
sulfadimethoxine, sulfamethazine, sulfisoxazole) (Shanghai,
China, http://www.aladdin-e.com/) and Energy Chemical
(analytical standard: sulfadiazine, sulfathiazole) (Shanghai,
China, http://www.energy-chemical.com.cn/). Nucleosides
and bases including thymine, uridine, thymidine, uridine,
adenosine, adenine, cytosine, hypoxanthine, cytidine and
inosine were all purchased from Aladdin (Shanghai, China,
http://www.aladdin-e.com/). Flavones were supplied by
Chengdu MUST Bio-technology CO., TLD (Chengdu,
China, http://chengdumust.en.china.cn/). The others
chemicals and solvents were gotten from Energy Chemical
(Shanghai, China, http://www.aladdin-e.com/).

Instruments

Inspire 5 um HILIC column (150 x 4.6 mm i.d.) was supplied
by Dikma Technologies Inc. The test of analytes was carried
out with a Shimadzu-GL LC-15C system including two high-
pressure pumps, a SPD-15C UV/vis detector, a CTO-15C
column oven and a 50 pL Shimadzu-GL microsyringe, the
UV/vis detector was set at 254 nm wavelength. The test of
four saccharides was carried out with Agilent 1260 Infinity
Series modular system with quaternary pumps (Agilent
Technologies, USA), a Alltech 3300 evaporative light scatter-
ing detector (Grace, USA) with GCK3302 air generator
(BCHP Analytical Technology Institute, China). The ELSD
was set as follows: gas flow, 1.5 L min-1; evaporative temper-
ature, 45 °C; photomultiplier, 1; gas pressure, 0.50 Mpa. The
FT-IR spectra were collected from IFS 120HR Fourier trans-
form infrared spectrometer (Bruker, Germany). Elemental
analysis results were determined by Vario EL III elemental
analyzer (Hanau, Germany). Transmission electron micros-
copies (TEM) imaging were obtained from Tecnai G2 TF20
transmission electron microscope (FEI, USA). Laser scanning
confocal microscope (LSCM) imaging were received from
Laser Scanning Confocal Microscope FV1200 (Olympus,
Japan). X-ray photoelectron spectroscopy (XPS) results were
gotten from ESCALAB250Xi (Thermo Scientific). N, ad-
sorption surface areas were measured by BET technique on
a Micrometritics ASPS 2010 analyzer (USA).

Preparation of Sil-CDs and Sil-AEAPMS

First, CDs were prepared according to the reference [37].
Briefly, 10 mL AEAPMS was degassed with nitrogen for
5 min, and then heated to 240 °C. Subsequently, 0.5 g anhy-
drous citric acid was added to the solution with vigorous stirring.
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After reacted for 1 min, the products were purified by washing
with hexane five times, about 2 g silanized CDs were obtained.

These silanized CDs (1.2 g) were dispersed into 20 mL
toluene, followed by the addition of 3.0 g spherical porous
silica, the mixture was sonicated till a homogeneous disper-
sion was obtained. Then, the dispersion was heated to 110 °C
and mechanically stirred for 24 h. After that, the resulted ma-
terial was washed successively with toluene and ethanol and
dried at 60 °C in vacuum oven. (Fig. 1).

Because the obtained CDs were surface passivated with
AEAPMS [37], so AEAPMS-modified silica was also pre-
pared to process comparative experiment. Thus, 3.0 g spher-
ical porous silica was dispersed in 20 mL toluene by sonica-
tion, 6 mmol AEAPMS was added to the dispersion, and then
the mixture was heated at 100 °C for 24 h. Finally, the
AEAPMS modified silica (Sil-AEAPMS) was washed and
dried with the same procedure as above.

Column packing

The Sil-CDs and Sil-AEAPMS stationary phases were slurry-
packed into stainless steel columns (150 mm X 4.6 mm i.d.)
with carbon tetrachloride as slurry solvent and acetonitrile as
propulsion solvent, separately.

Results and discussion
Characterization

The morphology of CDs and Sil-CDs were characterized by
transmission electron microscopy (TEM) and laser scanning
confocal microscope (LSCM). From TEM image, the particle
size of CDs can be identified as around 3 nm (Figs. 2a, and
S1), and thin layer of CDs was coated on silica substrate
(Fig. 2b). Because the fluorescence of CDs, it is convenient
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to monitor the coverage of CDs on the silica with LSCM
(Fig. 2¢), in which homogeneous fluorescence was observed
on the surface of silica spheres. From the overlay of confocal
fluorescence and bright-field images of Sil-CDs (Fig. 2d), one
can see every silica sphere were emitting fluorescence, which
indicated uniform bonding reaction of CDs with Silica.
Fluorescent performance of silanized CDs (a), Sil-CDs (b)
and bare silica (c) (Ax = 360 nm) were shown in Fig. S2
(ESI). The materials were also characterized by elemental
analysis, Fourier transform infrared spectroscopy (FTIR).
From the elemental analysis results of Sil-CDs and Sil-
AEAPMS (Table 1), one can see much higher of C content
and a little higher of N, H contents are obtained in Sil-CD
packing material than in Sil-AEAPMS. This result indicates
that more interaction sites exist on the packing material, which
would enable the Sil-CD stationary phase to have better sep-
aration performance. This proposition can also get positive
evidence from FT-IR and XPS analysis results. In FT-IR re-
sults (Fig. S3, ESI), a typical signal arising at 1654 cm ' rep-
resent the existence of C = ONR, that means the successful
surface passivation reaction between amine groups of
AEAPMS and carboxyl groups originate from the pyrolyzed
species. And the combination between pyrolyzed CD core and
AEAPMS allow higher density of amine groups on the matrix.
Because despite the C = ONR vibration peaks, similar peaks
are observed from Sil-CDs and Sil-AEAPMS, but Sil-CDs
show more remarkable peaks. From the results of XPS analy-
sis (Table S1, ESI), the N atomic percentage of Sil-CDs is
higher than that of Sil-AEAPMS, which also confirm that
higher density of amine groups existed on Sil-CDs. Besides,
the higher percentage of O atom on Sil-CDs implies the suc-
cessful silanization of CDs by AEAPMS.

Moreover, the BET surface area measurements were per-
formed with N, adsorption-desorption isotherms at —196 °C.
The BET surface areas of Sil-CDs and Sil-AEAPMS particles
were tested to be 205 and 313 m* g ', respectively, and their
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Fig. 1 Synthetic procedure of carbon dots grafted silica stationary phase (Sil-CDs)
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Fig. 2 TEM image of CDs (a),
Sil-CDs (b); confocal
fluorescence images of Sil-CDs
(c) and overlay of confocal
fluorescence and bright-field
images of Sil-CDs (d).

(Aex = 405 nm)

pore volumes are 0.50 and 0.83 m’> g ', respectively.
Furthermore, estimation of the pore size distribution by the den-
sity functional theory (BJH) showed a maximum at 8.31 and
11.02 nm for Sil-CDs and Sil-AEAPMS particles, respectively.
After comparison, the BET surface areas and pore sizes of Sil-
CDs were found to be lower than Sil-AEAPMS, implying that
CDs were not only grafted on the surface of silica spheres, but
partly imbedded into the pores of the silica spheres.

Chromatographic performance under HILIC mode

Since the synthesized CDs were surface passivated by
AEAPMS which allowed Sil-CDs and Sil-AEAPMS to have
similar surface functional groups, it is an interesting subject to
study the differences of chromatographic behavior of both
stationary phases. So middle polar molecules (sulfonamides
and flavones), and hydrophilic molecules (amino acids, nucle-
osides and bases) were selected as probes to analyze the re-
tention performance of the columns which were also com-
pared with a commercial HILIC column (DIKMA Inspire
5 wm Hilic). Besides, the influences of buffer concentration,
buffer pH and organic solvent concentration in mobile phase
were tested to get an insight into the retention mechanism of
the Sil-CD stationary phase.

Table 1  The results of elemental analysis

Stationary phase C (%) N (%) H (%)
Sil-AEAPMS 6.53 2.24 1.39
Sil-CDs 10.43 291 1.95

@ Springer

Fig. 3 shows the separation of ten nucleosides and bases,
and Fig. 4 the separation of nine sulfonamides by using the
above columns. One can see that Sil-CDs and Sil-AEAPMS
show similar retention behavior, and that most analytes exhibit
similar retention time and elution order. However, several
analytes with close retention time become fully separated on
Sil-CDs (as opposed to Sil-AEAPMS).

For nucleosides and bases, uridine, adenosine and adenine
were nicely separated on Sil-CDs, which were inseparable on

I 25 a Sil-CDs

4 7 89 10
Nr N

b Sil-AEAPMS

S
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C Inspire Spm Hilic

0 5 10 15 20 2§
Retention time (min)

Fig. 3 Separation of ten nucleosides and bases with Sil-CDs,Sil-
AEAPMS and Inspire 5 um Hilic columns: thymine (1), uridine (2),
thymidine (3), uridine (4), adenosine (5), adenine (6), cytosine (7),
hypoxanthine (8), cytidine (9), inosine (10); mobile phase: 93%
acetonitrile: 7% 20 mM ammonium acetate, pH = 6.62, flow
rate = 1.0 mL min', 7= 35 °C, UV detection: 254 nm
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Fig. 4 Separation of nine sulfonamides with Sil-CDs, Sil-AEAPMS and
Inspire 5 pm Hilic columns: sulfanilamide (1), sulfapyridine (2),
sulfamethazine (3), sulfamerazine (4), sulfadoxine (5), sulfadiazine (6),
sulfadimethoxine (7), sulfathiazole (8), sulfisoxazole (9); mobile
phase:85% acetonitrile: 15% 10 mM ammonium acetate, pH = 6.62,
flow rate = 1.0 mL min_', T = 35 °C, UV detection: 254 nm

Sil-AEAPMS. The selectivity factors of these three analytes
are 1.09 and 1.02 on Sil-AEAPMS, which were enhanced to
1.10 and 1.20 on Sil-CDs (Table S2). As shown in the ele-
mental analysis results, the introduction of CDs allows more
amino groups exist on Sil-CDs than Sil-AEAPMS, which en-
sure Sil-CDs have stronger electrostatic interaction with the
analytes than Sil-AEAPMS. So the retention of adenosine
(PKaadenosine = 4.99) and adenine (pKa,genine = 4.15), which
exhibit negative charge under the experimental condition, get
considerably enhanced on Sil-CDs compared with Sil-
AEAPMS, because of the stronger electrostatic attraction with
Sil-CDs. Besides, the retention of uridine (pKaygigine = 9.2)

a —=a— thymine
—&— uridine
—a— adenosine
1.24 —v— adenine
—<&—uridine
—<— cytosine
0.8 —>— cytidine
—&— hypoxanthine
.:D —*—inosine
S 0.4
—
0.0 - /
-0.4 . T T : 1

70 75 80 85 90 95
Acetonitrile concentration (%)

Fig. 5 Effect of organic solvent concentration on the retention factor (k)
of nucleosides and bases (a), sulfonamides (b) with Sil-CDs column.
Mobile phase: a acetonitrile and 20 mM ammonium acetate aqueous

shows almost no difference on Sil-CDs and Sil-AEAPMS,
because there are no electrostatic attraction exists between
the positive-charged uridine and protonated amino groups on
both stationary phase under the experimental condition.

For sulfonamides, the retentions of sulfadoxine, sulfadiazine,
sulfadimethoxine, sulfathiazole all get enhanced on Sil-CDs
when compared with Sil-AEAPMS. The selectivity factors of
these five analytes range from 1.04 to 1.11 on Sil-AEAPMS,
which were enhanced to 1.13—1.15 (Table S3). And the resolu-
tions of these four analytes are also better on Sil-CDs. These
results can be explained by the higher density of interaction sites
on Sil-CDs than Sil-AEAPMS, which allow higher separation
efficiency under the identical chromatographic condition.

Compared to a commercial HILIC column, the use of a Sil-
CD based column results in stronger retention for both
medium-polar molecules (sulfonamides) and hydrophilic mol-
ecules (nucleosides and bases) under the same conditions.
Besides, seven flavones and seven amino acids also get satis-
factory separation results (Fig. S4a , b in ESI). An overview
on recently reported nanomaterial-based stationary phases for
separation in hydrophilic interaction chromatography were
also shown in Table S4 (ESI).

Investigation of retention behavior for Sil-CD stationary
phase

The effect of various chromatographic factors, including or-
ganic solvent concentration in mobile phase, mobile phase
buffer concentration and buffer pH, were studied to get an
in-depth understanding of the retention behavior for Sil-CD
stationary phase.

Firstly, the influence of organic solvent concentration to
nucleosides and bases (Fig. 5a) and sulfonamides (Fig. 5b)
showed diverse results: as the acetonitrile concentration
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0S4 T
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0.0 | W/‘
-0.5- -.\_-__P/
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solution, pH = 6.62; b acetonitrile and 10 mM ammonium acetate aque-
ous solution, pH = 6.62, flow rate = 1.0 mL min~', 7 = 35 °C, UV
detection: 254 nm
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increase, the retention factors of all nucleosides and bases
increase gradually, which obey the typical HILIC mechanism;
however, the retention of sulfonamides decreases firstly and
then increases, which means Sil-CD stationary phase switch
from RPLC mode to HILIC mode. And this can be explained
by the short alkyl chains on the CDs enabled hydrophobic
interaction between stationary phase and hydrophobic ends
of middle polar analytes. As the organic solvent concentration
increase, the hydrophilic interaction between amine groups on
CDs and hydrophilic ends of the middle polar analytes be-
came dominant interaction, which correspondingly exhibit
HILIC behavior. Because of this mixed retention mechanism,
good retention on Sil-CDs in a wide range of organic solvent
concentration is obtained.

Secondly, the retention of ionizable analytes on Sil-CD
stationary phase in HILIC mode mainly realize by the
partition of analytes into water-rich layer on stationary
phase and electrostatic interaction between the analytes
and amine groups of CDs [38, 39]. As the buffer concen-
tration of mobile phase increased, water-rich layer became
thicker and electrostatic interaction got shielded by high
concentration of salt. That means when electrostatic inter-
action play the primary role, the retention of the analytes
would getting weaker as buffer concentration increase;
when partitioning dominate the retention, the analytes
tend to better retain on the stationary phase as buffer con-
centration increase. According to this principle, electro-
static interaction shows significant effect on the retention
of sulfonamides, while partitioning shows feeble effect;
nucleosides and bases, however, shows diverse results.
Then, the rationality of this deduction is confirmed by
experimental results (Fig. S5a, b, ESI). Specifically, most
of the selected nucleosides and bases obey the partitioning
mechanism, while adenine, hypoxanthine and inosine get
more effected by electrostatic interaction mechanism, but

Fig. 6 The reproducibility test of
Sil-CDs column with
sulfanilamide (1), sulfapyridine
(2), sulfamethazine (3),
sulfamerazine (4), sulfadoxine
(5), sulfadiazine (6),
sulfadimethoxine (7),
sulfathiazole (8), sulfisoxazole
(9); Mobile phase: 85%
acetonitrile: 15% 10 mM
ammonium acetate solution,

pH = 6.62, flow rate = 1.0 mL
min"!, T=35 °C, UV detection:
254 nm

L

decrease rate is getting small when buffer concentration
increase, which means partitioning shows non-ignorable
influence on the retention of these three analytes.

Furthermore, the ionizable analytes suffer less electro-
static attraction to Sil-CDs when analytes and amine
group on the stationary phase are all protonated at low
pH, so if electrostatic attraction play critical role for the
retention of analytes, the analytes would getting easier to
be eluted when buffer pH getting lower. However, ionized
state shows negligible influence for the analytes dominat-
ed by partitioning mechanism. So the above mentioned
adenine, hypoxanthine, inosine and sulfonamides would
decrease their retention as the buffer pH becoming lower,
while the retention of rest of nucleosides and bases would
remain steady. All these statements are accordant with the
experimental results (Fig. S5c, d, ESI), except some of the
nucleosides and bases showed slightly increased retention
trend as pH decrease, which resulted from increased ionic
strength when pH is getting lower.

Reproducibility of Sil-CD stationary phase

Even only two steps were employed for the synthesis of Sil-
CD stationary phase, the column exhibited decent stability
during chromatographic utilization. The reproducibility test
was proceeded by continuous injection of 9 sulfonamides for
10 times (Fig. 6). The intraday RSD values (n = 10) of the
retention factors of the analytes were calculated within 0.44—
1.02%. Moreover, the intraday and interday precision were
tested using four nucleosides and bases as model analytes,
and the retention time of the four model analytes were moni-
tored every 8 h for three days. The chromatographic condi-
tions were same as Fig. 3. The intraday and interday RSD of
the retention factor were less than 0.81% and 0.61% (Table 2).
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Table2 Intra-day and Inter-day RSD of the retention factors for model

analytes

Samples Intra-day (RSD, %) Inter-day (RSD, %)
1 2 3

Thymidine 0.45 0.81 0.68 0.61

Adenosine 0.22 0.21 0.20 0.48

Adenine 0.30 0.19 0.18 0.57

Cytosine 0.23 0.13 0.12 0.44

Conclusion

In summary, a new amino-modified silanized carbon dots
functionalized silica stationary phase was prepared, which ex-
hibited excellent separation performance for both middle polar
and hydrophilic analytes in HILIC mode. The electrostatic
interaction and partitioning act as the two major factors for
the retention behavior of Sil-CDs, which are inherited from
the passivator of CD (AEAPMS). But interestingly, Sil-CDs
show enhanced separation ability for samples which cannot be
separated on Sil-AEAPMS. And the reason is confirmed to be
the higher density of amine groups on Sil-CDs than Sil-
AEAPMS due to the formation of carbon dot. The proposed
Sil-CDs nicely overcame the serious peak tailing and low
column efficiency which usually shown by the other carbon
nanomaterials stationary phases. For another, this work re-
vealed a new way to enhance the chromatographic selectivity
by forming carbon dots which increase the density of the
interaction sites on stationary phase. Thus, it is reasonable to
believe CDs are promising materials for chromatographic ap-
plication, and more researches will be conducted for CDs-
based stationary phase with better separation performance
and further understanding of the chromatographic behavior
of CDs. Also more and more CDs can be coated on silica
and other supports lead to broad applications, including solid
phase extraction, solid electrochemistry, etc.
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