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A poly(vinyl alcohol)-cationic cellulose (PVA-CC) copolymer encapsulated SiO, stationary phase (PVA—
CC-Sil) for hydrophilic interaction liquid chromatography (HILIC) is described. It is prepared simply by
combining SiO, with a preformed PVA-CC solution, then filtering and curing thermally, finally generating
a thin PVA-CC copolymer coating onto SiO,. The preparation is easy to implement and no organic

solvent is involved in. The phase shows obvious positive electrostatic character and typical HILIC

character, exhibiting different selectivity relative to twelve commercial HILIC phases. Good running
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stability and a wide pH tolerance range (at least 10) are observed for PVA-CC-Sil. Excellent separation

efficiency is obtained for model analytes (e.g. plate counts are ~114 000 plates per m and ~150 000
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1. Introduction

Since being coined by Alpert in 1990," hydrophilic interaction
liquid chromatography (HILIC) has been an effective technique
for the separation of polar analytes by using a polar stationary
phase and an organic-rich aqueous mobile phase. To meet
various separation needs, many types of novel polar stationary
phases have been developed with versatile functional groups
such as amide,” amino,’ zwitterionic groups,* ionic liquids® and
macromolecular carbohydrates/saccharides.®® This is different
from common reversed-phase liquid chromatography (RPLC),
in which just the C18 phase is most commonly used and is
a standard choice for a large number of developed methods.
Saccharides have attracted some attention due to their
important biological functions.' However, due to their high
polarity, much similar chemical compositions and lack of
chromophores for optical detection, their separation or detec-
tion remains challenging. Common RPLC is not a good option
for the separation of saccharides owing to their much poor
retention onto C18. Besides ion chromatography equipped with
pulsed amperometric detector,"*> HILIC has also received
much interest for the analysis of saccharides in recent years.>**
Some silica-based stationary phases with saccharide functional
groups have been accordingly developed. Via a click chemistry
approach, a number of saccharide-functionalized HILIC phases
have been reported,®”° such as B-cyclodextrin (B-CD),* maltose.”
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plates per m for ribose and 4-hydroxybenzoic acid, respectively). Good separation performance for
saccharides of low or high degrees of polymerization by PVA-CC-Sil is also observed.

In addition, Sheng et al. described a cationic cellulose
agglomerated sulfonated silica phase prepared by a three-step
synthetic strategy, including the initial modification of silica
with y-mercaptopropyltriethoxysilane, subsequent sulfonation
via oxidation and final agglomeration between cationic cellu-
lose and negatively sulfonated silica (termed as CC-300)."* Their
subsequent work reported a dextran-bonded stationary phase
for saccharide separation by immobilizing polysaccharide onto
the silica gel."* To prepare chemical bonded stationary phases,
multi-stage reactions and the use of organic solvents are always
required, which are both tedious and environmentally-
unfriendly. Thus a facile and green synthetic approach would
be very desirable for developing saccharide-modified HILIC
phases while avoiding these issues.

As a highly hydrophilic polymer, polyvinyl alcohol (PVA) has
found many applications in many fields.”>” Recently, we
described a PVA encapsulated silica gel stationary phase for
HILIC by generating one (or more) thin layer(s) of coating onto
silica particles to form a water-like hydrogel.'®* The PVA
coating displayed strong affinity to the silica gel and the ob-
tained phase exhibited good HILIC character and a wider pH
tolerance range in comparison to bare silica gel."® The ability of
PVA to entrap various gels or be doped with a desired ingredient
can be extended to prepare a wide variety of stationary phases
with different supports or exchangeable functionalities. This is
accessible even to those without the skills of a synthetic
chemist. More recently, the former has been proved by
preparing a PVA encapsulated porous graphic carbon phase for
HILIC, which showed good hydrophilic character and excellent
chromatographic efficiency.”® The latter will be explored in the
present report to prepare a saccharide-functionalized stationary

This journal is © The Royal Society of Chemistry 2017
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phase. Cationic cellulose (CC) is a nontoxic macromolecule rich
with repeated sugar units and an ammonium group, thus
bearing superior hydrophilicity, solubility and is compatible
with anionic, cationic, nonionic and zwitterionic surfactants. By
generating a copolymer of PVA and cationic cellulose (CC) onto
silica, it is supposed to yield a positively charged hydrophilic
phase with the potential for separating polar analytes including
acids and saccharides. Owing to the protection of the generated
copolymer coating, pH tolerance range of the obtained phase
should also be extended relative to bare silica gel. More
importantly, such method avoids the drawback of lengthy
preparation procedures of chemical bonding method.

2. Experimental
2.1 Chemicals and materials

Spherical silica was obtained from Fuji Silysia Chemical Ltd.
(Kasugai, Japan; 5 um dia.; 100 A pore size; 300 m? g~ surface
area). PVA (DP 1750 + 50) was from Ling Feng Chemical Reagent
Corp. (Shanghai, China). Cationic cellulose JR-400
(Polyquaternium-10, MW 1.5 x 10° to 2.0 x 10°) was purchased
from Weixi Chem. Co. Ltd. (Guangzhou, China). Ammonium
formate (NH,FA, 99%) and formic acid (FA, 99%) were purchased
from Acros (Fair Lawn, USA). Ammonium acetate (AcCONH,, 98%)
was from J&K Scientific Ltd. (Beijing, China). HPLC grade
acetonitrile (ACN, 99.9%) and methanol (MeOH, 99.8%) were
available from Tedia (Ohio, USA). The used model analytes were
from Sigma and their chemical structures were shown in ESI-
Scheme 1.1 Ultrapure water was provided by a Milli-R04 purifi-
cation system from Millipore Corp. (Billerica, MA, USA).

2.2 Apparatus

Chromatographic experiments were conducted on a Waters
Alliance HPLC system (Milford, MA, USA) that equipped with
a 2695 separation module, an autosampler, a column oven,
a 2489 UV-VIS detector and a 2424 evaporative light-scattering
detector (ELSD). Chromatograms recorded on
a computer with Empower 3 workstation software. Unless
otherwise stated, the separation was conducted at the flow rate
of 1 mL min~* and the column temperature of 30 °C.

were

2.3 Preparation and column packing

The preparation procedure of PVA-CC-Sil was same to that of
previous description with some small modifications.'® Briefly,
PVA (3 g) and cationic cellulose (1 g) were mixed in 50 mL water,
and then heated in an oil bath at 95 °C with agitation until
a homogeneous solution was obtained. Followed by the addi-
tion of 4 g silica gel, the solution was treated by sonication for
5 min. The mixture was magnetically stirred at 250 rpm for
30 min and then filtered through a G3 sand core funnel. The
obtained residue was finally heated at 140 °C for 1 h to form
a partially cross-linked PVA-CC copolymer coating onto silica.
The preparation route was schematically illustrated in Fig. 1.
PVA-CC-Sil (2.5 g) was slurry-packed into a stainless steel
tube (4.6 mm i.d. x 150 mm length) using methanol as slurry
and propulsion solvent. For comparison, 15 columns were used,
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including a homemade packed PVA-coated silica gel one
described previously, seven domestic and seven imported ones.
Among which, an XAmide, a Unitary Diol, a Unitary NH,, a Click
XIon, a Click SAX, an XAqua C18 and an XCharge C18 were
available from ACCHROM Corp. (Zhejiang, China). Besides,
a Fuji silica gel column, a Waters Spherisorb NH,, a Thermo
Scientific Synchronis HILIC, an Accucore HILIC, an Accucore-
150-Amide-HILIC, an Acclaim HILIC-10 and an Acclaim Mixed-
Mode HILIC-1 were available from popular column manufac-
turers. All columns tested shared a same size of 4.6 mm i.d. X
150 mm length and a same particle size (5 pm dia.) except for 2.6
um of Accucore HILIC and Accucore-150-Amide-HILIC, and 3
um of Click XIon and Acclaim HILIC-10. Further detail infor-
mation of the domestic columns was given in ESI-Table 1.t

3. Results and discussion
3.1 Characterization of PVA-CC-Sil

The morphology of PVA-CC-Sil was analyzed by scanning
electron micrographs (SEM), as can be seen in ESI-Fig. 1.f
Results showed the monodispersity and spherical shape of
silica particles were well maintained after being encapsulated
by PVA/CC copolymers and a slight increase of surface rough-
ness was also observed. Treatments of N, adsorption-desorp-
tion isotherms with the Brunauer-Emmett-Teller (BET)
equation and pore size distribution with Barrett-Joyner-
Halenda (BJH) equation manifested decreases of surface area,
pore volume and pore diameter in PVA-CC-Sil (data shown in
ESI-Table 3 and ESI-Fig. 27), indicating the successful modifi-
cation of PVA/CC copolymers onto silica particles.

The characterization of elemental analysis was listed in ESI-
Table 2.7 Relative to bare silica, an obvious increase of N% in
PVA-CC-Sil was observed. The C/N mass ratio in PVA-CC-Sil
was ~4.1 times higher than that of CC. These clearly indicated
the successful incorporation of CC into the formed copolymer.
The loading amount of CC for PVA-CC-Sil was calculated to be
~53.9mg g L

3.2 The surface charge of PVA-CC-Sil

The surface charge of PVA-CC-Sil was characterized via zeta-
potential measurement, as shown in Fig. 2. Bare silica was
positively charged in the solutions at pH < 3.5. PVA-Sil showed
higher positive potentials than bare silica while both presented
a similar variation tendency. By contrast, PVA-CC-Sil remained
obviously positively charged in the pH until 6.7, indicating its
positive surface charge state within this range.

3.3 Chromatographic evaluation of PVA-CC-Sil under HILIC
mode

To evaluate the chromatographic performance of PVA-CC-Sil,
three kinds of polar analytes were chosen as models, including
nucleosides, nucleotides and aromatic acids (their chemical
structures were shown in ESI-Scheme 17). The chromatogram of
seven nucleosides on PVA-CC-Sil is shown in Fig. 3b. Good
separation could be achieved and their elution order is consis-
tent with their polarity. Comparative separations on three
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Fig. 2 Zeta-potentials of bare silica, PVA-Sil and PVA-CC-Sil in
20 mM NH4FA solutions at different pH values. Measurement
temperature, 25 °C.

commercial HILIC phases resulted in insufficient selectivity, as
can be seen in ESI-Fig. 3.t Since nucleosides are neutral
compounds, the positively charged character of PVA-CC-Sil
cannot be effectively reflected. Thus five aromatic acids were
also used to evaluate the possible anion exchange and hydro-
philic characters of PVA-CC-Sil. Fig. 3a shows the separation of
aromatic acids with pK, values ranging from 2.97-4.44. Five
aromatic acids were well separated in less than 4 min and high
efficiency was achieved, e.g. the plate count was ~150 000 plates
per m for 4-hydroxybenzoic acid. Their elution order was basi-
cally opposite to their pK, values, in which the acid with lower
PK, had a higher dissociation degree at the tested pH (3.48),
then leading to stronger interaction due to electrostatic attrac-
tion between the negatively charged acid and positively charged
PVA-CC-Sil. Comparative chromatograms on commercial
columns are given in ESI-Fig. 4,7 in which inferior separation
selectivity and efficiency were observed.

21338 | RSC Adv., 2017, 7, 21336-21341

PVA-CC-Sil. Conditions: (a) 90% ACN/10% H,O (250 mM HCOONH4,
pH 3.48), (b) 90% ACN/10% H,O; analytes, 1, cinnamic acid; 2, benzoic
acid; 3, 4-hydroxybenzoic acid; 4, salicylic acid; 5, p-nitrobenzoic
acid; 6, uracil; 7, 5-methyl uridine; 8, uridine; 9, adenosine; 10,
adenine; 11, cytosine; 12, cytidine; injection volume, 5 plL; flow rate, 1.0
mL min~%; absorbance wavelength, 254 nm.

Compared to nucleosides, nucleotides contain additional
phosphate groups (chemical structures shown in ESI-Scheme
11), which render them highly polar, then resulting in
stronger retention on the polar stationary phase. Fig. 4 presents
the separation of nucleotides onto PVA-CC-Sil and five nucle-
otides can be well separated at an elevated pH value (10), which
is beyond the typical pH operation range of silica. Compara-
tively, poor retention was observed on three commercial HILIC
columns at pH 8 (see ESI-Fig. 5f). The existence of PVA-CC
copolymer offers a wider pH tolerance range for silica gel since
it shields silica gel inside from erosion of solution outside,
which has been proved in our previous report.*® Such has been
further confirmed by the fact that no obvious change was found
after ~6900-fold column volumes of continuously operation
using the mobile phase at pH 10 (data not shown).

This journal is © The Royal Society of Chemistry 2017
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Fig. 4 Chromatograms of nucleotides onto silica and PVA-CC-Sil.
Conditions: mobile phase, A, H,O; B, ACN; C, 200 mM HCOONHy, pH
as indicated, 0-30 min, A/B/C (v/v/v), 20/70/10 — 25/65/10; injection
volume, 3 plL; other conditions same as Fig. 3.

The existence of Si-OH may cause unwanted electrostatic
interaction when separating alkaline compounds, then leading
to peak tailing. The introduced PVA-CC-Sil coating would
reduce such interaction and here such potential has been
explored by separating four small molecular bases. As shown in
ESI-Fig. 6, peak tailing on PVA-CC-Sil was much improved
compared with bare silica gel, demonstrating the shielding
effect of the copolymer coating on silica particles.

Good running stability of PVA encapsulated SiO, or porous
graphic carbon has been well proved previously.’®* Here the
running stability of PVA-CC-Sil was also investigated. PVA-CC-Sil
exhibited excellent inter-day and intra-day repeatability, indicated
by the fact that inter-day and intra-day relative standard deviations
(RSDs) of retention time (¢g) achieved for all five nucleotides
(eluent pH 10) were in the range of 0.21-0.38% (n = 9) and 2.39-
2.74% (n = 3), respectively. Moreover, the running stability of PVA-
CC-Sil was also studied by the retention change of three model
analytes (cytidine, dirophyline, and 4-aminobenzoic acid, repre-
senting neutral, positively, and negatively charged, respectively)
over 40 h (~1850-fold column volume) of continuous operation
using the eluent of 75% ACN/25% 20 mM NH,FA (pH 6.8). Three
consecutive injections were performed every 5 h. As shown in ESI-
Fig. 7,1 the tg and plate count (N) for all three model analytes were
almost constant throughout the test (0.27-1.39% RSDs), demon-
strating its good stability. Good batch-to-batch repeatability was
also observed, as indicated by the RSDs of # for the five above-
mentioned nucleotides (n = 3) were in the range of 1.04-5.03%.

3.4 Selectivity of PVA-CC-Sil

Based on ref. 20-22, three pairs of analytes were chosen to probe
the primal interactions involved in PVA-CC-Sil phase, in which
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kcytosine/kuracily ksalicylic acid/kcytosine and kadenosine acid/kadenine were
used to measure the hydrophilicity, anion exchange and H-
bonding characters, respectively (here k standing for the
retention factor). The selectivity of PVA-CC-Sil was depicted in
a 3D plot along with those of fifteen phases including thirteen
HILIC and two RPLC ones (Fig. 5). As can be seen, PVA-CC-Sil
occupies a unique position in having strong HILIC character
with a similar index (~2.42) to those of Accucore-150-Amide-
HILIC (~2.32), Spherisorb NH, (~2.43), Click XIon (~2.54)
and PVA-Sil (~2.55), while Accucore HILIC (~2.98) and
Accucore-150-Amide-HILIC (~3.18) exhibit the highest hydro-
philicity. Strong anion exchange character is also displayed by
PVA-CC-Sil (index ~0.56), which is only lower than two pure
strong anion exchangers Click-SAX and Spherisorb NH,
(indexes ~0.821 and ~1.02, respectively). The H-bonding index
of PVA-CC-Sil is mediate among the phases studied. The
results indicate that PVA-CC-Sil has above average HILIC,
anion exchange and H-bonding mixed characters.

3.5 Retention mechanism investigation

The possible retention mechanism of PVA-CC-Sil was investi-
gated as follows.

Firstly, the effect of water content in the mobile phase on the
retention of five nucleosides was studied by varying the volume
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Fig. 5 Selectivity plot of PVA-CC-Sil and other columns. Conditions,
mobile phase, 80% ACN/20% H,O (25 mM NH4OAc, pH 6.81); flow
rate, 0.5 mL min~*; other conditions same as Fig. 3.
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fraction of water from 5-25% (see ESI-Fig. 8f). The natural
logarithm of retention factor (In k) was plotted against the
volume fraction of water (¢). The plots were highly fitted (
0.9998-0.9999) with the quantitative HILIC retention model
proposed previously* (In k = a + b In ¢ + cp where a, b, and c are
constants).

Secondly, since the addition of electrolyte in the mobile
phase used in HILIC is found to be helpful to increased reten-
tion or improved peak shape,* here such effect was explored by
choosing aromatic acids as models (see ESI-Fig. 91), aiming to
investigate the possible anion exchange and HILIC mechanism.
Plots of kvs. 1/M" (1/M" standing for the reciprocal of electrolyte
concentration) show the retention decreases as M' increases,
suggesting a greater contribution from weakened electrostatic
interaction than the increase in polarity of the water-rich layer.
But non-linear plots indicate other mechanisms also influences
the retention of these acids to a certain extent besides electro-
static interaction.*

Thirdly, the thermodynamics of PVA-CC-Sil was also
explored by choosing nucleosides as models (ESI-Fig. 107).
Clearly, their retention decreases with the decrease of column
temperature and the plots are well fitted with van't Hoff equa-

AH® AS°

tion (ln k=———+—+1In (D) where AH° and AS° are
RT R

retention enthalpy and entropy, respectively; R is gas constant
and @ represents phase ratio. Good linearity is obtained for all
plots (¥ 0.990-0.999), indicating a partitioning-dominated
retention for nucleosides in HILIC as proposed by Alpert.* The
calculated AH® were in the range of —(4.1-6.4) k] mol ™,
revealing an exothermic process of transferring solutes from the
mobile phase to the stationary phase (ESI-Table 41). Generally,
the plate count has less dependence on the temperature
although higher plate count is observed at higher column
temperature.

3.6 Illustrative separation of saccharides

The structure of CC contains repeated sugar units, thus leading
to a potential of PVA-CC-Sil for separation of saccharide. Such
potential has been demonstrated by a CC agglomerated
sulfonated SiO, HILIC phase (CC-300) described previously.*
Here PVA-CC-Sil was explored to separate saccharides (their
chemical structures are also shown in ESI-Scheme 17). Firstly,
six sugars and sugar alcohols including mono-, di- and tri-
saccharides were chosen as models. The analytes were well
separated and eluted in accordance with their polarity order
from weak to strong (Fig. 6a). A direct comparison was made
with CC-300. Under the same elution condition, PVA-CC-Sil
exhibited a slight higher selectivity and much stronger reten-
tion for the models. E.g., the retention time of raffinose on PVA-
CC-Sil is ~2-fold that on CC-300." Moreover, higher efficiency
was also achieved on the present phase with calculated plate
count ~114 000 plates per m for ribose (~70 000 plate per m on
CC-300).

Two medium molecular weight oligosaccharides including
neutral galacto-oligosaccharides and acidic sodium alginate
could be well separated on PVA-CC-Sil, as shown in Fig. 6b and
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Fig. 6 Separation of (a) non-reducing sugars plus sugar alcohols, and
(b) galacto-oligosaccharides and onto PVA-CC-Sil. Condition: mobile
phase, (a) 20% H,O/80% ACN; (b) A, 100 mM HCOONHj,; B, ACN; C,
MeOH, 0-60 min, A/B/C (v/v/v), 10/70/20 — 10/30/60. Analytes, (a) A,
ribose; B, mannitol; C, maltitol; D, sucrose; E, melezitose; F, raffinose
and (b) galacto-oligosaccharides (DP identified from 2 to 7; injection
volume, (a) 10 pL; (b) 5 pL; ELSD, nitrogen nebulizer gas 30 psi, tube
temperature, 80 °C, gain, 10).

ESI-Fig. 11,1 respectively. As can be seen in ESI-Fig. 6,7 sepa-
ration comparisons of galacto-oligosaccharides were made
among PVA-CC-Sil, Acclaim HILIC-10 and Accucore HILIC.
Although baseline separation could be achieved with Acclaim
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Fig. 7 Chromatograms of (a) fructo-oligosaccharides and (b) gluco-
oligosaccharides on PYA-CC-Sil. Condition: mobile phase, A, 100 mM
HCOONHy; B, ACN; C, MeOH, 0-60 min, A/B/C (v/v/v), 10/70/20 —
10/30/60; injection volume, 5 plL; other conditions same as Fig. 6.
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HILIC-10 and Accucore HILIC, poor peak shapes were also ob-
tained. In addition, the separation of two oligosaccharides with
higher degree of polymerization (DP) (gluco-oligosaccharides
and fructo-oligosaccharides) was also performed, as shown in
Fig. 7. Clearly, good separation was achieved for gluco-
oligosaccharides and fructo-oligosaccharides with DPs
ranging from 3 to 15 and from 4 to 20, respectively. These
results clearly exhibit the utility of PVA-CC-Sil for efficient
separation of saccharides.

4. Conclusions

A poly(vinyl alcohol)-cationic cellulose polymer encapsulated
SiO, stationary phase for HILIC is described. The preparation
way is easy to implement simply by soaking silica particles in
aqueous solution of an inexpensive, nontoxic chemical PVA
doped with additive cationic cellulose, then filtering and drying/
curing thermally. The phase shows obvious positive electro-
static character and typical HILIC character, exhibiting different
separation selectivity and good stability. It exhibits good sepa-
ration towards aromatic acids, nucleosides, nucleotides and
saccharides. By replacing SiO, particles with other hydrolytic-
stable gels such as TiO,, ZrO, or porous graphite carbon, the
above way can be used for preparation of more hydrolytic stable
phases for HILIC.
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