
M
o

J
H
a

C
b

a

A
R
R
A
A

K
I
c
O
R
S
S

1

r
p
n
r
p
a
A
g
a

h
0

Journal of Chromatography A, 1569 (2018) 168–177

Contents lists available at ScienceDirect

Journal  of  Chromatography  A

jo ur nal ho me pag e: www.elsev ier .com/ locate /chroma

onolithic  alkylsilane  column:  A  promising  separation  medium  for
ligonucleotides  by  ion-pair  reversed-phase  liquid  chromatography

un-qin  Qiaoa, Chao  Lianga,  Zhen-yu  Zhub,  Zhao-ming  Caoa, Wei-juan  Zhengb,
ong-zhen  Liana,∗

State Key Laboratory of Analytical Chemistry for Life Science, Collaborative Innovation Center of Chemistry for Life Sciences, School of Chemistry &
hemical Engineering and Center of Materials Analysis, Nanjing University, 163 Xianlin Avenue, Nanjing 210023, China
State Key Laboratory of Pharmaceutical Biotechnology, School of Life Sciences, Nanjing University, 163 Xianlin Avenue, Nanjing 210023, China

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 28 February 2018
eceived in revised form 19 July 2018
ccepted 24 July 2018
vailable online 25 July 2018

eywords:
on-pair reversed-phase liquid
hromatography
ligonucleotides
etention behavior
ilica-based monolithic column
ilica-based particle-packed column

a  b  s  t  r  a  c  t

In this  paper,  a monolithic  octadecylsilane  column  and  particle-packed  octadecylsilane  columns  were
used  to  investigate  the  retention  behaviors  of  oligonucleotides  by  ion-pair  reversed-phase  liquid  chro-
matography  (IP-RPLC).  Results  showed  that, with  same  base  composition,  hairpin  oligonucleotides  always
had weaker  retention  than  corresponding  random  coil  oligonucleotides  on the  monolithic  column,  but
not  on  the  particle-packed  columns.  In  addition,  the  linear  correlation  between  the  retention  factor  k of
oligonucleotides  and  the  reciprocal  of temperature  (1/T),  especially  for hairpins,  was  relatively  weaker
on the  particle-packed  columns,  as compared  to the  correlation  on  the  monolithic  column.  The  corre-
lation  between  k  and  1/T  became  weaker  with  decreasing  particle  size  of the  particle-packed  columns.
Moreover,  results  revealed  that the  overall  retention  order  on  the  particle-packed  column  with  small
particles  (3  �m) differed  greatly  from  that  on the  monolithic  column.  In  contrast,  the  retention  order  on
the  10  �m  particle-packed  column  was very  close  to that  on the  monolithic  column.  From  the  above,  we
inferred  that  oligonucleotides  could  keep  their  primary  conformations  unchanged  when  passing  through
the  monolithic  column,  attributed  to the  special  pore  structures  of the  monolith.  However,  the  confor-
mations  of  oligonucleotides  were  suppressed  or even  destroyed  when  oligonucleotides  passed  through

the  particle-packed  columns.  This  because  the  narrow  and  tortuous  channels  created  by  the  stacked  sta-
tionary  phase  particles  could  lead  to more  complex  and  unequable  retention  behaviors.  Therefore,  the
monolithic  column  exhibited  better  retention  regularity  for oligonucleotides  of  secondary  structure  espe-
cially  for  hairpins  than  the  particle-packed  columns.  It  is  noteworthy  that the  monolith-based  IP-RPLC
opens  an  intriguing  prospect  in accurately  elucidating  the  retention  behaviors  of  oligonucleotides.

©  2018  Elsevier  B.V.  All  rights  reserved.
. Introduction

Being a carrier of genetic information, nucleic acids play a vital
ole in the continuation and evolution of life. The variety of com-
osition, sequence and conformation result in the complexity of
ucleic acids structure [1]. For example, the presence of inverted
epeats in DNA or RNA sequences can lead to the formation of hair-
ins [1]. Apart from the biological functions [2–5], hairpin loops are
ttractive candidates for the design of antisense therapeutics [6–8].

s the market for nucleic acid based therapeutics and diagnostics
rows, the demand increases for approaches for the isolation, char-
cterization and purification of such materials [9]. However, the

∗ Corresponding author.
E-mail address: hzlian@nju.edu.cn (H.-z. Lian).

ttps://doi.org/10.1016/j.chroma.2018.07.062
021-9673/© 2018 Elsevier B.V. All rights reserved.
secondary structure and extraordinary conformational flexibility
of nucleic acids pose key challenges to separation. Among various
separation and detection methods, ion-pair reversed-phase liquid
chromatography (IP-RPLC) has been proven to be a practical and
popular tool for nucleic acid isolation and purification [10].

As the heart of chromatographic separation, column is the key to
achieve effective separation of analytes in complex matrix. Nowa-
days, porous alkylsilane particle-packed columns are the most
widely used commercial columns for the separation of nucleic acids
by IP-RPLC [11–16], and the retention mechanisms of this kind of
columns have been elucidated extensively [11,12,14,17–27]. It is
noteworthy that, the later rising silica-based monolithic columns

present high permeability and low flow resistance compared with
particle-packed columns [28]. To realize rapid or efficient separa-
tion, silica-based monolithic columns have become the potential
media for high performance liquid chromatography (HPLC) in

https://doi.org/10.1016/j.chroma.2018.07.062
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chroma.2018.07.062&domain=pdf
mailto:hzlian@nju.edu.cn
https://doi.org/10.1016/j.chroma.2018.07.062
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he areas of environmental [29], pharmaceutical [30,31], clinical
32,33], industrial [34], and food analyses [35] in recent years.
tudies have mainly focused on micromolecules but the use of
ilica-based monolithic columns for the separation of biopoly-
ers is still very rare. For nucleic acids analysis, Moravcová et al.

sed two zwitterionic silica-based monolithic capillary columns
oupled with tandem mass spectrometry to separate highly
olar and hydrophilic nucleobases, nucleosides and nucleotides in
ydrophilic interaction chromatography (HILIC) [36]. Kawamura
t al. studied the retention behaviors of oligonucleotides on a
onolithic column by capillary liquid chromatography (CLC) and

n a particle-packed column by semi-�-HPLC. They found that
ingle-nucleotide polymorphisms (SNP) could be detected by CLC
ut not possible by semi-�-HPLC. It was considered that the bet-
er resolution of CLC was primarily due to the sizing effect (the
educed column inner diameter and flow rate) and secondly due
o the use of monolithic column [37]. However, in Kawamura’s
ork, the influence of secondary structures of oligonucleotides

n retention was ignored for CLC analysis, because a high column
emperature of 60 ◦C was adopted [37]. Previous researches have
ndicated that secondary structures play an important role in the
etention of oligonucleotides [38,39]. On the other hand, differ-
nt structural forms are important for the participation in different
iological functions of nucleic acids [40]. Therefore, understanding
he retention behaviors of oligonucleotides on silica-based mono-
ithic columns and particle-packed columns is very meaningful, in
he sense of facilitating the reflection of structural information in
olution of oligonucleotides especially for those with secondary
tructures such as hairpins.

In this present work, eight groups of oligonucleotides were
elected as research objects, each group consisting of a hairpin and

 random coil oligonucleotide. IP-RPLC retention behaviors of these
ligonucleotides were investigated on one silica-based monolithic
18 column and four silica-based particle-packed C18 columns
ith different particle size. Retention characteristics of the studied

ligonucleotides were first explored by determining the selectivity
actor (�) between the hairpins and the random coils in all eight
roups. Then, the relationship between oligonucleotides retention
actor (k) and column temperature (T) was deduced systemati-
ally. The advantage of the monolithic column in the separation
f oligonucleotides was concluded and the reason was explained
y comparing the retention difference between monolithic and
article-packed columns.

. Experimental section

.1. Apparatus

Instrumentation for HPLC analysis was an LC-20AD consisting of
 vacuum degasser, a binary high-pressure pump, an auto-sampler,
 thermostatic column compartment, and a dual-wavelength UV
etector (Shimadzu, Kyoto, Japan). The Labsolution software was
sed for the data acquisition and management. A FiveEasy Plus

TM

H meter (Mettler-Toledo, Schwerzenbach, Switzerland) was used
or the pH determination of buffer solutions.

.2. Chemicals and materials

HPLC grade acetonitrile (CH3CN) and triethylamine (TEA) were
urchased from Honeywell (Ulsan, Korea) and TEDIA (Fairfield,
SA), respectively. Acetic acid (≥ 99.5%, analytical reagent) was

btained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
hina). Ultrapure water was used throughout the experiment.

Eighteen oligonucleotides were synthesized by Sangon Biotech
Shanghai, China), among which 16 hetero-oligonucleotides were
 A 1569 (2018) 168–177 169

used for retention behavior study (Table 1). Homo-oligonucleotides
(dA)12 and (dT)10 were used as internal standards to normalize
retention of test oligonucleotides via dual-point retention time cor-
rection [23]. All the oligonucleotides were dissolved in water with
concentration of 10 �mol/l, and each of them were then mixed with
same volume of (dA)12 and (dT)10 prior to HPLC injection.

Hetero-oligonucleotides were divided into eight groups. Each
group had two  oligonucleotides with the same base composition
but different base sequences - one had a random coil structure and
the other had a hairpin structure (�G < -3.5 kcal/mol). The bases
of hairpins in the first five groups were partially complementary,
while in the remaining three groups, the bases were completely
complementary. The inclination of oligonucleotide to form hair-
pin structure was  calculated from http://www.idtdna.com/calc/
analyzer.

2.3. Chromatographic conditions

Triethylammonium acetate (TEAA) was  used as ion-pair reagent
in mobile phase A (0.1 M TEAA containing 5% CH3CN, pH 7.0) and
mobile phase B (0.1 M TEAA, containing 25% CH3CN, pH 7.0), and all
mobile phases were filtered by 0.22 �m filter membrane before use.
HPLC separation was accomplished on one silica-based monolithic
column and four silica-based particle-packed columns at different
flow rate, respectively (Table 2), with the same gradient elution run:
0–50 min, 10% B-60% B. Other chromatographic parameters were
the same and given as following: column temperature, 25–45 ◦C;
injection volume, 2 �l; UV detection wavelength, 260 nm.

2.4. Peak capacity and resolution calculation

Peak capacity (Pc) represents the maximum number of com-
ponents that can be separated to unit resolution (Rs = 1) within a
given time window under a given set of experimental conditions
[41]. Pc is one of the most important metrics of separation quality
in gradient elution [42,43]. For Pc calculation, there are two com-
monly used equations: Pc1=1+tG/W [42,44,45] and Pc2=(tR,n-tR,m)/W
[44,46], where tG is the gradient time; tR,n and tR,m are the reten-
tion times of the last and earliest eluting peaks, respectively; W
is the average baseline peak width. Pc1 calculation is based on the
entire chromatogram, while Pc2 calculation is based on the actual
retention time window of eluted peaks.

The resolution (Rs) between two  oligonucleotides were calcu-
lated according to Rs = 2(tR2-tR1)/(W1+W2), where tR1 and tR2 are
the retention times of the former and the latter for two adjacent
peaks; W1 and W2 are their peak widths at peak base.

3. Results and discussion

3.1. Retention behavior of oligonucleotides on monolithic column

To achieve fast separation, the maximum optimal mobile phase
flow rate of 0.4 ml/min was adopted for the monolithic column.
Narrow peak shape and excellent resolution were obtained for
all the oligonucleotides at column temperature of 25 ◦C. The peak
capacity (Pc) was calculated via Pc1 and Pc2, respectively, to be
159 and 38. Representative chromatograms of oligonucleotides are
shown in Fig. 1A. Table 3 shows that the hairpin and correspond-
ing random coil oligonucleotides in each group were successfully
separated with good resolution (Rs), and the biggest Rs appeared
at group 8 (oligo 32). Notably, all hairpins had weaker retention
than corresponding random coils. It is known that in IP-RPLC the

retention of nucleic acids depends mainly on two interactions:
electrostatic interaction and hydrophobic interaction [39,47], thus,
both the number and the hydrophobicity of bases contribute to
the retention of oligonucleotides. For hairpins, the complementary

http://www.idtdna.com/calc/analyzer
http://www.idtdna.com/calc/analyzer
http://www.idtdna.com/calc/analyzer
http://www.idtdna.com/calc/analyzer
http://www.idtdna.com/calc/analyzer
http://www.idtdna.com/calc/analyzer
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Table 1
Oligonucleotides used for retention behavior study.

Groups Oligonucleotides Sequence (5’-3’) Size G (%) C (%) A (%) T (%) �G  (kcal/mol) a

1 oligo 20-1 CTT AGT GAA AGG CTC AGT TA 20 25 15 30 30 −0.06
oligo  20-2 CCA CAT TTT GGA AAA TGT GG 20 25 15 30 30 −6.19

2 oligo 21-1 ACT CAG TGT AGC CTA CGA TGG 21 28.6 23.8 23.8 23.8 −0.23
oligo  21-2 CTC AGT GAC GAT GTC ACT GAG 21 28.6 23.8 23.8 23.8 −7.08

3 oligo 22-1 ACT CAG TGT AGC CCA CGA TGC G 22 27.3 31.8 22.7 18.2 −0.81
oligo  22-2 CTC AGT GAC GAG CTC ACT GAG C 22 27.3 31.8 22.7 18.2 −6.16

4 oligo 24-1 GGT CTC AGT GTA GCC CAG GAT GCC 24 33.3 29.2 16.7 20.8 0.39
oligo  24-2 TGG CTC AGG AGC CCA GGA GCC TTT 24 33.3 29.2 16.7 20.8 −4.39

5 oligo 26-1 GTG CTT TCA GTG TAG CCC AGG ATG CC 26 30.8 26.9 15.4 26.9 −0.5
oligo  26-2 GTG CCT CCT ACT GTT GTA GGA GGC AC 26 30.8 26.9 15.4 26.9 −12.72

6 oligo 16-1 AGT CGT AAC TGA CCG T 16 25.0 25.0 25.0 25.0 −0.62
oligo  16-2 GAG AGA GAT CTC TCT C 16 25.0 25.0 25.0 25.0 −3.95

7 oligo 24’-1 GTG TCC AGT GTA GCA GAC TAT ACC 24 25.0 25.0 25.0 25.0 −0.53
oligo  24’-2 GTG TGT GTG TGT ACA CAC ACA CAC 24 25.0 25.0 25.0 25.0 −10.31

8 oligo 32-1 GCG TAC AGT ATA GCC CAG TCT TGA GTG CCA TA 32 25.0 25.0 25.0 25.0 −3.65
oligo  32-2 GAG AGA GAG AGA GAG ATC TCT CTC TCT CTC TC 32 25.0 25.0 25.0 25.0 −13.72

a �G (Gibbs free energy) for oligonucleotides to form hairpins was  obtained from website of http://www.idtdna.com/calc/analyzer.

Table 2
Different columns used in the experiments.

Columns Size Pore size Specific surface area Carbon content Flow rate

Chromolith® Performance RP-18e (Merck) 100 × 2.0 mm I.D. macropore: 2 �m;  mesopore: 130 Å 300 m2/g 18% 0.4 ml/min
Purospher® STAR RP-18 endcapped column (Merck) 150 × 4.6 mm I.D., 5 �m 120 Å 330 m2/g 15% 1.0 ml/min
Ultimate XB-C18 (Welch Materials) 150 × 2.1 mm I.D., 3 �m 120 Å 320 m2/g 17% 0.2 ml/min
Ultimate XB-C18 (Welch Materials) 150 × 4.6 mm I.D., 5 �m 120 Å 320 m2/g 17% 1.0 ml/min
Ultimate XB-C18 (Welch Materials) 150 × 4.6 mm I.D., 10 �m 120 Å 320 m2/g 17% 1.0 ml/min

Fig. 1. Representative chromatograms of oligonucleotides on monolithic col-
umn  and particle-packed column. Columns: A. Chromolith® Performance RP-18e,
100  × 2.0 mm;  B. Ultimate XB-C18, 150 × 2.1 mm,  3 �m.  Column temperature: 25 ◦C.
Mobile phase: component A (0.1 M TEAA containing 5% CH3CN, pH 7.0), component
B
B
w

b
s
C

Table 3
The k and RS of oligonucleotides on monolithic column at 25 ◦C.

Groups Oligonucleotides k RS

1 oligo 20-1 22.54 6.37
oligo 20-2 16.62

2 oligo 21-1 22.29 1.53
oligo 21-2 20.85

3 oligo 22-1 22.05 4.79
oligo 22-2 18.18

4 oligo 24-1 21.97 2.23
oligo 24-2 19.62

5 oligo 26-1 23.27 2.47
oligo 26-2 21.05

6 oligo 16-1 19.44 8.01
oligo 16-2 12.98

7 oligo 24’-1 21.52 5.08
oligo 24’-2 17.51

8 oligo 32-1 24.48 9.20
oligo 32-2 15.97
 (0.1 M TEAA, containing 25% CH3CN, pH 7.0); Gradient elution: 0–50 min, 10%
-60% B. Flow rate: 0.4 ml/min for Column A; 0.2 ml/min for Column B. Detection
avelength: 260 nm.
ase-pairings in the stem reduce the number of exposed bases to
tationary phase, resulting in a weak hydrophobic interaction with
18 chain. Moreover, the big steric hinder also reduces the reten-
tion of hairpins. Therefore, it is reasonable that a hairpin has weaker
retention than its corresponding random coil.

In chromatographic analysis, increasing temperature generally
improves separation efficiency by reducing the viscosity of mobile
phase and enhancing the solute diffusion. Changes in tempera-
ture often induce changes in separation selectivity, sometimes with
beneficial effects on the overall separation [48]. Therefore, the
retention behaviors of oligonucleotides in elevated temperatures
of 30, 35, 40 and 45 ◦C (the max. tolerable temperature of this col-
umn) were investigated with other chromatographic parameters
kept constant. The retention times (tR) of all the oligonucleotides
decreased with the increase of column temperature, although the
amount of decrease varied for different analytes. Interestingly,
hairpin structures always had weaker retention than correspond-
ing random coil structures. All � values (� = krandom coil/khairpin)

decreased under increasing column temperature, except for group
7 (oligo 24’) (Fig. 2).

http://www.idtdna.com/calc/analyzer
http://www.idtdna.com/calc/analyzer
http://www.idtdna.com/calc/analyzer
http://www.idtdna.com/calc/analyzer
http://www.idtdna.com/calc/analyzer
http://www.idtdna.com/calc/analyzer
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Fig. 2. The krandom coil/khairpin of oligonucleotides at different column temperature
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n monolithic column. Column: Chromolith® Performance RP-18e, 100 × 2.0 mm.
olumn temperature: 25–45 ◦C. Flow rate: 0.4 ml/min. Other chromatographic con-
itions were the same as in Fig. 1.

In gradient elution, retention time tR is given as Eq. (1) [49]:

R = (t0/b)  log(2.3k0b + 1) + t0 + tD (1)

 = Vm��S/(tGF) (2)

here t0 is the dead time and tD is the gradient delay time; k0 is
he retention factor in an isocratic condition with organic modifier
oncentration equal to the start of the gradient (˚0); b is the gra-
ient steepness parameter; Vm is the column dead-volume; �  ̊ is
he change in  ̊ from the start to the end of the gradient; S is a
olute dependent solvent-strength parameter, reflecting the inter-
ction between solute and solvent; tG is the gradient time and F is
he flow-rate. Retention factor k can be deduced from Eq. (1):

 = (tR − t0)/t0 = (1/b)  log(2.3k0b + 1) + tD/t0 (3)

In the case of oligonucleotides, S is very large. Therefore, for well
etained peak (k0 » 1), Eq. (3) can be reduced to Eq. (4):

 = (1/b)  log(2.3k0b) + tD/t0 (4)

In HPLC, the effect of temperature on retention is largely deter-
ined by the enthalpy change associated with solute transfer from
obile phase to stationary phase [50]. If the conformation of solute

oes not vary during the change of temperature, derived from van’t
off equation (Eq. (5)), the relationship between retention factor k

n isocratic elution and column temperature (T) can be described
s Eq. (6) [51]:

n k = −�H

RT
+ �S

R
+ ln  ̌ (5)

og k = A + B/T (6)

here �G, �H and �S  are the changes in Gibbs free energy, free
nthalpy and entropy, respectively, of mass exchange between
obile phase and stationary phase for the substances tested; R is

he gas constant; T is the absolute thermodynamics temperature
K);  ̌ is phase ratio; A and B are constants. By extension of Eq. (6),
og k0 can be written as:

og k0 = A + B/T (7)

Studies suggest that S does not vary much with temperature
49], so b can be assumed constant in varied temperature. Addi-

ionally, ignoring the change of t0 induced by temperature, Eq. (4)
an be written as:

 = A′ + B′/T (8)
 A 1569 (2018) 168–177 171

So, if the conformations of oligonucleotides do not change under
experimental temperature, linear plots of k against 1/T will be
obtained. Fig. 3 shows the k against 1/T plots on monolithic column.
Good linearity (R2 > 0.98) were displayed for all the oligonu-
cleotides. It was  inferred that, both random coils and hairpins could
keep their secondary structures unchanged when passing through
the monolithic column at experimental temperatures of 25–45 ◦C.
The decrease of retention under increasing column temperature is
a typical enthalpy-driven process. Therefore, the linearity between
k and 1/T on the monolithic column can be utilized to predict the
retention of oligonucleotides under given column temperature.

Oligonucleotides have relatively large molecular volume and
chain flexibility compared with common small molecules. Thus,
we deduced that special pore structures (macropore size: 2 �m;
mesopore size: 130 Å) and high porosity distribution within the
monolithic column might be the key factors that allowed oligonu-
cleotides to keep their conformations unchanged during separation
and that lead to regular retention with molecular composition,
structure and shape. To verify this deduction, the retention behav-
ior of oligonucleotides on silica-based particle-packed columns was
investigated.

3.2. Retention behavior of oligonucleotides on particle-packed
columns

In order to eliminate the effect of column parameters other
than the pore structures and porosity distribution on retention
of oligonucleotides, we  selected particle-packed columns having
similar packing properties with monolithic column, such as simi-
lar carbon content, specific surface area and even similar pore size
with the mesopores on monolithic column (Table 2). A packed C18
column with small particle size (Ultimate XB-C18, 150 × 2.1 mm,
3 �m)  was  first used, which had similar inner diameter with the
monolithic column. Experiments were conducted at a low mobile
phase flow rate of 0.2 ml/min due to the high column pressure, and
other chromatographic parameters were maintained the same with
those on the monolithic column. Representative chromatograms of
oligonucleotides at 25 ◦C are shown in Fig. 1B.

On the 3 �m packed column, the retention of oligonucleotides
also decreased with increasing column temperature. However,
the krandom coil/khairpin value (0.82–1.23, Fig. 4A) revealed a rela-
tive low selectivity compared with that on the monolithic column
(1.00–1.53, Fig. 2). It might be ascribed to the much steeper gradi-
ent used on the 3 �m packed column (tG/t0 = 17) than that on the
monolithic column (tG/t0 = 48). As opposed to the monolithic col-
umn, no consistent tendency was observed for the retention order
between hairpin and corresponding random coil in each group of
oligonucleotides on the 3 �m packed column. For oligo 16, oligo 20
and oligo 32, the retentions of random coils were always stronger
than hairpins, respectively, at the aforementioned column temper-
ature (krandom coil/khairpin > 1). However, retention orders of random
coils and corresponding hairpins for oligo 21, oligo 22, oligo 24’
and oligo 26 were just reversed. Moreover, two  oligo 24 s (group
4 in Table 1) exhibited temperature induced reversal of elution
order, which often emerges in enantiomer separation [39]. Reten-
tion inversions for oligo 24 happened at 30 ◦C. In theory, hairpins
should have weaker retention than corresponding random coils,
due to the weak hydrophobicity and high steric hinder effect. How-
ever, the abnormal retention order of hairpins and corresponding
random coils for oligo 21, oligo 22, oligo 24’ and oligo 26 implied
that the retention behavior of oligonucleotides was more complex
on particle-packed column.
To acquire more information about retention behavior of
oligonucleotides on particle-packed column, increased particle
diameters of 5 �m and 10 �m (Ultimate XB-C18) (Table 2) were
employed in following experiments. On the 5 �m column (Fig. 4B),
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Fig. 3. The k against 1/T plots of oligonucleotides on monolithic
he tendency of krandom coil/khairpin under different temperature
as similar to that on the 3 �m column. However, more groups

f krandom coil/khairpin > 1 were observed on the 10 �m column
n. The chromatographic conditions were the same as in Fig. 2.
(Fig. 4C) than that on the 3 �m and 5 �m columns. Likewise, the
plots of k against 1/T of oligonucleotides were drawn respec-
tively for the three particle-packed columns. In order to take a
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Fig. 4. The krandom coil/khairpin of oligonucleotides at different column temperature on particle-packed columns. Columns: A. Ultimate XB-C18, 150 × 2.1 mm,  3 �m; B. Ultimate
XB-C18, 150 × 4.6 mm,  5 �m; C. Ultimate XB-C18, 150 × 4.6 mm,  10 �m; D. Purospher® STAR RP-18 endcapped, 150 × 4.6 mm,  5 �m. Flow rate: 0.2 ml/min for Column A;
1.0  ml/min for Columns B, C and D. Column temperature: 25–45 ◦C. Other chromatographic conditions were the same as in Fig. 1.

Table 4
The correlation of k against 1/T for oligonucleotides on different columns at.25 ◦C–45 ◦C.

Groups Oligonucleotides R2
(Ultimate XB-C18, 3 �m) R2

(Ultimate XB-C18, 5 �m) R2
(Ultimate XB-C18, 10 �m) R2

(Chromolith® Performance RP-18e)

1 oligo 20-1 0.962 0.996 0.983 0.998
oligo 20-2 0.916 0.912 0.952 0.997

2 oligo  21-1 0.947 0.998 0.990 0.990
oligo 21-2 0.885 0.911 0.979 0.986

3 oligo  22-1 0.971 0.996 0.991 0.999
oligo 22-2 0.899 0.921 0.980 0.999

4 oligo  24-1 0.982 0.980 0.980 0.996
oligo 24-2 0.948 0.971 0.979 0.993

5 oligo  26-1 0.964 0.988 0.980 0.994
oligo 26-2 0.811 0.773 0.974 0.999

6 oligo  16-1 0.979 0.997 0.998 0.991
oligo 16-2 0.925 0.989 0.981 0.980

7 oligo  24’-1 0.892 0.980 0.999 0.994

d
l
a
p
i
(
i
r

oligo 24’-2 0.944 0.979 

8 oligo  32-1 0.886 0.914 

oligo 32-2 0.486 0.889 

irect comparison, the R2 of linear plots on different columns are
isted in Table 4. On the whole, the linear correlation between k
nd 1/T on the monolithic column was better than that on the
article-packed columns. For packed columns, random coils exhib-

ted relatively better correlation (R2 = 0.811–0.999) than hairpins

R2 = 0.486–0.979). Moreover, R2 became higher along with increas-
ng particle size for both hairpins and random coils. The linearity
eflected that the conformations of oligonucleotides especially
0.996 0.995
0.997 0.990
0.992 0.986

hairpins were sensitive to temperature when oligonucleotides
passed through packed columns with small particles, however,
accompanying the increase of particle diameter, the retention of
oligonucleotides on packed column (10 �m)  approached to that on
the monolithic column. Based on above phenomena, we  inferred

that the primary conformations of oligonucleotides were changed
when oligonucleotides passed through particle-packed columns
especially those with small particle size, due to the narrow and
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Fig. 5. Comparison of k of oligonucleotides on different columns at 25 ◦C. Purple circles on lines were the hypothetical status of hairpins. Columns were presented with the
subscript of k. monolithic: Chromolith® Performance RP-18e, 100 × 2.0 mm;  3 �m:  Ultimate XB-C18, 150 × 2.1 mm,  3 �m; 5 �m: Ultimate XB-C18, 150 × 4.6 mm,  5 �m;  10 �m:
U apped
3 dition
fi

t
l

w
c
t
t
(

ltimate XB-C18, 150 × 4.6 mm,  10 �m;  Merck 5 �m:  Purospher® STAR RP-18 endc
 �m packed column; 1.0 ml/min for the rest columns. Other chromatographic con
gure  legend, the reader is referred to the web  version of this article).

ortuous channels inside columns. The findings support our specu-
ation about oligonucleotides retention on the monolithic column.

A particle-packed Merck C18 column (150 × 4.6 mm,  5 �m)
as used to check whether the retention behavior of oligonu-

leotides on packed columns occurred by chance. Results displayed

hat the Merck C18 exhibited almost unanimous krandom coil/khairpin
endency with that on Ultimate XB-C18 (150 × 4.6 mm,  5 �m)
Fig. 4D). Therefore, we could conclude that the retention behavior
, 150 × 4.6 mm,  5 �m.  Flow rate: 0.4 ml/min for monolithic column; 0.2 ml/min for
s were the same as in Fig. 1 (For interpretation of the references to colour in this

of oligonucleotides on particle-packed columns was independent
of the brand of C18 stationary phases.

3.3. Comparison of overall retention order on monolithic column
and particle-packed columns
Interestingly, the overall retention order varied for different
columns besides the different tendency of krandom coil/khairpin. We
compared the k of oligonucleotides on the monolithic column and
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Fig. 7. The tetrahedral and octahedral voids in particle-packed column.
Fig. 6. The mesopores and macropores in monolithic column.

he particle-packed columns, respectively (Fig. 5 and Figs. S1–S4).
ake the retention at column temperature of 25 ◦C as an exam-
le. It could be seen that oligonucleotides on the 3 �m packed
olumn exhibited a very different retention order with that on
he monolithic column, because the dots (red and black) of k3�m
ersus kmonolithic scattered severely (Fig. 5A). Apparently, reten-
ion order difference was mainly reflected in hairpins, despite
he retention of oligo 24-1 and oligo 32-1 also displayed some
eviation. Similar phenomenon with k3�m versus kmonolithic was
bserved for k5�m versus kmonolithic (Fig. 5B). For the particle-packed
olumns, all the dots for k3�m versus k5�m were nearly on one
ame straight line (Fig. 5D), suggesting that oligonucleotides held
imilar retention order on 3 �m and 5 �m columns. However, the
etention orders on 3 �m and 10 �m columns were obviously dif-
erent (Fig. 5E). Very similar retention order on two 5 �m columns
Fig. 5F) further confirmed that retention behavior of oligonu-
leotides on particle-packed columns was independent of the brand
f the C18 stationary phase. Notably, the degree of scatter of all dots
or k10�m versus kmonolithic (Fig. 5C) was relative small compared
ith that in Figs. 5A and B. Moreover, the random coil oligonu-

leotides (black dots) kept almost consistent retention order on
he 10 �m packed column with that on the monolithic column
Fig. 5C), indicating that the conformations of random coils changed

 little when oligonucleotides passed through the 10 �m column.
urthermore, compared with the 3 �m and 5 �m columns (Figs. 5A
nd B), more hairpin oligonucleotides exhibited similar retention
rder on the 10 �m column with that on the monolithic column
Fig. 5C). Above phenomena indicated that the overall retention
rder of oligonucleotides on the 10 �m column approached to that
n the monolithic column. In addition, Figs. 5A–C shows that, on
he 3 �m,  5 �m and 10 �m columns, oligo 20-2, oligo 21-2, oligo
2-2, oligo 26-2, oligo 24’-2 and oligo 32-2 all had a stronger reten-
ion than their primary conformations should have (hypothetically

arked as the purple circles). The comparison of overall retention
rder between different columns at 30, 35, 40 and 45 ◦C was  sim-
lar with that at 25 ◦C (Figs. S1–S4). The overall retention order
f oligonucleotides, the krandom coil/khairpin tendency together with
he k against 1/T correlation, all suggest that the channels inside
olumns are the key factors in influencing the retention behavior
f oligonucleotides when bonded stationary phase is the same and
olumns packing is similar.

In HPLC, the separation of solutes occurred in columns is con-
rolled by thermodynamics and kinetics. For monolithic columns,

he mesopores and macropores are criss-cross (Fig. 6), and the
nteraction between analytes and stationary phase is mainly con-
rolled by convective mass transfer, therefore, a rapid distribution
f analytes between mobile phase and stationary phase can be
achieved. It is known that the best separation is obtained when
column pore size is at least three times of the size of the analytes. If
the test oligonucleotides are stretched in the most straightforward
physical term, the molecular length of them should be in the range
of 37 Å to 156 Å (calculated by Chembio3D Ultra 14.0). Therefore,
oligonucleotides can pass through the monolith (macropore and
mesopore diameters: 2 �m and 130 Å, respectively) in the columns
freely without conformation change, and the retention rule can be
easily acquired. For particle-packed columns, however, the station-
ary phase particles stack tightly, and the pores in particle (pore
size: 120 Å) together with the voids among particles constitute the
channels for analytes to pass through columns. Compared with
monolith, the channels inside particle-packed columns are rela-
tively narrow. It is known that the interaction between analytes
and stationary phase is mainly controlled by diffusive mass trans-
fer. Therefore, the narrow and tortuous channels in particle-packed
columns restrict the secondary structures of oligonucleotides. Ran-
dom coils may  be crooked and twined, leading to a weak retention
on stationary phases. Whereas, the loop and stem of hairpins may
be compressed by the squeezing of rigid stationary phase parti-
cles, resulting in a local high electric density and leading to a long
retention. Hairpins with low intra-molecular complementarity are
likely stretched by stationary phases to looser structures, also lead-
ing to a long retention. Therefore, the retention rule can hardly
be concluded owing to the complicated deformation of oligonu-
cleotides when oligonucleotides passed through particle-packed
columns. The retention difference of oligonucleotides among the
three particle-packed columns (3 �m,  5 �m and 10 �m) should be
attributed to the different size of voids among stationary phase par-
ticles. Suppose that the particles are of spherical shape and adopt
close-packed mode, as illustrated in Fig. 7, there are tetrahedral
and octahedral voids respectively with diameters of 0.225 d and
0.414 d (d is the diameter of particles). The void becomes higher
with increasing particle size. Therefore, the highest voids present
at the 10 �m column with void diameters of 2.25 �m and 4.14 �m,
respectively for tetrahedral and octahedral voids, which are equal
to or even bigger than that of macropores in the monolithic col-
umn. Thus, the retention behavior of oligonucleotides on the 10 �m
packed column approached to that on the monolithic column.
However, the less porosity restricts particle-packed columns from
catching up with monolithic columns in maintaining the primary
conformation of oligonucleotides in the solution. Consequently,
monolithic columns are superior to particle-packed columns in the
elucidation of the retention behavior of oligonucleotides especially
for hairpins.
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. Conclusions

The IP-RPLC retention behaviors of oligonucleotides were inves-
igated on silica-based monolithic and particle-packed columns.
esults revealed that hairpins always had weaker retention than
orresponding random coils on monolithic column. However, no
onsistent retention tendency was observed on particle-packed
olumns with different particle size (3 �m,  5 �m and 10 �m),
nd no general rule to follow. According to the gradient reten-
ion formula and the van’t Hoff equation, there should be strong
inear relationship between retention factor k and 1/T if the con-
ormation of analytes is unchanged in the separation process. It
as therefore concluded from the observed k-1/T correlation that

ligonucleotides conformations could be kept unchanged on the
onolithic column during the separation process at various col-

mn temperature. However, conformations of oligonucleotides like
airpins were sensitive to temperature on the particle-packed
olumns. The comparison of overall retention order on differ-
nt columns also suggested that hairpin conformations were
ore easily deformed when oligonucleotides passed through the

article-packed columns, leading to more complex and ruleless
etention behaviors. In conclusion, monolithic alkylsilane columns
ossess attractive advantages not only in IP-RPLC separation opti-
ization but also in retention study of oligonucleotides related to

econdary structure especially for hairpins.
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