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H I G H L I G H T S G R A P H I C A L A B S T R A C T

� The effect of organic sample solvents
in SCX mode were systematically
studied.

� Organic sample solvents affect the
separation efficiency in SCX mode
seriously.

� Elution strength of organic solvents
affect efficiency of later-eluted ana-
lyte.

� Retention of organic solvents affect-
ed efficiency of earlier-eluted ana-
lyte.

� The results can be used for the
optimization of SCX methods.
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A B S T R A C T

This study investigated the influence of organic sample solvents on separation efficiency of basic
compounds under strong cation exchange (SCX) mode. The mixtures of acidic aqueous solution and
organic solvent such as acetonitrile, ethanol, methanol and dimethyl sulfoxide (DMSO) were tested as
sample solvents. For later-eluting analytes, the increase of sample solvent elution strength was responsible
for the decrease of separation efficiency. Thus, sample solvents with weak elution strength could provide
high separation efficiencies. For earlier-eluting analytes, the retention of organic sample solvents was the
main factor affecting separation efficiency. Weakly retained solvents could provide high separation
efficiency. In addition, an optimized approach was proposed to reduce the effect of organic sample solvent,
in which low ionic solvent was employed as initial mobile phase in the gradient. At last, the analysis of
impurities in hydrophobic drug berberine was performed. The results showed that using acidic aqueous
methanol as sample solvents could provide high separation efficiency and good resolution (R > 1.5).
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1. Introduction

Strong cation exchange (SCX) is widely applied to separate
various analytes including ions [1], proteins [2–4], peptides [5–7]
and basic compounds [8–14]. Using SCX to separate basic
compounds offers following advantages: (i) strong retention of
polar basic compounds [12,14]; (ii) quite different separation
mechanism [13] from reversed phase liquid chromatography
(RPLC) [15] and (iii) high selectivity between basic compounds and
non-basic compounds which can be used to selectively enrich [16]
or separate basic compounds [15]. Most of basic compounds are
hydrophobic and always have poor solubility in aqueous solvents.
Hence organic solvent is usually needed to dissolve the basic
compounds. Such organic sample solvent has been observed to
cause peak broadening, distortions or even splitting of peaks
[17–19].

In recent years, many reports discussed the effect of sample
solvent in RPLC [17,18,20], hydrophilic interaction liquid chroma-
tography (HILIC) [21] and normal phase liquid chromatography
(NPLC) [22]. A simple way to reduce the effect of sample solvent is
to dissolve the sample with the solvents which closely approxi-
mated the composition of the initial starting mobile phase and
injecting with a proper volume [19], but this is not always practical.
For example, for the analysis of hydrophobic basic impurities in
pharmaceutical industry, a high content of organic solvent is
needed due to their poor solubility in water and at the same time a
large injection volume is usually necessary because of their low
concentration. Although the effect of organic solvent in mobile
phase under SCX mode has been extensively studied [11,12,14], the
effect in sample solvent has rarely been explored. In this study, the
effects of organic sample solvents on separation efficiency was
systematically investigated under SCX mode. Mixtures of water
and several typical organic solvents including acetonitrile, ethanol,
methanol and dimethyl sulfoxide were chosen to be sample
solvents and their influences on separation efficiency were
investigated. Furthermore, the practical methods for improving
separation efficiency were proposed.

2. Materials and methods

2.1. Chemicals

Cytosine, propranol and amitriptyline were purchased from TCI
(Tokyo, Japan). Sinomenine and berberine were from J&K (Hebei,
China). Acetonitrile (ACN), ethanol and methanol were obtained
from Merck (Germany). Dimethyl sulfoxide (DMSO) and formic
acid (FA) were obtained from J&K (Hebei, China). Acetone and
naphthalene were from Kermel (Tianjin, China). All solvents were
HPLC grade. Water was prepared by a Milli-Q system (Billerica, MA,
USA).

2.2. Instruments

The chromatographic system consisted a 2695HPLC pump and a
2489 ultraviolet-visible detector. Datas were collected and
analyzed by Empower software version 3.0. These instruments
and workstations were purchased from Waters (Milford, USA). The
retention of ACN, EtOH, MeOH and DMSO on XCharge SCX column
was measured using a chromatographic system (Htiachi,Tokyo,
Japan) which contained a 5110 pump, a 5210 auto sampler, a
5310 column oven and a 5450 refractive index (RI) detector. The
XCharge SCX column (150 mm length � 4.6 mm i.d., 5 mm dia.) was
purchased from Acchrom Co., Ltd. (Beijing, China), whose
stationary phase was ethylbenzenesulfonic acid group [13] and
synthesized by horizontal polymerization technique. The viscosity
of organic solvent solutions was tested by NDJ-79 viscometer (San
Se, Shang Hai, China). The pH value was measured by an ORION pH
meter (Model 686, Thermo Fisher, USA).

2.3. Sample preparation

10 mL stock solution containing 67 mg amitriptyline, 54 mg
propranolol, 50.5 mg sinomenine and 40 mg cytosine was pre-
pared. To study the effect of organic solvents, 20 mL stock solution
was added into the following sample solvents: organic solvent/
water/formic acid (200/800/1, v/v/v), (500/500/1, v/v/v) or (900/
100/1, v/v/v). To study the effect of the mixture of organic solvent
and salt, 20 mL stock solution was added into sample solvents
consisting of 40% ACN and 50 mM NaH2PO4 (pH 2.8). For each of
these four sample solvent compositions, serial dilutions were
made to accommodate injection volumes from 1 to 100 mL while
maintaining equivalent mass loads in the linear isotherm range.

2.4. Data analysis

Separation efficiency (N) was measured according to United
States Pharmacopoeia (USP): N = 5.54 (tR/Wh/2)2. tR is retention
time. Wh/2 is the peak width at half-height, obtained directly by
electronic integrators.

2.5. Retention of organic sample solvents

The retentions of organic sample solvents were detected by RI
detector [18,23]. The retentions of 90% ACN, 90% ethanol, 90%
methanol, and 90% DMSO with different injection volumes were
measured. The mobile phase was ACN/100 mM NaH2PO4 (pH 2.8)/
water (40/50/10, v/v/v). In addition, a solution which has the same
composition with mobile phase was injected to obtain system
peaks.

3. Results and discussion

According to the previous observations [12,24], the hydropho-
bic interaction has an influence on the total retention of basic
compounds under SCX mode. However, organic solvent is always
inevitably used to assist the solubilization of basic compounds.
Herein the influence of organic sample solvents on the separation
efficiency of basic compounds was explored by using four common
organic solvents including ACN, EtOH, MeOH and DMSO. Four basic
compounds with various pKa and log P (their chemical structures
are illustrated in Fig. 1) were used as model sample to evaluate the
effect of organic sample solvents. Because the retention of charged
analyte was related to its ionization state and sample solvents
which have not been acidified will lead to peak distortion and
efficiency decrease of the analytes under SCX mode (Figs. S1–S4).
Thus 0.0265 mol L�1 formic acid was applied to acidify sample
solvents and ionize analytes.

3.1. Effect of organic solvent type

Acetonitrile is mostly used in RPLC and SCX system as it
provides symmetric peak shape and good selectivity. Ethanol and
methanol are usually applied to extract compounds from natural
products. DMSO is also a commonly used solvent due to its good
ability to dissolve a wide variety of analytes at high concentration
[21,25]. Therefore, these four organic solvents mixed with acidic
aqueous solution, which organic solvent/water/formic acid is 900/
100/1 (v/v/v), were used as sample solvent and their effects on
separation efficiency under SCX mode were investigated
(Fig. 2(A)).

When 90% acetonitrile is used as sample solvent, a loss of 5%, 9%,
19% and 21% of efficiency is observed for cytosine, sinomenine,



Fig. 3. Plot of k vs. 1/[Csalt] on SCX column. A: ACN, B: 100 mM NaH2PO4 (pH 2.8), C:
water; mobile phase was: 40% A, 20%/30%/40%/50%/60% B. The flow rate was
1.0 mL min�1.

Fig. 1. The chromatogram of cytosine, sinomenine, propranolol and amitriptyline.
Mobile phase was ACN/100 mM NaH2PO4 (pH 2.8)/water (40/50/10, v/v/v). The flow
rate was 1.0 mL min�1.
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propranolol and amitriptyline respectively, compared to which of
water/formic acid (1000/1, v/v) used as sample solvent. It is
interesting to note that 90% acetonitrile sample solvent had a more
dramatic influence on later-eluting peaks, which is much different
from that of RPLC mode [19,20]. In RPLC mode, a high content of
acetonitrile as sample solvent, the efficiency of weakly retained
analyte decreases more obviously than that of strongly retained
Fig. 2. (A) The influence of organic solvent type on the separation efficiency of basic
compounds. Sample solvents were organic solvents/water/formic acid (900/100/1,
v/v/v) and water/formic acid (1000/1, v/v). Separation efficiency was not reported
for cytosine in 90% DMSO due to the distorted peak shape. (B) Chromatogram of
basic compounds when 90% DMSO was used as sample solvent. The injection
volume was 100 mL. Mobile phase was ACN/100 mM NaH2PO4 (pH 2.8)/water
(40/50/10, v/v/v). The flow rate was 1.0 mL min�1.
ones. According to our previous study [12] and the equation
(k = kRP + BIEX/[C+]m) developed by Luo et al. [24], each basic
compound had an BIEX value. The compound which has larger BIEX
value usually has longer retention under SCX mode (Fig. 3). With
increasing organic solvent content, the change of retention for
analyte which has a large BIEX value will be more dramatic [12]. If
the organic solvent content in sample solvent is higher than in the
mobile phase, the migration velocity of analyte which has larger
BIEX value in the sample solvent is much larger than in the mobile
phase. As the leading front of the analyte band moves faster than its
rear front, the analyte band is stretched and results in peak
broadening. For analyte which has a small BIEX value, peak
broadening is not obvious, since the difference of its migration
velocity in sample solvent and in mobile phase is minor.

Using 90% DMSO as sample solvent, the separation efficiencies
of sinomenine, propranolol and amitriptyline are decreased by
16%, 13% and 9%, respectively. The change of cytosine efficiency
could not be measured, since peak splitting is observed under this
condition (Fig. 2(B)).Thus the influence of DMSO on weakly
retained basic compound is more dramatic than that of strongly
retained one, which is not consistent with the influence of
acetonitrile. Upon further study, this behavior is related to the
retention of organic solvent. Loeser and Drumm [18] has been
reported that the sample solvent produced peak broadening effects
for the analytes which eluted immediately after the sample solvent
under RPLC mode, and the most noticeable loss of separation
efficiency for the analyte is observed when it is eluted very close to
the injection solvent plug. As shown in Table 1 (the solvent
injection chromatograms have been shown in Fig. S5), the
retention of organic solvents increase in the order: methanol �
acetonitrile < ethanol < DMSO. DMSO has the longest retention
time (4.04 min). For weakly retained base (cytosine), whose
Table 1
The retention time (min) of organic sample solvents with different injection
volumes.

Volume/solvent 1 mL 10 mL 50 mL 100 mL

MeOH 2.080 2.092 2.162 2.190
ACN 2.256 2.254 2.301 2.376
EtOH 2.488 2.571 2.800 3.080
DMSO 2.574 2.596 3.561 4.043

Organic sample solventsconsisted of organic solvent/ water/formic acid (900/100/1,
v/v/v). The injection volume was 1, 10, 50 and100 mL, respectively. The mobile phase
was ACN/ 100 mM NaH2PO4 (pH 2.8)/water (40/50/10, v/v/v).



Table 2
The strength of organic solvents.

ACN EtOH DMSO MeOH

tR(naphthalene)/min 7.639 9.471 9.863 12.477

tR(naphthalene): the retention time of naphthalene on SCX column. The mobile
phase was organic solvents/water (10/90, v/v). The flow rate was 1.0 mL min�1.
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retention time is 5.25 min, the loss of separation efficiencies
increase in the order: methanol � acetonitrile < ethanol < DMSO.
This agrees well with the order of retention of organic solvents.
Therefore, the strong retention of sample solvent is the main factor
for the decreasing efficiency of cytosine. For strongly retained basic
compounds, they are less affected by strongly retained sample
solvent, since sample solvent plug has been diffused by mobile
phase at the time the analyte band elutes.

When 90% methanol is used as the sample solvent, 12%, 4%, 10%
and 6% of separation efficiencies was lost for cytosine, sinomenine,
propranolol and amitriptyline, respectively. In comparison, the loss
of separation efficiency for 90% ethanol solvent is 21%,13%, 20% and
15% for cytosine, sinomenine, propranolol and amitriptyline,
respectively. The decreases of separation efficiencies for all
compounds are more pronounced using ethanol than methanol.
As shown in Table 2, the elution strength of ethanol is stronger than
methanol. Furthermore, the retention of ethanol is larger than
methanol. Thus, the influence of ethanol on separation efficiency is
more noticeable than that of methanol.

As a conclusion, the elution strength and retention of organic
solvent contributes to the change of analyte separation efficiency.
In this study, the ability to elute naphthalene was tested to
demonstrate the elution strength of organic solvents and the
elution strength increases in the order (Table 2): methanol <

DMSO < ethanol < acetonitrile. For strongly retained bases, the
influence of organic solvent elution strength on separation
efficiency is more significant than that of organic solvent retention.
For example, the loss of efficiency of amitriptyline increases in the
order: methanol < DMSO < ethanol < acetonitrile, which agrees
well with the elution strength of these solvents. Nevertheless,
Fig. 4. The separation efficiency of basic compounds with various injection volumes. 

injection volume was 1,10, 50 and 100 mL, respectively. Separation efficiencies were not re
distorted peak shapes. Mobile phase was ACN/100 mM NaH2PO4 (pH 2.8)/water (40/50
for weakly retained bases, the strong retention of sample solvent is
the main factor influencing efficiency.

3.2. The effect of injection solvent volume

The effect of sample volume was also investigated, as shown in
Fig. 4. There is no distortion in the separation efficiencies of all
analytes when the injection volume is 1 mL. However, with
increasing injection volume, the separation efficiency decreases.
For strongly retained compounds (e.g., amitriptyline), the decrease
of efficiency is the most obvious for 90% ACN solvent, which is
consistent with the change of the elution strength of sample
solvents. Therefore, the increase of sample solvent elution strength
is the main reason for the decrease of separation efficiency of
strongly retained compounds. For weakly retained compounds
(e.g., cytosine), the decrease of efficiency is much less for 90% ACN.
As discussed in Section 3.1, the increase of sample solvent retention
is the main factor for the efficiency decrease of earlier-eluting
analyte. The retentions of all selected organic solvents obtained
with different injection volumes are listed in Table 1. The change of
the retention time for model organic solvents increases in the
order: methanol � acetonitrile < ethanol < DMSO. As a result, the
loss of cytosine efficiency is in the same order.
Sample solvents were organic solvents/water/formic acid (900/100/1, v/v/v). The
ported for cytosine in 90% DMSO with injection volume 50 mL and 100 mL due to the
/10, v/v/v). The flow rate was 1.0 mL min�1.



Fig. 5. The separation efficiency of basic compounds using various contents organic solvent as sample solvent. All of solvent contained 0.0265 mol L�1 formic acid. The
injection volume was 100 mL. Value was not reported for cytosine in 90% DMSO with injection volume 100 mL due to the distorted peak shape. Mobile phase was ACN/100 mM
NaH2PO4 (pH 2.8)/water (40/50/10, v/v/v). The flow rate was 1.0 mL min�1.

Fig. 6. The effect of the mixture of organic solvent and aqueous salt. The sample
solvent is 40% ACN-formic acid (ACN/water/formic acid: 400/600/1, v/v/v) or 40%
ACN-50 mM NaH2PO4 (ACN/100 mM NaH2PO4, pH 2.8/water: 400/500/100, v/v/v).
The injection volume was 100 mL. Mobile phase was ACN/100 mM NaH2PO4 (pH
2.8)/water (40/50/10, v/v/v). The flow rate was 1.0 mL min�1.
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3.3. Effect of organic solvent content in the sample solution

High content organic solvent is usually applied to improve the
solubility of samples, especially for hydrophobic samples. Fig. 5
demonstrates the effect of organic solvent content on separation
efficiency. It can be seen that the separation efficiency decreases
with the increase of the content of organic solvent in the sample
solution. As similar to Section 3.2, for strongly retained
compounds (e.g., amitriptyline), the decrease of efficiency is
more significant with the change of ACN content. The increase of
the organic solvent content leads to an increase of the sample
solvent elution strength and the loss of analyte separation
efficiency. For weakly retained compound (cytosine), the de-
crease of efficiency is the most obvious by changing the content of
DMSO. Thus the retention time of organic sample solvents is the
main factor influencing separation efficiency of weakly retained
compound.

In addition, the viscosity of sample solvent is usually reported
as one factor for the separation efficiency decrease of earlier-
eluting analyte [17]. According to viscosity fingering theory, peak
distortion increases as the difference in the viscosity of mobile
phase and sample dilution increases. The viscosity of 90% DMSO
and 50% DMSO are measured to be 3.34 mPa s�1 and 3.61 mPa s�1

respectively (Fig. S6). Based on viscosity considerations, peak
distortion would be improved when 90% DMSO is used as sample
solvent instead of 50% DMSO. Nevertheless, the separation
efficiencies of earlier-eluting analytes obtained using 90% DMSO
are lower than using 50% DMSO, and the most notably the peak
splitting of cytosine was observed. These results suggest that the
increase of sample solvent viscosity is not the main factor for the
decrease of analyte efficiency.
3.4. Effect of the mixture of organic solvent and aqueous salt

Both acid and buffer solution can be applied to ionize basic
compounds. In above sections, formic acid was used to acidify
analytes. In this section, sample solvent was acidified via formic
acid and buffer solution, respectively. Fig. 6 shows the



Fig. 7. The separation efficiency of basic compounds using initial mobile phase without salts. Sample solvents were organic solvents/water/formic acid (900/100/1, v/v/v). The
injection volume was 1, 10, 50 and 100 mL, respectively. (A) ACN, (B) 100 mM NaH2PO4 (pH 2.8), (C) water(containing 0.0265 mol L�1 formic acid). Mobile phase were: 0–5 min,
A/B/C: 40/0/60 (v/v); 5–10 min, A/B/C: 40/0/60 ! 40/50/10 (v/v/v). The flow rate was 1.0 mL min�1.
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corresponding separation efficiencies of four basic compounds
when the sample solvent is 40% ACN-formic acid (ACN/water/
formic acid: 400/600/1, v/v/v) or 40% ACN-50 mM NaH2PO4 (ACN/
100 mM NaH2PO4, pH 2.8/water: 400/500/100, v/v/v). As shown,
high separation efficiency can be obtained for all compounds
dissolved in 40% ACN-formic acid. However, when 40% ACN-
50 mM NaH2PO4 is used to diluted samples, the separation
efficiencies of all analytes are sharply decreased. Compared to
using 40% ACN-formic acid as sample solvent, the separation
efficiencies of cytosine, sinomenine, propranolol and amitripty-
line are decreased 37%, 15%, 11% and 7%, respectively. Thus,
improved separation efficiency under SCX mode can be obtained
by using acid acidified sample solvents, especially for weakly
retained compounds.
Fig. 8. (A) The influence of organic sample solvents on the resolution of impurities of be
The injection volume was 5, 10 and 50 mL, respectively; (B) chromatogram for the analysi
injection volume was 50 mL. Mobile phase was ACN/100 mM NaH2PO4 (pH 2.8) (50/50
3.5. Practical methods for separation efficiency improvement

Sometimes, samples can't be avoided to be dissolved in high
content organic solvent or salt, and injected with a large volume.
Thus, it is necessary to develop a practical method used in such
cases with much less loss of separation efficiency. Under SCX
mode, if the salt concentration is low enough, the analytes can't be
effectively eluted since salt is required for the elution of analytes
from ion exchange sites. As a result, the analytes would be enriched
in the column head while the sample solvents were eluted, and
thus the effect of the solvent is minimized. Based on such idea, the
mobile phase condition chosen was as follows. 40% ACN, 0–5 min
and 40% ACN, 0–50 mM NaH2PO4 (pH 3.2), 5–10 min. (Note, there is
no salt in the initial starting moble phase.) As shown in Fig. 7, the
rberine. Sample solvents were organic solvent/water/formic acid (900/100/1, v/v/v).
s of berberine. Sample solvent was MeOH/water/formic acid (900/100/1, v/v/v). The
, v/v). The flow rate was 1.0 mL min�1.
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negative effect of organic solvent has been greatly improved. Even
if the content of organic solvent in sample solvent is as high as 90%
and injected sample volume is as large as 100 mL, the change of
efficiency is minor for all compounds.

3.6. Application

The impurities in drug may have different bioactivities and
sometimes are even toxic. Therefore, the analysis of impurities is
indispensable in the pharmaceutical industry. Berberine is an
important drug which has been tested and used successfully in
experiment [26,27] and human diabetes mellitus [28,29]. Organic
solvent (organic solvent/H2O/formic acid, 900/100/1, v/v/v)
including acetonitrile, DMSO and methanol are utilized for sample
dilution, since they tended to solubilize berberine readily. To
determine or purify these impurities, high injection volume is
needed. It can be seen in Fig. 8A, the resolution of these two main
impurities decreases as the injection volume increases, especially
for the sample which diluted in DMSO and acetonitrile. Therefore,
the sample solvent with long retention and high elution strength
has a more dramatic influence on peak shape. Dissolving samples
in acidic aqueous methanol, the solubility of samples can be
enhanced and good resolution (R > 1.5) can be maintained (Fig. 8B).

4. Conclusion

The effects of organic sample solvents on separation efficiency
under SCX mode were investigated systematically by diluting basic
compounds with various organic solvents. The effects of organic
solvents, including acetonitrile, ethanol, methanol and DMSO,
were initially evaluated with basic compounds under SCX mode.
The results indicated the elution strength and retention of sample
solvent accounted for the loss of separation efficiency. For strongly
retained analytes, the separation efficiency can be improved by
diluting samples with weak elution strength organic solvent, such
as methanol. For weakly retained analytes, high separation
efficiency can be obtained by using weakly retained solvent, such
as acetonitrile and methanol. If choosing sample solvent was not
an option, the influence of organic solvent can be improved by
using starting mobile phase which did not contain salt. The results
obtained here can be used to optimize SCX methods and to explain
the potential retention mechanisms under SCX mode.
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