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Abstract
Separating amphiphilic compounds from complex matrix is challenging. Surfactin, cyclic lipopeptides group, was used as 
a model to find the proper separation conditions and parameters. The aim of the work was to solve the emulsification plug 
problem in countercurrent partition chromatography (CPC). The selected solvent system was a composition of n-heptane/n-
butanol/methanol/aqueous buffer (20 mM disodium phosphate with 50 mM NaCl) at a ratio of 2:3:2:3. Several elution method 
modifications were applied. The most important was an appropriate mobile phase flow rate adjustment (flow rate gradient), 
minimizing the risk of stationary phase leakage. During the CPC procedures, the hydrostatic pressure was monitored as a 
factor of stationary phase retention. The hydrostatic pressure indicated the biphasic system’s stability. A flow rate of 2 ml/
min resulted in column stabilization and peak resolution during chromatographic separation. In order to avoid uncontrolled 
leakage, the flow rate was increased gradually. At 3.5 ml/min, there was a small loss of the stationary phase as the hydro-
static pressure decreased from 32 to nearly 18 bar. After designing the method, it was tested with SU containing extracts 
obtained from SSF to show its effectiveness. Our results showed that the single dual-mode method can be used to remove 
matrix’s impurities and separate surfactin as a mixture of homologues with more than 80% purity. Moreover, application of 
the double dual-mode method allows for the isolation of fractions containing individual surfactin homologues in amounts 
of about 70% of the sample, which makes it possible to conduct further biological research.

Keywords  Surfactant · Surfactin · Purification · Centrifugal partition chromatography (CPC) · Countercurrent 
chromatography (CCC) · Emulsification · Sample plug

1  Introduction

The purification of natural products from solid state fer-
mentation process (SSF) is a very demanding and com-
plicated task due to the necessity of solid phase extraction 
and handle with complicated sample matrix. An example of 
such compounds are cyclic lipopeptides (CLP) which are 
biosurfactants (BS) of increasing interest to scientists and 
industrial manufacturers. One of the most known CLP is 
surfactin (SU) produced by some Bacillus subtilis strains. It 
is a group of compounds based on heptapeptide ring (ELV-
LDLL) closed with a lactone bond by β-hydroxyl fatty acid. 
Similar to the other CLP, SU is a secondary metabolite pro-
duced by nonribosomal peptide synthetases (NRPS) so it 
constitutes wide group of structures [1]. Its diversity relies 
on different numbers of carbon atoms and branching in the 
fatty acid part of the molecule (n-, iso-, and anteiso- forms). 
Additionally, a different substitution of amino acids in the 
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ring is possible, but the chirality pattern (LLDLLDL) is 
always unchanged [2, 3]. Due to its surface activity, emul-
syfing properties, biocompability, and biological activities 
as an antitumor, antiviral, and antifungal, it has been used 
to stabilize carrier biosystems [4–6]. The best known and 
widely used method of surfactin production is submerged 
fermentation (SmF) which has numerous described isolation 
methods [7, 8]. Nevertheless, the SSF appears to be a better 
choice for the production. It gives much higher yields of 
secondary metabolites, allows the use of agricultural waste 
(such as rapeseed meal, molasses, or oat husk) as substrates, 
and is a much cheaper and less complicated process to carry 
out than SmF [9]. However, an unsolved problem is the iso-
lation of pure surfactin from the fermented biomass. The 
crude product has complicated matrix and constitutes the 
minority of the sample. In such a situation, commonly used 
methods like preparative HPLC cannot be used due to the 
silica resign containing columns’ limitations.

Counter-current chromatography (CCC) increasingly 
solves that problem [10, 11]. Centrifugal partition chroma-
tography (CPC) is a hydrostatic variant of CCC, where sta-
tionary phase retention is maintained by a centrifugal field 
[12]. As stationary and mobile phases in CPC are a system of 
two immiscible liquids, there is no need to exploit typically 
used solid packed columns. They are replaced by a rotor con-
sisting in small cells connected in series, where one such cell 
filled with a biphasic liquid system constitutes a physically 
existing theoretical plate [13]. The rotor content can be eas-
ily replaced with new phases so this solution allows to avoid 
any limitations of solid packed columns. Firstly, injection of 
highly contaminated samples with a complex composition 
without risk of damage, blockage, or contamination of the 
chromatographic resign is possible. Moreover, there is no 
irreversible adsorption of the analyte and therefore product 
loss is not a problem. Thirdly, the rotor can be filled with 
any system of two immiscible liquids designed on the basis 
of the analyte’s properties, so there is no need to purchase 
special dedicated columns [14]. In addition, by selecting 
the correct size of the rotor, the method can be scaled-up 
[15]. Ultimately, CPC is low solvent consuming compared to 
other preparative-scale chromatographic methods [16]. All 
these advantages result in several solutions based on CPC, 
for example, isolation of xylindein produced by Chlorocibo-
ria auruginosa [17], monosacharides from hydrolyzed sugar 
beet pulp [18], flavonoids and stilbenoids from Parthenocis-
sus tricuspidata [16], geniposide from Gardenia jasminoides 
[19], or n-alkylresorcinols from wheat bran [20].

BS which are often present in natural matrixes exhibit 
emulsifying properties, which negatively affects the stability 
of the biphasic system in countercurrent chromatography. In 
CPC stationary, phase retention inside the rotor is maintained 
by a centrifugal field. The classic method of improving sta-
tionary phase retention consists in decreasing the flow rate 

and increasing the rotational speed. As a result, the stationary 
phase becomes more controllable, but the separation time 
significantly increases [21]. The main difficulty in optimizing 
CPC separation conditions of amphiphilic compounds is to 
find a proper solvent system, and the problem lies in the dif-
ferent partition coefficients (KD) of the substances to be sepa-
rated. According to Martin and Synge [22–24], the peaks of 
the separated substances should be mathematically assigned 
to their partition coefficients. The ratios of KD values for 
neighboring peaks (known as α coefficients) in the simple 
CCC procedure should exceed 1.5 [25]. Nevertheless, the 
separation of chromatographically neighboring compounds 
with α lower than 1.5 is possible if the dual-mode method for 
CCC/CPC proposed by Bruening et al. [26] or the multiple 
dual-mode method [27] is used. The (multiple) dual-mode 
method involves the inversion of the separation modes at a 
certain moment of the procedure. After such inversion sta-
tionary phase becomes a new mobile phase and the mobile 
phase becomes a new stationary phase so the basic mode of 
operation reverses. The (multiple) dual-mode procedure can 
increase the number of theoretical plates for better separation 
and sometimes is the only way to separate the nearest peaks 
of the desired analytes [27]. In case of BS separation the 
amphiphilic properties can cause an emulsification sample 
plug [28], which may lead to a complete “wash-out” of the 
stationary phase without any separation. The most common 
solution is to decrease the flow rate of the mobile phase and 
increase the rotational speed in order to separate the phases in 
a stronger centrifugal field. Marchal et al. [20] demonstrated 
that by using the pseudo-ternary diagram it is often possible 
to find some system stability limitations after sample injec-
tion (e.g., the amount of the injected sample) before starting 
the CPC procedure.

In this publication, CPC is presented as an effective 
tool to isolate pure surfactin from SSF production. Firstly, 
we adopted surfactin as a model biosurfactant in order to 
find the solution to the emulsification plug problem, which 
included appropriate optimization of flow rate and centrifu-
gal field. The second aim of this research was to show CPC 
as a method able to purify BS from complicated mixtures 
and to separate its particular isoforms with satisfactory puri-
ties. We developed a new method to separate amphiphilic 
compounds from complex matrixes using CPC with Bacillus 
subtilis surfactin as a model.

2 � Materials and methods

2.1 � Materials

HPLC gradient-grade methanol and acetonitrile were pur-
chased from Merck (Chromasolv). Methanol, n-butanol, 
n-heptane, other analytical-grade solvents for CPC, and salts 
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(NaCl and Na2HPO4*12H2O) were purchased from Chem-
pur (Tarnowskie Góry, Poland). Surfactin standard and SSF 
extracts for purification tests were obtained as a gift from the 
InventionBio company. The water used was deionized using 
the HLP104V Hydrolab reverse-osmosis system (Wiślina, 
Poland).

2.2 � Surfactin extraction from fermented biomass

The biomass from SSF process was obtained as a gift 
from InventionBio SA biorefinery. In the first step it was 
extracted with 0.1 M NaHCO3(aq) and centrifuged. Then 
the supernatant was collected and the extraction step was 
repeated. Combined extracts were acidified with 6 M 
hydrochloric acid to pH=2 and left at 4°C overnight to 
precipitate all the surfactin. Next day the solid residue 
was isolated after centrifugation and freeze-dried. The 
obtained solid, brown crude product was analyzed with 
HPLC-UV-MS in order to identify surfactin and measure 
its content. Then sample was injected directly for the puri-
fication with CPC.

2.3 � High‑performance liquid chromatography

Surfactin was analyzed using HPLC-UV-MS system (Acqui-
tyArc, Waters) equipped with a Cortex C18 column (4.6 × 
50 mm, 2.7 μm). The column temperature was set to 40°C 
and samples were kept at 15°C. The mobile phase consisted 
of acetonitrile and water both with addition of formic acid 
(0.1% volume). The separation method was 10 min long, 
starting from 1:1 (v/v) mixture with increasing acetonitrile 
gradient and flow rate 1.0 ml/min. The quantitative detec-
tion was conducted with UV lamp set to 207 nm. For the 
homologue identification, surfactin was analyzed with an 
additional single quadrupole mass detector. Then m/z values 
and retention times were compared with the standard and 
used to distinguish the homologues based on their molecular 
masses.

2.3.1 � Analysis of extracts and fractions

The SSF extracts were analyzed before the CPC proce-
dure in order to determine the surfactin content. For this 
purpose, 5 mg of crude product was dissolved in 2 ml of 
MeOH and shaken for 30 min at room temperature. Then 
the suspension was centrifuged (13.4k rpm, 5 min), filtered 
through a syringe filter (0.22 μm) and injected to the HPLC 
analysis. Quantitative analysis was done based on the exter-
nal standard. Every fraction isolated during the CPC pro-
cedure was analyzed in the following way: 500 μL aliquot 
was evaporated, suspended in 1 ml of methanol and filtered 
through a 0.22-μm syringe filter. Then 10 μL were injected 
for analysis.

2.4 � Pseudo‑ternary diagram

To prove the applicability of the selected biphasic system, a 
phase diagram was prepared. Two experiments were carried 
out for its preparation. In the first one, 1 ml surfactin solutions 
in the lower phase (mass concentrations: 2, 5, 7, 12, 15, 17, 
20, 25%) were prepared and titrated with the upper phase, 
using 50 μl aliquots. The second experiment consisted in pre-
paring the same surfactin concentrations in the upper phase 
and titrating them with the lower phase (using the same ali-
quots). All the solutions were placed in glass tubes equipped 
with plastic stoppers (to avoid changes in solvent composition 
through evaporation). The titration was conducted until the 
first biphasic system appeared. The experimental results were 
used to approximate the solubility isotherm (the dashed line) 
in the Gibbs triangle diagram. The blue points in the diagram 
represent the experimental data. The experiments were carried 
out under standard conditions (289.15 K, 105 Pa). After the 
diagram was prepared, two points were marked — the highest 
and the lowest possible surfactin concentration inside the rotor 
during the procedure.

2.5 � Centrifugal partition chromatography

2.5.1 � Apparatus

Spot CPC apparatus made by Gilson Glider was used for 
CPC. Each item of the apparatus had two separate rotors 
(1000 ml and 250 ml) and was equipped with the PLC21250 
preparative chromatography system with an integrated 
control module together with the Armen Glider 5.1 CPC 
software. The 250 ml rotors were used in the experiments 
described below. The integrated detectors were 254 diode 
DADs (200-600 nm).

2.5.2 � Determination of solvent system for CPC

About 40 solvent systems were tested: starting with the Ari-
zona range (including hexane), followed by systems with 
n-butanol and ending with systems with dichloromethane 
(see supplementary data SM1). All the systems were tested 
using the traditional shake-flask method and a surfactin con-
centration of 1 mg/ml (calculated for the whole system vol-
ume). After many experiments only the systems with salts 
and buffers were found to be useful. In order to determine 
the upper phase/lower phase partition coefficients of the 
surfactin analogues, the following experiment was done. A 
surfactin sample (10 mg) was dissolved in 5 ml of the lower 
phase. Then 1 ml of this solution was mixed with 1 ml of 
the upper phase and left for the two phases to separate. 500 
μl of each of the phases was isolated and evaporated. The 
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remaining solid was dissolved in methanol, filtered and ana-
lyzed using HPLC. The areas under the peaks of the surfac-
tin analogues provide information about the partition ratio.

The final system consisted of a phosphate-saline buffer, 
methanol, butanol and heptane at a ratio of 3:2:3:2 (v/v/v/v). 
The phosphate-saline buffer was made of 20 mM of alkali 
disodium phosphate and 50 mM of sodium chloride. When 
the system was ready, the pH of the lower (water-containing) 
phase was close to 7.5.

2.5.3 � Column preparation

The column preparation program is shown in Table 2. Rotor 
filling was conducted at a rotational speed of 500 rpm and 
a flow rate of 30 ml/min. Stationary phase equilibration 
was performed at 2000 rpm and 8 ml/min. As a result of 
the equilibration with the mobile phase, the flow gradient 
decreased from 8 to 2 ml/min. The flow rate of 2 ml/min 
was maintained for a few minutes to stabilize the system. 
The flow rate reduction was necessary to bring the column 
to the initial (elution) conditions.

2.5.4 � Sample preparation

Injection was effected through an injection valve, using a 
5-ml sample loop. The loop was initially filled with the cho-
sen solvent system, using the upper phase and the lower 
phase at a ratio of 1:1 (v/v). The sample was dissolved in the 
solvent system to a final concentration of 40 mg/ml (in the 
system) and filtered. The total injection volume amounted 
to 5 ml (2.5 ml of the upper phase and 2.5 ml of the lower 
phase). In the case of SSF extracts, 600 mg of crude prod-
uct was suspended in 5 ml of the solvent system 1:1 (v/v), 
vortexed for 30 s, centrifuged (8k rpm, 3 min) and filtered 
through a 0.22-μm nylon syringe filter. The filtered solution 
was injected.

2.5.5 � Single dual‑mode & double dual‑mode procedures

Since the differences between the partition coefficients were 
not ideal, the dual-mode method procedures were applied. 
Single dual-mode elution was used in the program shown in 
Table 2. The single dual-mode procedure involves the simple 
dual-mode method with a single switching of the ascend-
ing/descending (ASC/DSC) valve during elution. Double 
dual-mode elution was performed using a program listed 
also in Table 2. The double dual-mode procedure involves 
a double switching of the ASC/DSC valve during elution 

and has been confirmed by several independent experiments 
(see supplementary data SM2). In both cases, the 207-nm 
wavelength was monitored.

3 � Results and discussion

3.1 � CPC as a solution for complicated samples

The procedures published so far for the isolation of bio-
surfactants from fermented biomass are mainly analytical 
procedures based on methanol extraction [29–32]. In the 
case of preparative methods, extraction with methanol is 
only the first stage, followed by purification with activated 
carbon, recrystallization from an acetone/water system 
and injection into a chromatographic C18 column. Then 
the isolated fractions are subjected to further purification 
stages [33]. Other methods describe ethanol extraction and 
direct injection of crude extract to a C18 column but there 
is no data about the purity of separated surfactin [34]. 
As another example, C. T. Slivinsky et. al. published a 
strategy for the isolation of surfactin for analytical pur-
poses. The biomass was extracted with water and then this 
extract was acidified in order to precipitate crude surfactin. 
The crude product was dissolved in distilled water and 
extracted with a mixture of chloroform and methanol to 
give a purified sample subjected to HPLC analysis [35]. 
Based on this method, the extraction with base addition 
(NaHCO3) was performed and then the crude surfactin 
was precipitated. The extract obtained from SSF product 
was a brown, sticky powder with 20% w/w surfactin con-
tent, which means that impurities constitute the major-
ity of the sample. Due to the limitations of silica-packed 
columns (such as irreversible adsorption or possibility of 
damage and blockage), preparative HPLC cannot be used 
for this type of analytes without additional purification 
steps. Therefore CPC, a variant of liquid-liquid chroma-
tography, appears to be the solution. However, amphiphi-
lic substances significantly decrease interfacial tension, 
which results in emulsification of the mobile and station-
ary phases. Unlike the case of non-surfactants (for which 
the CPC method is typically used), the injected concentra-
tion of surfactants is significantly lower and leads to the 
complete “wash-out” of the stationary phase due to sample 
emulsification and plugging. This applies also to samples 
in which surface-active compounds are present, making 
stationary phase retention difficult. As a result, the puri-
fication and separation of the other substances is difficult 
and sometimes simply impossible. This is why the typical 
separation conditions for the Gilson 250-ml CPC modules 
(recommended by the manufacturer) are inappropriate for 
surfactants. In the case of emulsifying compounds (for 
example surfactin), the flow rate and injection volume 
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should be decreased and the rotational speed increased, 
so these parameters had to be optimized.

3.2 � Characteristics of the selected biphasic system

The HPLC chromatogram of the mixture of C12, C13, C14, 
C15 and C16 homologues (Fig. 1) shows at least 2 peaks 
for each of the homologues (for their various isoforms). 
According to Y. Zhao et al. [36], there can exist three iso-
forms (n-, iso-, and anteiso-) for each of the homologues. 
Using the HPLC method, one can separate the individual 
isoforms, but one is unable to assign the particular peaks 
to a specific geometry. Therefore, for research considera-
tions, the isoforms of the individual homologues are dis-
tinguished on the chromatograms with symbols a, b, c as 
shown in Fig. 1. The partition coefficients for surfactin forms 

were determined using HPLC with UV detection (207 nm), 
and they are listed in Table 1. As expected, separation coef-
ficients α are not ideal. The desired values should be about 
1.5, while the coefficients obtained for the chosen biphasic 
system are approximately 1. However, the use of a switch in 
the flow direction during the separation procedure (multiple 
dual-mode) enables an increase in the resolution efficiency 
of the method in a way that compensates for the imperfect 
values of the α coefficients. Homologues with the longest 
and shortest chains (C16, C12 and C11) represent the small-
est quantities in the surfactin mixture (Fig. 1) and so they 
were observed in the UV chromatograms but not recovered 
from the fractions.

In order to simulate the behavior of the biphasic system 
during the separation, two points have been shown on the 
prepared pseudo-ternary phase diagram — the highest and 

Fig. 1   Structure and HPLC chromatogram of surfactin

Table 1   Partition coefficients 
for two-phase system 3:2:3:2 
(buffer: methanol : n-butanol: 
n-heptane), measured by HPLC, 
and separation coefficients for 
various surfactin forms

Retention 
time [min]

m/z Ion type Isoform Nerns partition coefficient 
([upper]/[lower])

Value of separation 
coefficient α

4.18 994.9 [M+H]+ C12.a 5.56 1.22
4.26 994.8 [M+H]+ C12.b 4.55 2.69
4.33 980.8 [M+H]+ C11.a 1.69 0.93
4.54 1008.9 [M+H]+ C13.a 1.82 1.22
4.64 1008.9 [M+H]+ C13.b 1.49 1.10
4.98 1022.9 [M+H]+ C14.a 1.35 0.94
5.10 1022.9 [M+H]+ C14.b 1.43 1.03
5.25 1008.9 [M+H]+ C13.c 1.39 1.13
5.46 1036.9 [M+H]+ C15.a 1.23 0.99
5.60 1022.9 [M+H]+ C14.c 1.24 1.12
6.02 1036.9 [M+H]+ C15.b 1.11 1.10
6.17 1050.9 [M+H]+ C16.a 1.01
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Fig. 2   Pseudo-ternary diagram 
of surfactin – lower and upper 
phase system (A - lower phase; 
B – upper phase; C – surfactin)

Table 2   Chromatographic 
programs used in CPC

Time [min:sec] Upper phase (initial 
mobile) [%]

Lower phase (initial 
stationary) [%]

Elution mode 
valve position

Flow rate, 
[ml/min]

Rotational 
speed [rpm]

CPC column preparation program
  0:00 0 100 Asc 30 500
  12:00 0 100 Asc 30 500
  12:03 100 0 Asc 8 2000
  30:00 100 0 Asc 8 2000
  35:00 100 0 Asc 2 2000
  40:00 100 0 Asc 2 2000

Single dual-mode elution (and extrusion) program
  0:00 100 0 Asc 2.0 2000
  30:00 100 0 Asc 3.5 2000
  1:15:00 100 0 Asc 3.5 2000
  1:15:03 0 100 Dsc 3.0 2000
  3:00:00 0 100 Dsc 3.0 2000
  3:00:03 0 100 Asc 30.0 500
  3:12:00 0 100 Asc 30.0 500

Double dual mode elution (and extrusion) program
  0:00 100 0 Asc 2.0 2000
  30:00 100 0 Asc 3.5 2000
  1:15:00 100 0 Asc 3.5 2000
  1:15:03 0 100 Dsc 3.0 2000
  1:50:00 0 100 Dsc 3.0 2000
  1:50:03 100 0 Asc 3.0 2000
  3:50:00 100 0 Asc 6.0 2000
  3:50:03 0 100 Asc 30.0 500
  4:12:00 0 100 Asc 30.0 500
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the lowest possible surfactin concentration. The point of the 
highest possible surfactin concentration is the composition 
of the injected sample. It was found by measuring volumes 
of the biphasic system’s lower and upper layers, which is 
marked on the diagram as a red square (Fig. 2). The lowest 
theoretical concentration of surfactin (which is not achieved 
during separation) is the result of its dissolution in the entire 
volume of the biphasic system (the rotor content). In order 
to find that point on the diagram, 245 ml of the two-phase 
mixture 1:1 (v/v) and 5 ml of the surfactin (200 mg) solution 
were placed in a graduated cylinder and mixed by shaking. 
Then the volumes of the phases were measured. The com-
position of the mixture is represented by the green square in 
the pseudo-ternary phase diagram (Fig. 2). It appears from 
the diagram that when the mass of the injected surfactin is 
200 mg, full miscibility of the phases during the separation 
process cannot be achieved, which makes separation pos-
sible. Surfactin content in crude extract is 20% by mass, 
which means that one gram of SSF extract can be injected 
for the separation with a 250-mL rotor filled with the sol-
vent system. In the case of example prep-HPLC procedure 
(preceded by a multi-stage purification) [34], there is no data 
about mass of the injected sample, but concluding from the 
used column, the maximum sample load is below 100 mg. In 
the case of the presented CPC method, the scale is ten times 
higher without additional purification steps. Moreover, com-
pared to the other published similar scale CPC procedures 
[37, 38], the mass of injected extract is two times higher.

3.3 � Single dual‑mode method optimization

In the first experiment, the elution flow rate was reduced 
from the standard flow rate to 4 ml/min, but this resulted in 
the uncontrolled wash-out of the rotor content. The emulsion 
(a mixture of the mobile phase and the stationary phase) 
which formed made absorbance registration impossible and 
caused a complete wash-out of the biphasic system. This 
behavior is characteristic for the emulsification sample plug 
[39, 40]. However, it was not expected because only 5 ml of 
the surfactin solution was injected (the surfactin concentra-
tion amounted to 40 mg/ml), which is a rather small quantity 
for a CPC column [20, 41]. A typical injection volume con-
stitutes 10% of the entire rotor capacity, while in our case it 
was 2%. The flow rate in the final stage of column prepara-
tion was set to 4 ml/min and rotational speed was increased 
to 2000 rpm (from the initially used 1600 rpm). After the 
first experiment, the method was changed, including column 
preparation and elution. The column preparation program 
shown in Table 2 was used in the further experimentation. 
The flow rate was decreased to 2 ml/min in the initial stage 
and then gradually increased during elution.

The single dual-mode elution (and extrusion) program 
is shown in Table 2. It involves single switching of the 

ascending/descending (ASC/DSC) valve during elution. 
The chromatogram obtained is shown in Fig. 3. Surpris-
ingly, there is a much higher affinity for the lower (aque-
ous) phase than the partition coefficients suggest. This was 
probably caused by micellization since surfactin may have 
a higher ability to create regular micelles in aqueous condi-
tions rather than reversed micelles (which can be formed in 
organic nonpolar systems) [42].

The hydrostatic pressure behavior is shown in Fig. 3 as 
the indicator for the biphasic system’s stability. Flow rate 
gradients from 2 to 3.5 ml/min were used, with no leakage 
of the stationary phase up to nearly 3 ml/min as no signifi-
cant loss of hydrostatic pressure occurred. When the flow 
rate was increased to 3.5 ml/min, there was a small loss of 
the stationary phase as the hydrostatic pressure decreased 
from c.a. 32 to nearly 18 bar. This slight gradient of the 
flow rate helped to push the surfactin through the col-
umn, widening the injection zone volume. The selected 
flow rate of 3.5 ml/min enabled the control of stationary 
phase flooding. The two advantages of the controlled small 
leakage (of the stationary phase) are (i) a smaller vol-
ume of the sample moves through the column (the injec-
tion zone volume is tighter) and (ii) there is more mobile 
phase, which becomes a stationary phase after the ASC/
DSC valve is switched, enabling better separation. After 
the ASC/DSC valve was switched, the hydrostatic pres-
sure initially increased and then decreased gradually to 
a stable point during the elution of the surfactin. Finally, 
the single dual-mode method, which allows the separation 
of surfactin as a mixture of homologues, was optimized. 
Such separation was conducted in reasonable time with 
low solvent consumption compared to other similar scale 
CPC procedures [37, 43, 44].

3.4 � Double dual‑mode method optimization

Double dual-mode elution was performed using the program 
listed in Table 2. The double dual-mode procedure involves 
a double switching of the ASC/DSC valve during elution. 
The DDM chromatogram, the flow rate and pressure meas-
urements are presented in Fig. 3. The first few steps were 
identical to those used in the SDM procedure, except that the 
ASC/DSC valve was switched a second time during the elu-
tion, enabling another ASC mode. During this second ASC 
mode, a further flow rate gradient was applied. The flow 
rate was increased from 3.0 to 6.0 ml/min at the end of the 
elution. This helped to elute the substances in a reasonable 
time. The elution would have lasted 2 h longer if the flow 
rate had not been increased through this gradient.

Interestingly, during this gradient step there was no sig-
nificant flooding of the stationary phase as the pressure 
decreased merely from 35 to 30 bar. This can be explained 
by the lowered local surfactin concentration due to the 
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separation of the homologues. The flow rate being increased 
up to 6 ml/min at the end of the double dual-mode procedure 
did not cause any significant stationary phase flooding, and 
separation was achieved in a reasonable time.

Application of double dual-mode made the surfactin peak 
much wider than in the single dual-mode method to such a 
degree that this peak can be split into fractions containing 
pre-purified individual surfactin homologues.

3.5 � Application for SSF extract

After finding the proper conditions with use of pure sur-
factin as a model, the designed method was tested with 
SSF extract. After injection and purification with the use 
of DDM program, eluted fractions were collected and 
analyzed with HPLC. The experiment results showed 
potential to isolate particular homologues. The collected 
fractions differed significantly in the quantitative ratio of 

surfactin homologues. The first to elute were the hydro-
phobic C16 and C15 ones, where the C16 homologue 
yield was very small due to its low content in the injected 
sample. The next homologues leaving the rotor were C14, 
C13, and C12 (similar to C16 in very small quantity). 
The main components C15, C14, and C13 accounted for 
60–70% of the fractions from which they were measured. 
Such purity allows for further separation using prepara-
tive HPLC in order to obtain 100% surfactin homologues, 
which are still not fully researched compounds. The chro-
matograms of selected fractions are shown in Fig. 4. Then 
to determine the overall surfactin content in the eluted 
product, all the fractions were mixed together and evap-
orated to dryness. The solid residue after dissolving in 
ethyl acetate was filtered through a short silica plug in 
order to reduce buffer salt content. Then the solution was 
evaporated to dryness giving a product with 80% purity 
(determined with HPLC).

Fig. 3   Single dual-mode (top) and double-dual-mode (bottom) of CPC procedures; chromatogram (left) and flow rate and pressure monitoring 
(right)



16341Biomass Conversion and Biorefinery (2023) 13:16333–16343	

1 3

4 � Conclusion

Our research has demonstrated that difficulties connected 
with samples’ complexity and the presence of amphiphilic 
substances in CPC use can be solved. We used surfactin — a 
biosurfactant naturally produced by Bacillus subtilis, having 
classic amphiphilic properties, as a model.

We have shown that the risk of stationary phase leakage 
can be significantly reduced if there is no large injection 
(its volume was reduced from the typically used 10 to 2% 
of the rotor capacity). But this also depends on the elution 
program. If the flow rate is decreased, and rotational speed 
increased, there is a higher chance for the stationary phase 
to be retained inside the column. Finally, flow rate was set 
to 2 ml/min and the rotational speed to 2000 rpm (while the 
standard conditions suggested by the producer are 5–8 ml/
min and 800 rpm). Such low flow rate makes the method 
time-consuming, so a simple gradient was introduced. Slow 
increase of the flow rate from 2 to 3.5 ml/min resulted in rea-
sonable separation time and no loss of stationary phase. The 
designed and tested methods turned out to be effective tools 
to isolate surfactin from complex mixtures of natural origin, 
and to separate its homologues with satisfactory purity. The 
injected extract contained 20% of surfactin by mass while 
the isolated product had more than 80% purity. Moreover, 
collection of the single fractions allows to obtain C13, C14, 
and C15 homologues with purity of about 70% (compared to 
the other homologues), which makes it possible for further 
research or purification. Our results show the first use of 
CPC in biosurfactant isolation after SSF process and give 
a solution to the problem of emulsification of the phases 
involved in the separation. In addition, despite the problem 
with phase emulsification, the developed methods have sat-
isfactory performance compared to other published applica-
tions of the CPC technique for natural product separation 
[37, 43, 45, 46]. The presented chromatographic technique 
showed significant advantages over the typical preparative 

chromatography. No need for additional sample purification 
before injection and the possibility of separating such a large 
sample in one experiment make it much easier, faster and 
cheaper to operate. In addition, the ease of scalability of the 
CPC technique opens the way to research on increasing the 
scale of surfactin purification. In addition, our results may 
be the basis for the application of the CPC technique in the 
purification of other biosurfactants.
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