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a b s t r a c t

Clavulanic acid (CA) is an important pharmaceutical compound produced by batch fermentation of
Streptomyces clavuligerus. Since, CA is chemically unstable, its downstream processing should be studied
to develop more efficient and resolute techniques. Herein, the use of aqueous two-phase systems (ATPS)
composed of cholinium chloride, [Ch]Cl, was proposed as a novel platform for the recovery and purifi-
cation of CA. Thus, the stability of CA in presence of different [Ch]Cl concentrations was initially studied,
and the high biocompatibility of this salt was demonstrated by the low CA degradation levels. Then, the
partitioning of CA using two types of polymeric ATPS has been investigated. Two ATPS formed by the
combination of [Ch]Cl and two polyethylene glycol (PEG) polymers, PEG 600 g mol�1 (PEG-600) and
polyethylene glycol methyl ether 550 g mol�1 (PEG-500-OMe), were used to assess the influence of the
PEG nature, in addition to the concentration of the phase forming agents on the CA partitioning. It has
shown that CA is almost equally distributed between the two-phases in equilibrium (0.6 < KCA < 1.6).
Nevertheless, the selective extraction of CA for the [Ch]Cl-rich or PEG-rich phase by the proper adjust-
ment of ATPS composition was attained. In the search for higher extraction efficiencies [EE (%)] and
partition coefficients (KCA), a second polymeric ATPS platform composed of PEG-600 and sodium poly-
acrylate 8000 g mol�1 (NaPA-8000), applying [Ch]Cl as adjuvant was tested. The main results suggest the
recovery of CA towards the PEG-rich phase (KCA � 5.6 ± 0.6 and EE � 85.5± 1.4%). The higher migration
levels of CA have mainly resulted from the electronegative repulsion of NaPA-8000 over CA molecules.
The ATPS with best performance for the CA extraction were selected for the recovery of CA directly from
fermented broth of Streptomyces clavuligerus. In this set of experiments, the highest values of CA recovery
yield and purification factor (respectively, 64.91± 1.99% and 22.70 ± 0.87) were attained for the systems
PEG-600/NaPA-8000 and PEG-600/[Ch]Cl, respectively.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Clavulanic acid (CA) is an organic compound which acts as a b-
lactamase inhibitor, presenting a broad-spectrum activity against
Gram-positive and Gram-negative bacteria [1]. It is widely used in
medicine as potassium salt in combination with other biologically
active compounds, such as antibiotics from the penicillin and
reira).
amoxicillin groups [2]. There are some studies pointing to addi-
tional activity of CA, namely those representing some modulation
effects in the central nervous system [3].

At industrial scale, CA is produced by batch fermentation using
mainly Streptomyces clavuligerus and its extraction and purification
is considered as a complex andmultistep downstream process. This
common process starts with the clarification of the medium by
filtration or centrifugation, followed by a further purification step,
normally involving an adsorption or liquid-liquid extraction step,
which commonly requires the use of potentially hazardous organic
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solvents. Finally, the final purification stage is based on the com-
bination of different chromatographic techniques [4e7]. It is well-
known that CA is chemically unstable due to its structure. Thus,
to keep its stability this compound ismostlymaintained in the form
of sodium, potassium or lithium salts. Even so the extraction yields
achieved nowadays are generally quite low making CA production
cost-intensive [2,5,8,9]. All these limitations have been pushing the
development or improvement of alternative, cheaper and more
environmental friendly purification methods to improve the effi-
ciency of CA recovery and to decrease the process costs.

In the search for improved CA downstream processes aqueous
two-phase systems (ATPS; also, called aqueous biphasic systems,
ABS) have been point out as a promising and biocompatible alter-
native. This technique is used to separate and recover macromol-
ecules and has already been successfully applied on the separation
of enzymes, alkaloids, antibiotics and biopharmaceuticals [10e16].
ATPS traditionally consist on the combination of two distinct water-
soluble components as phase forming agents, e.g. polymer-
polymer, polymer-salt or salt-salt [10]. After separation, the
mixture will create two immiscible phases: a lighter top one and a
heavier bottom one. The phase forming agents differ in their
chemical and physical properties, but together and above certain
concentration conditions these can form an effective separation
system [10]. Depending of the mixture composition, and mainly
when used for the recovery of biomolecules from complex fer-
mented media, an interface (commonly defined as a third layer)
containing some or the main contaminants can be also formed,
which is recognized in literature as the formation of three phase
partitioning systems (TPP) [17]. This interesting feature allows the
application of ATPS as an effective purification process even at an
industrial scale. However, it is worth to mention that precipitation
at the interface occurs at quite low protein concentrations [18].

A high number of ATPS have been reported, most of them
combining inorganic salts and polyethylene glycol (PEG) polymers
as phase forming agents [6,11,15,19,20]. However, due to the char-
acter of conventional high-melting inorganic salts applied on the
ATPS formation some of these systems have been facing some in-
dustrial environmental concerns, in particular, salts crystallization
problems or eutrophication potential of phosphate salts [10,21].
Recently, following the interest for more biocompatible and
biodegradable salts, the use of cholinium salts as effective phase
formers was also proposed; yet, these systems are not significantly
studied [11,22e28]. Choline was recognized by the Institute of
Medicine as an essential nutrient, due to its main role in human
body (such as, neurotransmitter synthesis, cell-membrane
signaling and structuring) [29], and considered as an important
component for several biological functions, like the synthesis of
folic acid and vitamin B12 [30]. Cholinium-based salts are consti-
tuted by the 2-hydroxyethyl-N,N,N-trimethylammonium as com-
mon cation, which could be combined with a wide range of distinct
anions, such as chloride, acetate, malate, etc., by a simple and cheap
acid-base reaction. Among these salts, cholinium chloride ([Ch]Cl)
is one of the most interesting, since it is highly hygroscopic, an
important additive in animal feed (in particular, for chicken feed)
and is massively produced at an industrial scale [31]. Despite of its
high melting point (302 �C), [Ch]Cl shows low toxicity and high
biodegrability [32e36], which makes it a perfect candidate for
several biotechnological applications. In this context, [Ch]Cl can be
a feasible option to promote the formation of ATPS when combined
with PEG [37]. The use of PEG polymers as co-phase forming agents
re-enforces the biocompatible character of these systems. Actually,
these belong to one of the principal groups of polymers most
widely used in chemical and life-science industries. Their envi-
ronmentally friendly character, high biodegradability, low vola-
tility, high water solubility and low cost [38,39] are thus making
them very good candidates to be used in the ATPS formation.
However, the formation of polymeric ATPS is not happening

exclusively by the addition and/or combination of polymers and
salts. In the last decade, the formation of polymeric ATPS composed
of sodium polyacrylate (NaPA) and PEG was also reported [40,41].
These PEG/NaPA-based ATPSwere applied as effective platforms for
the biocompatible extraction of several biomolecules from fer-
mented broth, namely proteins [42], and clavulanic acid [6]. The
“bio”-stability characteristics of these systems are not only a result
of PEG properties already highlighted, but also from the harmless
character of NaPA [6].

Although some ATPS were already used for the extraction of CA
from fermented broth [4,6,7,43e45] showing satisfactory results in
terms of recovery rates and partition coefficients, their application
at industrial scale has facing some serious problems, namely
regarding their environmentally unfriendly character and high cost
of the overall process, mainly related with the phase formers cost.
In addition, most of these studies have not fully explained the
separation mechanisms of CA. Thus, considering the benefits of
using [Ch]Cl and biocompatible polymers like PEG and NaPA as
ATPS two-phase formers, this work has evaluated the extraction
and recovery of CA directly from the fermented broth of S. clav-
uligerus using [Ch]Cl-based ATPS, here proposed as alternative,
sustainable and novel CA purification’ platform. Actually, this type
of ATPS platforms is considered as more efficient and sustainable,
since [Ch]Cl is an essential nutrient precursor of vitamin synthesis
(B complex and thiamine) and is also part of the head groups of cell
membrane phospholipids; derived from natural sources and it is
considered as non-toxic for example for Vibrio fischeri bacteria [35].
In order to accomplish this task, firstly the partitioning of com-
mercial CA in three distinct series of ATPS was investigated, namely
those combining aqueous solutions of [Ch]Cl and three different
polymers. The applicability of these systems was evaluated by
means of the partition coefficients and extraction efficiencies of
commercial CA achieved. In a second stage, the most performant
ATPS were selected and further evaluated for the direct recovery
and purification of CA from the fermented broth of S. clavuligerus.

2. Experimental section

2.1. Materials

Polyethylene glycol with average molecular weight of
600 g mol�1 (PEG-600), polyethylene glycol methyl ether with
average molecular weight of 550 g mol�1 (PEG-500-OMe), sodium
polyacrylate with average molecular weight of 8000 g mol�1

(NaPA-8000, 45 wt% in water) and cholinium chloride ([Ch]Cl, with
purity � 99 wt%) were provided by Sigma-Aldrich Brazil, Ltda. The
remaining reagents are of analytical grade and were used as
received. Ultrapure water double distilled, passed through a
reserve-osmosis system, and further treated by filtration through a
Millipore Milli-Q ion-exchange system was used.

Two distinct samples of clavulanic acid (CA) were used in the
experiments, a commercial one obtained from the commercial drug
Clavulin® (500 mg of amoxicillin and 125 mg of potassium clav-
ulanate) from GlaxoSmithKline (West Sussex, England) and one
produced via fermentation by Streptomyces clavuligerus ATCC
27064. In a first set of experiments, the commercial CA was used,
aiming at the optimization of the partition processing conditions.
With this purpose, one pill of commercial CA was crushed in a mill
and dissolved in pure water. After filtration, the clarified solution
was moved into a 1000 mL flask and the volume was filled up to
500 mL. For all experiments, a final concentration of CA around
300e400 mg L�1 was used. The calibration curve was established
based on pure potassium clavulanate (with purity of 99.8 wt%) from
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Sigma-Aldrich Brazil, Ltda. In the second set of experiments, sam-
ples of CA produced by S. clavuligerus ATCC 27064 via fermentation
(for more details see Section 2.2) were used. The detailed infor-
mation about the materials mentioned above is listed in Table 1.

2.2. Microorganism maintenance and fermented processes

The S. clavuligerus ATCC 27064 was kept frozen at e 70 �C in 10%
(v/v) glycerol in cryotubes. After thawing, vegetative cell suspen-
sions kept in cryotubes (3.5 mL) were inoculated into 25 mL of the
reactivation medium in an Erlenmeyer flask (total volume of
250 mL). The suspensionwas then incubated in an orbital shaker at
28 �C, 250 rpm for 24 h. After the incubation, 2.5 mL of the bacterial
suspension were diluted in 22.5 mL of fermentation medium and
incubated on an orbital shaker under the same conditions. After-
wards, 5.0 mL of cell suspension were added to 45 mL of fresh
fermentation medium in an Erlenmeyer flask (500 mL) and incu-
bated on an orbital shaker under the same conditions for 72 h. After
fermentation, the broth was centrifuged at 3720 � g for 15 min at
5 �C in a centrifuge, model Hettich e Universal 320R. The super-
natant obtained from this process was characterized and it was
achieved 630mg L�1 (quantified as described in Section 2.4.4) of CA
at pH 6.8. The supernatant was recovered and stored at e 80 �C for
further studies.

2.3. Media composition

The seed medium used presented the following composition (in
g L�1 distilled water): glycerol, 15.0; bacto peptone, 10.0; malt
extract, 10.0; yeast extract, 1.0; K2HPO4, 2.5; MgSO4$7H2O, 0.75;
MnCl2$4H2O, 0.001; FeSO4$7H2O, 0.001; ZnSO4$7H2O, 0.001; MOPS
buffer, 21 (equivalent to 100 mM). The mediumwas adjusted to pH
6.8 with a NaOH (5 M) solution prior to be autoclaved at 121 �C for
15 min. The culture medium for the production of CA used in the
present work presents the following composition (in g L�1) [46]:
glycerol, 15.0; isolated soy protein, 20.0; K2HPO4, 0.5; MnCl2$4H2O,
0.001; FeSO4$7H2O, 0.4; ZnSO4$7H2O, 0.001, MOPS buffer, 21; at pH
6.8.

2.4. Methods

2.4.1. Clavulanic acid stability at different [Ch]Cl concentrations
The stability of the commercial CAwas checked against different

concentrations of [Ch]Cl, specifically in the range of 2.15e4.3 M, at
25 �C. To test its stability, a stock aqueous solution of CA
(300e400 mg L�1) was set and used in the preparation of each
aqueous solution of CA (30e40 mg L�1). Afterwards, the solutions
were homogenized in an orbital mixer, at 8 rpm for 5 min at 25 �C,
and kept in a water bath at 25 �C (New Ethics, SP, Brazil) during
180 min. The stability of CA was then evaluated after 60, 120 and
180min in equilibrium (180minwas defined as themaximum time
of CA exposure, since it corresponds to the maximum time for
Table 1
Sources and purity of the materials used in the work.

Chemical name Source Purity
(mass fract

Polyethylene glycol average Mn 600 Sigma-Aldrich e

Poly(ethylene glycol) methyl ether average Mn 550 Sigma-Aldrich e

Poly(acrylic acid, sodium salt) solution average Mw 8000 Sigma-Aldrich e

Choline chloride Sigma-Aldrich �99%
Water e e

Clavulin® GlaxoSmithKline e

Potassium clavulanate Sigma-Aldrich �99.8%
carrying out the extraction process, results not shown). At each
time, an aliquot was withdrawn and the percentage of CA
remaining in the [Ch]Cl aqueous solution, or CA non-degraded [CA
(%)] was determined by Eq. (1):

CA ð%Þ ¼ ½CA�sol
½CA�0

(1)

where ½CA�sol is the CA concentration in solution (mg L�1) after
incubation and ½CA�0 is the initial CA concentration (at 0 min). All
the experiments were carried out in triplicate and the respective
standard deviations calculated.

2.4.2. Partition of commercial CA in [Ch]Cl-based ATPS
In order to evaluate the best systems and experimental condi-

tions promoting the partition and purification of CA directly from
the fermented broth, three polymeric ATPS based in [Ch]Cl conju-
gated with PEG-600, PEG-550-OMe, and NaPA-8000 were tested.
For each system, at least six mixture compositions at the biphasic
region were selected, as presented in Table S1 in Supporting In-
formation. The ATPS components and aqueous solutions of com-
mercial CA (at around 300e400 mg L�1) were added to different
glass tubes (15 mL) by their weight (±10�4 g) to obtain a total mass
of 5.0 g. Afterwards, the solutions were homogenized in an orbital
mixer, at 8 rpm for 5 min at 25 �C, and kept in a water bath (New
Ethics, SP, Brazil) during 180 min. After the equilibrium, and guar-
anteeing the complete separation of the phases, the systems were
centrifuged at 2000 � g for 15 min. The respective volumes of the
co-existing phases were visually identified and determined by us-
ing the glass tubes scale. Then, both top and bottom phases were
carefully separated using Pasteur-pipettes, and the CA concentra-
tion (mg L�1) determined. All the assays were performed in tripli-
cate, and the respective standard deviations determined.

The partitioning behavior in each series of ATPS was assessed in
terms of CA partition coefficient, KCA, and CA extraction efficiency
for the PEG-rich phase, EE ð%Þ, both determined according to Eqs.
(2) and (3), respectively:

KCA ¼ ½CA�PEG�rich
½CA�PEG�poor

(2)

EE ð%Þ ¼ VPEG�rich � ½CA�PEG�rich
VPEG�rich � ½CA�PEG�rich þ VPEG�poor � ½CA�PEG�poor

� 100

(3)

where [CA] and V are, respectively, the CA concentration (mg L�1)
and the volume of the phase (L), while the subscripts PEG-rich and
PEG-poor refer to the PEG-rich phase and PEG-poor phase ([Ch]Cl-
rich phase or NaPA-8000-rich phase), respectively.

Note that for the systems composed of PEG-600/[Ch]Cl and PEG-
550-OMe/[Ch]Cl, it was observed a change in the densities of the
ion)
Purification Protocol

None
None
None
None
Reserve-osmosis/Filtration through a Millipore Milli-Q ion-exchange system
Filtration
None



Fig. 1. Stability of CA in [Ch]Cl aqueous solutions (2.2e4.3 M) for different exposure
times up to 180 min at 25 �C and atmospheric pressure. Error bars represent standard
deviation for three independent assays. The red line is present only as an eye guideline.
(For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

P. Panas et al. / Fluid Phase Equilibria 450 (2017) 42e50 45
co-existing phases, depending on the polymer/salt composition,
and consequently, an inversion of the top and bottom phases na-
ture was identified. On other hand, in the PEG-600/NaPA-8000
ATPS, the top-phase is the PEG-rich phase, while the bottom
phase is a NaPA-8000-rich phase. The corresponding phases in
equilibrium for all systems were determined by conductivity
measurements at 25 �C. All experimental data are presented in
Table S1 in Supporting Information.

2.4.3. Recovery of CA from the fermented broth
The [Ch]Cl-based ATPS with high extraction efficiencies were

chosen for the recovery of CA from the fermented broth of
S. clavuligerus. The partition studies were performed, according to
the procedure described in section 2.4.2, adding the liquid super-
natant of the fermented broth and the corresponding ATPS com-
ponents (polymer(s) and [Ch]Cl) in 15 mL glass tubes. Considering
that at this stage, the CA is recovered from a complex fermented
media (with a huge amount of interferences and contaminants), the
CA recovery was evaluated by means of CA recovery yield, hCA (%),
and the purification factor, PF, those determined through Eqs. (4)
and (5), respectively.

hCA ð%Þ ¼ ½CA�CA�rich phase:VCA�rich phase

½CA�i:Vi
� 100 (4)

PF ¼ ½CA�CA�rich phase

½TP�CA�rich phase

,
½CA�i
½TP�i

(5)

Where [CA] and [TP] corresponds to the concentration of CA and
total protein (mg L�1), while the subscripts CA-rich phase represent
the phase where CAwas more concentrated and i represents the CA
initial composition (supernatant).

2.4.4. Quantification of CA and total protein content
In order to quantify the CA a modified method by Bird et al. [47]

was used. In this method, the CA was measured by the increase in
the UV absorbance at 312 nm resulting from the release of the
product [1-(4-aza-8-hydroxy-6-oxo)oct-2-en-1-oylimidazole]
regarding the reaction between CA and imidazole. Briefly, 250 mL of
each phase (or aqueous solution) wasmixedwith 1mL of imidazole
(60 g L�1 - pH 6.8). Samples were incubated in a water bath at 35 �C
for 15 min. The absorbance was measured at 312 nm in a glass
cuvette using the UV spectrophotometer (Ultrospec 2100 pro,
Amersham Biosciences, USA), and the corresponding CA concen-
tration determined using a calibration curve previously established.

In order to determine the TP content and calculate the respec-
tive FP, a spectrofluorometric method (using Spectro-
fluorophotometer RF-6000 SHIMADZU) was applied. A calibration
curve for the TP content was determined, using bovine serum al-
bumin (BSA) as the model proteins. Firstly, and to determine the
maximum fluorescence excitation and emission wavelengths of
BSA and the impact of the solvents in the fluorescence pattern, a 3D
fluorescence spectrum was acquired. The maximum BSA fluores-
cence was attained with an excitation at 276 nm and emission at
336 nm. These wavelengths were then chosen to determine the TP
calibration curve at 25 �C, and consequently, to determine the TP
composition of each sample. The fluorescence pattern was not
significantly altered by the phase-forming agents considering the
dilutions studied.

2.4.5. Conductivity and pH measurements
After the phase settling, the pH and conductivity measurements

of ATPS co-existing phases were determined. The pH values (±0.01)
of each phase were acquired in a Technal TEC-5 (Technal Equip.
Laborat�orios, Brazil) pH-meter and conductivity (±0.01 mS cm�1)
using a Del Lab DL-150 (Delfini IND. COM., Brazil) conductivity
meter. All measurements were carried out at 25 �C.
3. Results and discussion

3.1. Clavulanic acid stability in [Ch]Cl aqueous solutions

Clavulanic acid (CA) in its crude form is known to be chemically
unstable [2], and that's why it is mostly used as a potassium salt.
Many factors can influence the CA stability, since its b-lactam ring
can be degraded in the presence of metallic ions in water [48],
different salts, pH values and temperature [49]. CA is more stable in
neutral or slightly acidic solutions (pH between 6 and 7.2), and
temperatures close to 25 �C or lower [49]. However, the aqueous
solutions with high salt concentration can induce a prejudicial ef-
fect on the drug stability, causing its degradability [50]. It was in
this context that some experiments were carried out to investigate
the effect of different [Ch]Cl aqueous solutions towards the CA
stability, being the main results depicted in Fig. 1.

The results in Fig. 1 show that the concentrations of [Ch]Cl
studied do not affect significantly the stability of CA, being the
maximum loss of activity defined at around 10% after 180 min. In
the range of [Ch]Cl concentrations evaluated, the pH of each
aqueous solution is shown to be slightly acidic (5 < pH < 6), which
means that the [Ch]Cl can control the solution’ pH, maintaining a
quite favorable condition for the drug (optimal pH already define at
around 6.0e7.2 [2,48,49]). It is known that pH plays a crucial role in
the CA degradation process, and thus, a comparison between
degradation and the pH of PEG- and [Ch]Cl-rich phases was per-
formed. With the increase of [Ch]Cl concentration, the pH of both
co-existing phases remains stable in the range of 5e6, since this pH
condition is close to the optimal pH (see Table S1 from Supporting
Information), consequently allowing the maintenance of CA
structure without significant degradation levels, thus justifying the
use of [Ch]Cl-based ATPS to recover CA. On the other hand, as
illustrated in Fig. 1, the addition of [Ch]Cl at concentrations from 2.2
to 4.3 M have induced the same level of CA degradability, sug-
gesting that the ionic strength of the medium has no relevant in-
fluence on the rate of CA hydrolysis. However, the CA degradation is
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more affected by the salt species than by the ionic strength [49].
Considering that [Ch]Cl exhibits a lower ionic strength than the
most common inorganic salts previously studied, the negligible
influence of [Ch]Cl ionic strength on the CA degradation observed
in this work is easily understood. In addition, this negligible effect
agrees with previous findings of Laidler [51], who highlighted that
the salts' ionic strength has no relevant influence on the rate of
hydrolysis reactions [51], and by Carneiro-da-Cunha et al., in which
the citrate concentration effect over CA degradation was negligible
[50]. These results support the high biocompatibility of [Ch]Cl,
allowing the most appropriate adjustment of the [Ch]Cl composi-
tion in each ATPS to reach the best extraction performance without
compromising the CA structural integrity.

In addition, CA is quite stable in presence of polymeric aqueous
solutions, as already demonstrated in literature for several con-
centrations of aqueous solutions of PEG with variable molar mass
(from 2000 until 20000 g mol�1) [6,50] and NaPA [6]. Taking into
account the CA stable character in presence of polymeric aqueous
solutions, and the low CA degradability in presence of [Ch]Cl, PEG-
600/[Ch]Cl- PEG-550-OMe/[Ch]Cl- and PEG-600/NaPA-8000/[Ch]
Cl-based ATPS were further investigated towards the partitioning
and recovery of CA produced via fermentation.

3.2. CA partitioning in ATPS composed of PEG and [Ch]Cl

The CA partitioning using ATPS composed of different types of
PEG, namely PEG-600 and PEG-550-OMe conjugated with the [Ch]
Cl as the second main phase component, was initially assessed.
Both polymers were chosen to evaluate if a proper control of the
hydrogen-bond-donor ability of PEG, by replacing the terminal -OH
group with an -OMe, increases the ability of the system to separate
and/or concentrate the CA.

The phase diagrams of these two ATPS were previously deter-
mined [52], and it was observed a change in the densities of the co-
existing phases, depending on the polymer/salt composition, and
consequently, an inversion of the top and bottom phases. Thus, the
corresponding phases were determined by the measurement of
their conductivity at 25 �C (values presented in Table S1 from
Supporting Information). To evaluate the CA partitioning capability
and extraction efficiency at 25 �C considering each ATPS, five
mixture points with different PEG and [Ch]Cl compositions were
prepared and the partitioning parameters determined at 25 �C, as
Fig. 2. Partitioning coefficients (KCA; , ) and extraction efficiencies (EE (%); , ) of CA
as a function of PEG-600 or PEG-550-OMe/[Ch]Cl weight percentages of each ATPS, at
25 �C and atmospheric pressure. The light gray bars and symbols correspond to PEG-
600- and the dark gray symbols and bars to PEG-550-OMe-based ATPS. Error bars
represent standard deviation for three independent replicates. Dashed lines are only
for guideline purposes.
presented in Fig. 2. The detailed average and standard deviations of
the weight fraction composition (wt%), partition coefficients of CA
(KCA), extraction efficiencies [EE (%)] and volume ratios (VR) for each
system are provided in Tables S1 and S2 of the Supporting
Information.

The partitioning results depicted in Fig. 2 show that CA has a
comparable affinity for both the co-existing phases (0.6 < KCA < 1.6).
Although the CA distribution for PEG-rich or [Ch]Cl-rich phase is
quite similar, in general, it is observed a slight preference of CA for
the PEG-rich phase described by the results of EE (%) and more
accentuated for systems based in PEG-600 ATPS. The exceptionwas
obtained for both systems with low amounts of PEG (30 wt%), in
which the CA was concentrated in the [Ch]Cl-rich phase. These
results show that the polymer content has a strong influence on the
volume ratio (VR - values presented in Supporting Information), and
consequently, in the CA extraction efficiencies. Thus, and consid-
ering that the corresponding phases' volume can be properly
adjusted, it is possible to extract CA for the [Ch]Cl-rich or PEG-rich
phase, just by the proper adjustment of the ATPS composition. This
tailored extraction aptitude is proved through the results depicted
in Fig. 2, in which the EE (%) of CA for the PEG-rich phase varies,
approximately, from 22 to 69%. It is important to notice that the
polymer type (PEG-600- or PEG-550-OMe) used does not affect
significantly the extraction of CA, being the system based in 60 wt%
of polymer and 30wt% of [Ch]Cl the only exception. Meanwhile, the
partition coefficient data obtained in this study are lower than
those previously obtained for the use of traditional PEG/inorganic
salts-based ATPS [7,45,50,53].

All these previous studies have shown that CA has a high affinity
towards the PEG-rich phase, which is quite hard to be explained
theoretically. First of all, it is important to note that CA has a hy-
drophilic character (log Kow ¼ �1.23) [54], and considering the pH
of most of the PEG/salt ATPS, it is mainly present in an ionic form
(2.3 < pKa < 2.7) [7]. In addition, as CA is a small molecule
(199.16 g mol�1), it is not probably affected by exclusion volume
effects of large PEG polymers. Thus, it would be expected the
preferential presence of CA in the most hydrophilic phase, meaning
the salt-rich phase, which is verified for most of our results (Fig. 2).
In literature [7,45,50,53], the high CA recoveries for the polymeric
phases were not properly explained, and thus, the phenomena
behind the CA partitioning were still not fully understood. Herein,
CA is equally distributed by both co-existing phases, or partially
recovered in the [Ch]Cl-rich phase (systems with EE < 50%). Unlike
most of the inorganic salts able to form ATPS, [Ch]Cl has a weak
ability to induce the salting-out effect of other species [11,55,56],
and thus, it will dehydrate the polymer-rich phase less than the
common inorganic salts. Recently, we have demonstrated [57] that,
although the two phases of PEG-600/[Ch]Cl-based ATPS are rich in
water, the less hydrophilic environment is observed for the PEG-
rich phase (as shown by the water content percentages presented
in Table S1 in Supporting Information). The assessment of the
relative hydrophobicity of the phases in PEG-600/[Ch]Cl systems
was demonstrated by the partitioning of caffeine for the lower
water content PEG-rich phase, where a linear dependency between
the logarithmic function of the partition coefficients and the water
content ratio was found [57]. The water content ratio values pre-
sented in Table S1 (Supporting Information), demonstrate that the
PEG-rich phase exhibits the most hydrophobic environment,
independently of the type and composition of the system under
study. Thus, considering that CA is quite hydrophilic, the relative
hydrophobicity of the polymer-rich phase induces the migration of
drug to the [Ch]Cl-rich phase. Similarly, and due to the high hy-
drophobicity of PEG-550-OMe, in comparison with PEG-600/[Ch]
Cl-based ATPS, the transfer of the CA molecules towards the [Ch]
Cl-rich phase was increased, as demonstrated by the low KCA and
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EE values. The results obtained with both [Ch]Cl-based ATPS seem
to indicate that the CA-water affinity is driven the CA partitioning
in a certain extent.
3.3. CA partitioning in ATPS composed of PEG-600 and NaPA-8000
with [Ch]Cl as adjuvant

After the initial study with PEG/[Ch]Cl-based ATPS, a second set
of experiments using commercial CA were carried in systems
composed of PEG-600 and NaPA-8000, in which [Ch]Cl was only
added as adjuvant. This combination PEG/NaPA has been previously
reported to be an effective system for the extraction of CA from
fermented broth [6], but in the previous work, the PEG/NaPA sys-
tems under study have used PEG polymers with highmolecular size
(higher than 2000 gmol�1), requiring the use of common inorganic
salts as electrolytes for the two-phase formation [58]. Herein, we
propose the use of a small size PEG polymer (PEG-600) as phase
former in combination with NaPA-8000 polymer. These PEG-600/
NaPA-8000-based ATPS can even promote a two-phase region
without the addition of electrolytes (data not shown). Thus, it was
evaluated the capability of ATPS of different PEG-600/NaPA-8000
and [Ch]Cl as adjuvant to separate the commercial CA, being eval-
uated the effect of PEG-600 and [Ch]Cl concentration in the CA
partitioning at 25 �C. The results of KCA and EE (%) of CA in each ATPS
were depicted in Fig. 3. The detailed data considering mean values
and respective standard deviations of partition coefficients,
extraction efficiencies and compositions of each ATPS mixture
point used are compiled in Table S3 of Supporting Information.

The gathered results of Fig. 3 indicate that, independently of
each effect, the CA is preferentially separated for the PEG-600-rich
phase, as indicated by KCA � 5.6 ± 0.6 and EE � 85.5± 1.4%. As
previously demonstrated, due to its negative charge at neutral pH,
CA has a preference for the non-charged PEG-rich phase, in the
PEG-600/NaPA-8000 system [6]. Since at neutral pH, the NaPA-
8000 is negatively charged due to the presence of carboxylic acid
groups in the principal polymeric chain, it exerts a strong electro-
static repulsion over anionic solutes [20], which supports the
preferential migration of the charged CA species for the PEG layer.
From the data of Fig. 3 the effect of two parameters may be
analyzed, namely the increase of the PEG-600 concentration and
the influence of [Ch]Cl presence as adjuvant. Although the increase
of [Ch]Cl and PEG-600 concentration does not induce an inversion
Fig. 3. Partition coefficients (KCA; , , , ) and extraction efficiencies (EE (%); , ,
, ) of CA as a function of PEG-600/NaPA-8000/[Ch]Cl weight percentages of each

ATPS, at 25 �C and atmospheric pressure. The crescent gray gradient corresponds to the
ATPS PEG-600/NaPA-8000 without adjuvant and with 1, 3 and 5 wt% of [Ch]Cl as
adjuvant, respectively. Error bars represent standard deviation for three independent
replicates. Dashed lines are only for guideline purposes.
on the CA partitioning behavior, the control and adjustment of their
concentrations can improve the CA extraction yields. A first analysis
of the results according to the first parameter (PEG concentration)
shows that an increase of PEG-600 from 15 to 25 wt% enlarges the
recovery of CA for the PEG-rich phase (high KCA values). An increase
in the PEG-600 composition allowed to recover over than 95% of CA
in a single-step. On other hand, the addition of [Ch]Cl as adjuvant
has a less pronounced effect on the drug separation. In general, [Ch]
Cl reduces the CA affinity for PEG-rich phase [this effect is more
pronounced for the small concentrations of PEG-600 (e.g. 15 wt%)],
when compared with the PEG-600/NaPA-8000-based ATPS
without adjuvant. As additive, and due to its low concentration in
the overall system composition, [Ch]Cl plays a secondary role on
the partitioning of CA. However, when used the ATPS composed of
25 wt% of PEG-600 and 15 wt% of NaPA-8000, different composi-
tions of [Ch]Cl have influenced differently on the distribution of CA
molecules between PEG- and NaPA-rich phases. The KCA has
increased from 6.7 ± 0.7 with 1wt% of [Ch]Cl to 40.0 ± 4.2 with 5wt
% of [Ch]Cl, an increment of more than 5-fold.

To understand the influence of each parameter evaluated, and
the corresponding mechanisms behind the partitioning of CA,
firstly, it is important to comprehend the nature of these polymeric
PEG/NaPA systems. In this type of ATPS, the phase separation re-
sults from the incompatibility of water structures around the two
polymers in equilibrium, where an increase of these incompatible
polymer-water interactions leads to a greater tendency for the
phase splitting [40]. The addition of salts' ions to aqueous poly-
meric mixtures re-arranges the water molecules distribution
around the polymeric molecules, perturbing these polymer-
modified water structures. Depending on the ions' nature, these
salts can infer a water-structure-“breaking” or -“making” behavior
[40]. In addition, the formation of the two-phase regime in a PEG/
NaPA system is usually the result of the presence of the electrolyte
ions which decreases the entropy of compartmentalization of the
counter ions at the co-existing phases [58]. Thus, the influence of
NaPA-8000 counter ions (Naþ) is reduced with the addition of
smaller ions to the system as adjuvants (as for example [Ch]þ and
Cl�), and then, they will “equilibrate” the ion concentration be-
tween both co-existing phases formed, thus facilitating the
compartmentalization of the polyelectrolyte [58]. Herein, it seems
that the reduction of CA partitioning for PEG-rich phase observed in
most PEG-600/NaPA-8000-based ATPS using [Ch]Cl as adjuvant,
outcomes from a combination of “salting-in” effects of [Ch]Cl and
the “equilibria” of the ions' gradient between both co-existing
phases. In this sense, the CA electrostatic repulsion of NaPA-8000
was reduced, and the migration of CA molecules for the PEG-rich
phase was decreased.

On other hand, the influence of PEG-600 concentration in the CA
partitioning is quite more complex. The mechanistic phenomena
for the formation of PEG/NaPA-based ATPS previously proposed
were based on polymeric aqueous systems composed of PEG and
NaPA polymers with high molecular weights. On the contrary, in
this work a new type of PEG/NaPA-based ATPS formed using a small
size PEG was studied. Herein, due to its lowmolecular weight, PEG-
600 exhibits a high hydrophilic nature (in comparison with large
size polymers), since the ratio between H-bond donor groups (the
two terminal -OH groups of the polymeric chains) over the H-bond
acceptor groups of the ethylene oxide units was enlarged, being the
molecular mechanisms controlling the ATPS formation quite
different. The partitioning capabilities of ATPS based in high mo-
lecular weight PEG/NaPA polymers have been evaluated for
different types of molecules, namely CA [6], green fluorescent
protein (GFP) [20], cytochrome c protein [59], chloranilic acid dye
[59], among others. A general analysis of previous partitioning re-
sults shows that anionic biomolecules, disregarding its hydrophilic/



Fig. 4. Results of the recovery yields [hCAe grey bar (%)] and purification factor (PF e

(C) black line is only for guideline purposes) of CA produced via fermentation and
obtained for different ATPS, at 25 �C and atmospheric pressure.
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hydrophobic nature, were always concentrated in the PEG-rich
phase (similarly to that observed in this work). It seems evident
that the electro-repulsive forces of NaPA-8000 over charged solutes
is the main mechanism governing the solute preferential migration
towards the PEG-rich phase, and that is non-dependent of the PEG
size or solutes' nature. Since here it was pursued the separation of a
highly hydrophilic solute (CA) using a polymeric ATPS composed of
a quite hydrophilic PEG-600, it seems that a second type of in-
teractions is also affecting the CA partitioning. The PEG concen-
tration increase has led to an increment of the KCA. As PEG-600 is
quite hydrophilic, perhaps, the increased number of PEG molecules
in the system “pulls out” more water molecules away from the
NaPA-rich phase, changing the relative hydrophobicity of the co-
existing phases of the system. Thus, due to CA intrinsic hydrophi-
licity, it seems that some favorable CA-water interactions may also
contribute to the CA partitioning, in which a high number of CA
molecules migrate with the water for the PEG-rich phase,
increasing the KCA values. Although the relative hydrophobicity of
the phases was not determined for this new type of systems, this
second mechanism is supported by the comparison with our pre-
vious results obtained for the same solute and using PEG/NaPA-
based ATPS composed of PEG-2000, PEG-4000, PEG-6000 or PEG-
10000 [6]. In these studies the KCA values obtained were similar for
the different PEG polymers investigated, and in general, lower than
the values attained in this work.

Summing up, the application of these PEG/NaPA-based ATPS in
the extraction of commercial CA was demonstrated to be highly
efficient. It was further demonstrated that the extraction and
partition parameters can be improved by the increasing of the PEG
composition.

3.4. Recovery of CA from the fermented broth

Based on the previous results obtained with the commercial
source of CA, four systems were selected and further evaluated for
the recovery and purification of CA directly from the fermented
broth of S. clavuligerus, in a single-step process. The systems under
study were: two PEG-600/NaPA-8000-based ATPS (one without
adjuvant, and another with 5 wt% of [Ch]Cl); a PEG-600/[Ch]Cl-
based ATPS; and a PEG-550-OMe/[Ch]Cl-based ATPS. The four
systems selected were studied as pre-purification platforms, in
which it is expected their capacity to concentrate CA in just one
phase with the contaminants (here evaluated as total protein
content) being retained in the opposite layer. The results obtained
are shown as Fig. 4 and Table S3 (Supporting Information).

The results depicted in Fig. 4 (and Table S3 from Supporting
Information) seem to suggest that at least 44% of CA present in the
fermented broth of S. clavuligerus (>250mg L�1) was recovered in a
single step, being the highest recovery yield [hCA ¼ 64.91 ± 1.99 (%)]
obtained with the polymeric PEG-600/NaPA-8000-based ATPS.
Moreover, it is possible to conclude that the presence of [Ch]Cl as
adjuvant is not improving the results of recovery yield or purifi-
cation [hCA ¼ 55.88 ± 0.86 (%); PF ¼ 2.43 ± 0.05] obtained for the
conventional system [hCA ¼ 64.91 ± 1.99 (%); PF ¼ 2.31 ± 0.04],
which follows the general conclusions obtained during the
screening work carried with the commercial CA. Comparing both
set of results of CA partition from fermented broth and the standard
CA, when used the PEG-600/[Ch]Cl system an inversion of the so-
lute partitioning for the [Ch]Cl-rich phase was observed (com-
mercial CA was concentrated in the PEG-rich phase). This inversion
may be explained by the presence of residual salts from the fer-
mented medium, which are acting as “salting-out” agents towards
CA. All systems have exhibited an ability to separate the CA from
the contaminants proteins produced by the microorganism via
fermentation, from 2-fold to 22-fold. Interestingly, the highest PF
was attained with the ATPS with lowest recovery yield, the PEG-
600/[Ch]Cl-based ATPS, where CA was purified more than 22-fold
in the [Ch]Cl-rich phase (PF ¼ 22.70 ± 0.87). These results can be
explained by the high structural instability of CA. In a complex
fermented broth, where many proteins, cell-debris, and other im-
purities are present, not only the solute can be affected in terms of
its preferential migration but can also suffer negative effects in
terms of its potential degradation, imposing a decreasing in their
recovery yields. As CA was directly extracted without any further
stabilization procedure, the yields and respective PF obtained in
this work are quite significant.

Some authors have already developed different studies pursuing
the same objective of to purify CA after its production via
fermentation and using ATPS. The extractive fermentation of CA
using ATPS composed of PEG and phosphate salts was investigated,
where approximately 93% of CA was recovered in the PEG-rich
phase [53]. Moreover, mixed micellar systems have also demon-
strated an ability to recover more than 90% of the CA again from
fermented broth [4]. Hirata et al. have defined a combined sepa-
ration process using precipitation steps and liquid-liquid extrac-
tions with yields between 30 and 73% [43]. Unfortunately, these
previous studies do not provide any further details about the CA
purification [4,43,53]. Others have applied ionic exchange adsorp-
tion processes with CA recoveries from 60 to 100% and PF around
1.5 [5,60]. Recoveries of CA between 49 and 99% and a PF of 1.5-fold
were obtained when ATPS-based in phosphate/PEG systems were
adopted [45]. Finally, ATPS composed of 20 wt% of PEG-4000, 20 wt
% of NaPA-8000 and 6 wt% of Na2SO4 were reported to allow a
hCA ¼ 55 ± 5% and a PF < 1 (proteins and CA are concentrated in the
same phase) [6]. However, when compared our results with those
already reported in literature, it is possible to conclude the highest
efficiency of the system under study, in particular the system
composed of PEG/[Ch]Cl-based ATPS, to purify CA
(PF ¼ 22.70 ± 0.87). Actually, not only a more efficient process of
purification of CA is here reported but also a simpler one. In addi-
tion, as the other CA recovery processes using ATPS [6,7,45,50,53],
the use of these systems is economic, biocompatible, easily to scale-
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up and may be further applied in a continuous chromatographic
processing.

4. Conclusions

The partitioning and extraction of CA from commercial source
and fermented broth of S. clavuligerus using biocompatible and
stable [Ch]Cl-based and polymeric ATPS as effective liquid-liquid
recovery and purification platforms were evaluated. Firstly, the
CA stability studies have shown that CA remains stable in different
[Ch]Cl aqueous solutions. The systems composed of PEG-600 or
PEG-550-OMe and [Ch]Cl have demonstrated a similar partitioning
aptitude to separate CA, where the CA was equally distributed be-
tween both phases in equilibrium and it was achieved up to 69% of
extraction efficiencies. For the PEG-600/NaPA-8000 systems using
[Ch]Cl as adjuvant, CA was preferentially separated into PEG-rich
phase, and extraction efficiencies higher than 85% were attained.
Moreover, the CA recovery studies from fermented broth have
demonstrated at least 2-fold purification ability from the contam-
inant proteins. This purification factor was yielded in the system
composed of PEG-600/[Ch]Cl, in which CA was purified in more
than 22-fold towards the [Ch]Cl-rich phase. These results support
the use of the investigated systems as effective techniques to purify
CA from fermented broth in a single partitioning step.
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