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[3-Lactamases are enzymes responsible for the hydrolysis of $-lactam antibiotics, being produced by sev-
eral pathogenic bacteria. Clavulanic acid is a commercially and clinically important 3-lactamase inhibitor,
its extraction being possible by the application of aqueous two-phase system. In this study, clavulanic
acid stability was investigated at different molar mass PEG (400, 1000 and 20 000 g mol~') and at differ-
ent citrate concentrations (5 and 20%) PEG/citrate aqueous-two phase systems (ATPS), under different
pH values (4.0-8.0). Clavulanic acid extraction was also evaluated. Low citrate concentration and PEG
20000 (gmol~-1) ATPS, at pH 6.0, were shown to be the systems that presented the highest clavulanic
acid stability. Based on this, a factorial design 22 was used to evaluate CA extraction, being PEG (20, 25 and
30%) and citrate (5, 10 and 15%) concentrations the parameters evaluated. Clavulanic acid was extracted
into the PEG-rich phase (133.66 mgL-1), the highest values of the partition coefficient and yield being
K=5.92, Y=103.53%, respectively The ATPS was not only effective on clavulanic acid extraction, but also
its degradation was minimal. These results clearly indicate that ATPS can be successfully applied as a first

step for the purification of clavulanic acid.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The use of antibiotics to control infectious diseases is greatly
hindered by bacterial resistance. One of the most important resis-
tance mechanisms exhibited by a variety of Gram-positive and
Gram-negative bacteria is their ability to produce [3-lactamases, as
[3-lactamases hydrolyse the -lactam ring inactivating penicillins
and cephalosporins [1]. The discovery of clavulanic acid (CA) and
its application as a 3-lactamase inhibitor in the presence of antibi-
otics proved to be an effective approach to face antibiotic resistant
bacteria [2].

CAis a mechanism-based inhibitor because it is recognized as a
substrate by [3-lactamase. CA binds covalently to the enzyme pro-
ducing chemical modifications (rearrangements) that change the
enzyme structure in anirreversible way [3]. CAis a potent antibiotic
inhibitor of “serine” (or classes A, C, and D) 3-lactamases. It is used
in conjunction with amoxicillin in a salt (potassium clavulanate)
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form and prescribed clinically as co-amoxiclav (Augmentin™ in
USA, Clavulin™ in Brazil) or with ticarcillin (Timentin™) [4].

The CA molecule is chemically unstable, due to the suscepti-
bility of the carbonyl group linked to the beta-lactam ring, which
can, in the presence of water, suffer an acidic (H+)- or alkaline
(OH-)-catalyzed attack. This property demands, the development
of efficient and cost-effective separation and purification processes
that allow for the obtention of CA with the required high quality
standards of quality for market approval [5].

Among the several techniques available for the purification of
CA, aqueous two-phase systems (ATPS) extraction and purification
has been studied [5-7]. Aqueous two-phase systems are formed
when two hydrophilic components are mixed with water and they
are above a threshold concentration [8]. These solutes may be two
polymers or a polymer and a salt. The ATPS are a convenient and
appropriate method for the extraction of biological substances due
to the high water content (between 70% and 90%) in both phases.
This provides a pleasant environment to work with biologically
active compounds because it preserves its molecular stability [9].

The use of CA in the pharmaceutical industry is increasing, con-
sequently studies addressing the effect of pH, temperature, types
of salts and their concentrations on CA stability are of particular
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Nomenclature

ATPS aqueous two phase system

CA clavulanic acid

PEG polyethylene glycol

k degradation rate constants (h~1)

K partition coefficient

Y yield (%)

MB mass balance (%)

Cr clavulanic acid concentrations at the top phase
(mgL-1)

Cp clavulanic acid concentrations at the bottom phase
(mgL~1)

CrVr clavulanic acid mass in top phase (mg)

CgVp clavulanic acid mass in bottom phase (mg)

GV; initial clavulanic acid mass (mg)

CpEG PEG concentration

Corr citrate concentration

importance [10]. Several research-groups have conducted studies
on the stability of the CA from various sources in aqueous solutions
under different conditions. Generally, CA stability in aqueous solu-
tions is better at pH between 6 and 7 and at temperatures in the
range 20-30°C[5,7,11,12].

The main aim of this study was the evaluation of the stability
of CA in PEG/citrate ATPS at different concentrations and pH val-
ues. In addition, the influence of system composition on CA was
characterized.

2. Materials and methods
2.1. Materials

Potassium salt of CA used for all the solutions and the Imidaz-
ole used in CA determination were provided by Sigma-Aldrich (St.
Louis, MO, USA) with 99% purity. Ultra-pure polyethylene glycols
(PEG) were purchased from Sigma-Aldrich (St. Louis, MO, USA). All
the other reagents were of analytical grade.

2.2. Clavulanic acid stability in PEG and citrate salt solutions

To evaluate CA the effect of PEG molecular weight in CA stability,
25% (w/v) solutions for the several molecular weight PEG consid-
ered (400, 10000 and 20 000 g mol~!) were prepared in Mcllvaine
buffer at different volumes for pH values at 4.0-8.0. CA stability in
citrate salts was done by preparing solutions of citrate salts at 5
and 25% (w/v) using different concentrations of sodium citrate and
citric acid for pH values ranging from 4.0 to 8.0.

CA stability experiments were done by adding a concentrate CA
stock solution (300 mgL~1), reaching an initial CA concentration of
30mgL-1, to test tubes containing 50 mL of PEG solution or citrate
salts solutions. The solutions were then homogenized and aliquots
of the solutions were withdrawn during a 24 h period at time inter-
vals of 15 min in the first hours, and then at three hours intervals.
The concentration of non-degraded CA was determined. According
to Bersanetti et al. [12], CA degradation in aqueous solutions fol-
lows a pseudo-first-order kinetics according to Eq. (1), where k; is
the second order degradation rate constant and C is CA concentra-
tion. After integration (Eq. (2)), the degradation rate constant (k;),
can be estimated by linear regression of the experimental data.

—dC

e =k (1)

Table 1
Levels of independent variables in the 22 factorial design for CA extraction in aqueous
two-phase system (ATPS) PEG/citrate.

Variables Levels
-1 0 +1
PEG concentration (%) 20.0 25.0 30.0
Citrate concentration (%) 5.0 10.0 15.0
C
—In — =kt 2
o=k (2)

2.3. Clavulanic acid extraction in aqueous two-phase system
(ATPS) PEG/citrate

A concentrated citrate solution (40% w/w) was prepared by mix-
ing appropriate amounts of sodium citrate (Na3CgHgO7-2H,0) and
citric acid (CgHgO7) at pH 6.0. The required amount of this solution
was mixed with a PEG 20 000 g mol~! solution in 15 mL graduated
tubes with conical tips to achieve the desired composition system.
PEG 20000 concentrations and citrate salt in each system varied
according to the factorial design 22 shown in Table 1. The systems
(10g) were loaded with 2 g of the CA stock solution with initial
concentration of 500 mg L~!. After mixing for 1 min in a vortex, the
mixture was allowed to settle for 60 min at 20 °C, for phase sep-
aration. The phase volumes were measured, and each phase was
separately withdrawn using pipettes and used for determining the
CA concentration in each phase. The response variables were the
partition coefficient (K) and yield (Y) on top and bottom phases.
After all experiments, statistical analyzes was conducted using Sta-
tistica 8.0 software (Statsoft, Inc., Tulsa-OK, USA) [13].

2.4. Clavulanic acid assay

Bird et al. [14] described the spectrophotometric assay by
reaction with imidazole, selected in this study. According to
this method, the CA concentration is determined by measuring
the amount of [1-(8-hydroxy-6-0xo0-4-azooct-2-enol)-imidazole]
at 312 nm. This product is released by the reaction between CA and
imidazole. To determine the CA concentration, a calibration curve
from standard stock solutions of potassium clavulanate was used.

2.5. Calculation of partition coefficient (K), yield (Y) and mass
balance (MB)

The CA distribution between phases was expressed in terms of
the partition coefficient (K), calculated as follows:

K_i
Cp

(3)
where Crand Cg are CA concentrations (mg/L) at the top and bottom
phases, respectively.

To evaluate the efficiency of extraction of CA, the yield (Y) for
each phase was calculated according to:

p— vax p—

Yy = (CiVi ) x 100 forx =TorB (4)

where CxVy is the mass of CA (mg) in the top (T) and bottom (B)

phase volume, respectively. The G;V; is the initial mass of CA (mg).
The mass balance (MB) for CA is:

M) « 100

MB = ( 7 (5)
where C7Vr and CgVjp is the mass of CA in top phase (T) end bottom

phase (B), respectively, and the C;V; is the initial mass of CA (mg).
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Fig. 1. Clavulanic acid degradation in 24 h (A) citrate solutions with concentration 5% and (B) citrate solutions with concentration 20%; (C) PEG solutions with molar mass
400 g mol~', (D) PEG solutions with molar mass 10 000 g mol~', (E) PEG solutions with molar mass 20000 g mol~", in values of pH ranging from 4.0 to 8.0. Where (O) pH 4.0;
(®) pH 5.0; (W) pH 6.0; () pH 7.0 and ((a) pH 8.0. Straight lines in the figures are the linear adjustment for each pH.

3. Results and discussion

In Fig. 1 and in Table 2, the experimental results for CA sta-
bility in PEG and salts citrate are presented. The results show, as
expected, that the CA degradation in aqueous solution follows a
pseudo-first order kinetics (Eq. (1)). The CA degradation was simi-
lar to other beta-lactam compounds reported in the literature [15].
Straight lines in the figures correspond to the linear adjustments
for to each pH value considered. The degradation rate constants
(k) presented in Table 2 were estimated by linear regression of the
experimental results. From Fig. 1 and Table 2, it can be concluded
that highest degradation rate constant was observed at PEG 20 000
and pH 4 while the lowest occurred at PEG 20000 and pH 6 after
24 h.

3.1. Clavulanic acid stability in sodium citrate

Concerning the stability of CA under the studied salt concentra-
tions the results showed an increase of k with the increase of salt

Table 2

concentration (Table 2). This indicates that at high salt concentra-
tions the CA is more susceptible to degradation.

The results from Table 2 showed that independently of the
citrate concentration considered, the degradation in the first hour
is residual when compared with the degradation in the following
hours (up to 24 h). The degradation rate constant, values after the
24 h are at least 8 times higher than in the first hour.

The influence of pH was different for the two salt concentra-
tions studied (Table 2). At 5% of citrate, the increase of pH from 4
to 8, led to a decrease in the CA degradation constant being the
maximum and minimum values 0.0471h~! and 0.0029 h—! On the
other hand at 20% of citrate, the minimum constant rate obtained
was 0.0074h~! at pH 7.0. Bersanetti et al. [12] evaluated the tem-
perature and pH effect on the CA stability in phosphate buffer. The
degradation constant values they reported at 20 °C for pH 6.2 and 7
are 0.0038 h~! and 0.0067 h—1, respectively, which are in the range
of values presented in this work. The lower values here reported
for CA degradation at pH 7.0 (0.0030 h—1) may be related with the
type of salt used.

Degradation rate constant of clavulanic acid in the first hour (A) and from the first to 24th hour (B). (-) Not degraded clavulanic acid.

pH 5% citrate salts 20% citrate salts PEG 400 (gmol-1) PEG 10000 (gmol-1) PEG 20000 (gmol-1)
K 2 K 2 K r? K r? k 2

(A)

4 0.0018 0.9643 0.0032 0.8489 0.0027 0.8548 0.3437 0.9917 1.3023 0.9957

5 0.0021 0.9190 0.0100 0.9370 - - 0.0803 0.7472 0.8367 0.8658

6 - - 0.0006 0.9157 - - - - - -

7 - - 0.0008 0.9122 - - - - - -

8 _ _ _ _ _ _ _ _ _

(B)

4 0.0471 0.9997 0.1561 0.9908 0.0517 0.9933 0.0552 0.9878 0.0495 0.9608

5 0.0166 0.9547 0.0869 0.9940 0.0118 0.9785 0.0084 0.9311 0.0079 0.7014

6 0.0054 0.9810 0.0156 0.9923 - - 0.0066 0.9942 - -

7 0.0030 0.9210 0.0074 0.9082 0.0354 0.9888 0.0331 0.9515 0.0384 0.9449

8 0.0029 0.8199 0.0101 0.9988 0.0645 0.9683 0.0301 0.9658 0.0561 0.9571
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After 24 h the CA concentration decreased more than 90% at
lower pH values (4.0 and 5.0) for the highest citrate concentration
tested, while at 5% of citrate the CA degradation was between 30
and 60%. At pH above 6 and after 24 h the CA final concentration was
always above 85% and 75%, respectively for 5% and 20% of citrate.

Santos et al. [7] reported that at pH 6.0 the CA concentration
decreased with the increase of ionic strength. They obtained a 10%
decrease in CA at 3M ionic strength after 3 h. In our case the CA
concentration decrease at pH 6 after 3 h was negligible for all citrate
concentrations tested.

3.2. Clavulanic acid stability in PEG

The results for CA stability in Mcllvaine buffer (pH 4.0at 8.0)
with different molar mass of PEG (400, 10000 and 20 000 g mol~1)
at 25% concentrations, showed low values of CA degradation.

In the first hour, the highest degradation of CA occurred in
PEG with molar mass 20000 gmol-! at pH 4.0 and 5.0, being the
constants rates 1.30 and 0.83 h~1, respectively. From Table 2, it is
also possible to observe that for PEGs 10000 and 20000 at pH 4.0
the highest degradation values occurred in the first hour. The strong
influence of pH on the CA degradation can be explained due to the
nature of the carbonyl group which can be attacked by protons and
hydroxide ions [15].

After 24 h, results presented in Fig. 1 and Table 2 indicate that
in the presence of PEG 10000gmol~!, CA degradation remains
small (Fig. 1D), with degradation rate constants varying between
0.05h~! at 0.03h~! for pH 4.0 at 8.0, respectively. However, the
lowest CA degradation was observed using PEG with a molar mass
0f20 000 g mol~! at pH 6 with a constant rate close to zero (Table 2).
Pereira et al. [5] studied the stability of CA at pH 6.5 in PEG with
different molar mass (2000, 4000 and 6000 g mol-1) at different
concentrations (5and 15 wt%) during 3 h under 25 °C. These authors
observed that the addition of different types and concentrations of
PEG did not affect CA stability. They reported that, since PEG is rel-
atively inert, these results were expected. The results obtained in
this study indicate that at pH 6.0, CA was more stable for all PEGs
molar mass tested, which is in accordance with Pereira et al. [5].

Our results suggest that the best condition for stabilization of
CA molecule occurs at higher PEG molar mass (20 000 g mol~') and
pH 6.0.

The main aim of this work was to study the partition of CAin a
PEG/citrate ATPS at minimum CA degradation conditions. Previous
works reported the migration of CA to the PEG rich phase [6,16,17].
Consequently, the minimum CA degradation conditions are defined
according to the minimum CA degradation conditions in the PEG
rich phase.

Therefore the conditions used in the ATPS experiments are pH
6 and PEG 20000gmol~! as these are the conditions where the
CA degradation is lower and good partition coefficients may be
obtained. On the other hand, at the selected conditions the CA
degradation in the salt-phase should be negligible or near zero
considering the salt concentrations used in the partition experi-
ments.

3.3. Clavulanic acid partition in aqueous two phase systems
PEG/citrate

After establishing the best conditions for the stabilization of CA,
its partition was characterized in ATPS. The influence of sodium
citrate concentrations (5, 10 and 15%) and PEG 20 000 g mol~! con-
centrations (20, 25 and 30%) at pH 6.0 was evaluated, using a 22
factorial design. The obtained results are presented in Table 3.

The first run was the only one that did not form two phases prob-
ably because the concentration of the components of the system
was below the system’s critical point.

o

82

Fig. 2. Pareto chart of main effects, and the response variable partition coefficient
of clavulanic acid.
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The partition coefficients obtained had values above 1.0
(1.26 <Kcp <5.92), indicating that the CA molecule has a greater
affinity for the polymer phase. Some authors testing ATPS also
observed CA migration for the PEG-rich phase, even with other salts
than citrate [5,16,18].

Similar values of the partition coefficients (K=2.3-2.7) were
reported by Videira and Aires-Barros [16] when studying the CA
partition in ATPS with PEG molar mass ranging from 400 to 6 000
(gmol~1) at pH 7 and 8. These authors also stated, as observed
in our experiments, that there was no excluded volume effect on
CA partition. The excluded volume effect occurs when there is
no available volume in the PEG-rich phase due to the high molar
mass and concentration of polymer that promotes the exclusion
of the target molecule to the bottom phase decreasing the coeffi-
cient partition value [19]. The PEG used in this study has a high
molar mass (20000 g mol~1), however, this phenomenon was not
observed because of the small size of CA molecule. In addition,
hydrophobic structures on CA molecule allow its interaction with
the more hydrophobic PEG-rich phase [16].

Fig. 2 Fig. 3 shows that the independent variables (1) PEG
Concentration (Cpgg) and (2) citrate concentration (Cer), were sig-
nificant at 95% confidence for both response variables: the partition
coefficient and the CA yield. The independent variable that most

7
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(1)CPEG

//zs.os

(2)Ccit
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Estimated effect (Absolute values)

Fig. 3. Pareto chart of main effects and the response variable clavulanic acid yield
in the PEG phase.
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Influence of independent variables PEG concentration and citrate salts concentration on CA concentrations in top and bottom phases, partition coefficient (K), yield (Y) and

mass balance (BM) according to the 22 factorial designs.

Run Ceec (%) Csarrs (%) CArop CAgortom VOL.op VOL.gotrom (K) Yrop (%) Ysorrom BM
(mgL™") (mgL™") (mL) (mL) (%)
1 20 5 0.00 0.00 0.0 0.0 0.00 0.00 0.00 0.00
2 30 5 83.73 66.49 8.9 0.6 1.26 74.56 3.99 78.55
3 20 15 105.05 67.82 49 4.1 1.55 51.48 27.81 79.28
4 30 15 133.66 22.55 5.8 3.2 5.92 103.53 9.63 105.38
5(C) 25 10 125.00 63.83 6.8 2.7 1.96 85.00 17.23 102.23
6(C) 25 10 134.31 65.16 6.4 31 2.06 85.96 20.20 106.16
7 (C) 25 10 134.31 54.52 6.4 3.0 2.46 85.96 16.36 102.31
8(C) 25 10 132.98 67.82 6.0 3.0 1.96 79.79 20.35 100.13

positively influenced the CA partition was the C¢ir while the vari-
able that most influenced the CA yield was Cpgg.

Our results suggest that higher K values are obtained at higher
sodium citrate and PEG concentrations. The conditions that favor
CA partition for the top phase are 30% (w/w) PEG concentration and
15% (w/w) concentration citrate. High PEG concentrations associ-
ated with high citrate concentrations favored partitioning for top
phase and the partition coefficient increased (Table 2), which was
also observed by Pereira et al. [5]. The increase of K is related with
the interactions between the CA properties, the high ionic strength
of salt solution and the hydrophobic nature of PEG.

The highest value for CA yield (103.53%), according to Fig. 4,
was obtained in run 4 with Cpgg 30% (w/w) and 15% (w/w) citrate.
The increase of the polymer and salt concentrations favored the
accumulation of the target molecule in the PEG phase.

For these conditions, the volume of the top phase was much
higher than the volume of the salt-rich phase. Having all these fac-
tor in mind and the high CA stability at this PEG molar mass and
PH (see Section 3.2), its clear that is possible to obtained a good CA
separation using PEG/citrate ATPS [5].

Furthermore, Silva et al. [18] reported that ATPS
(PEG/phosphate) at low temperatures tends to increase the
yield of CA in the PEG phase. These authors used a temperature of

Qe

a5

Fig. 4. Graphic representation of clavulanic acid yield in the PEG phase in relation
to the concentration of citrate and PEG.

20°C and obtained about 100% yield, corroborating the tempera-
ture and the yield obtained in this work.

The best results reported by Hirata [17] for extraction of CA
in an ATPS were obtained for a PEG (400 gmol~!) concentration
of 21% (w/w) and a phosphate concentration of 23.6% at pH 7.0.
Hirata reached 94% of CA yield and obtained the best PEG phase
yield at their higher PEG and salt concentrations. Similar results
were also obtained for other molecules such as rentamicin, where
it is reported that an extraction yield of 91.3% was obtained for
PEG/phosphate ATPS [20].

In the present work, the best yield obtained is higher than the
ones reported in the literature for ATPS using PEG/salt [16,18]
and is similar to the results reported for aqueous two-phase
polymer/polymer systems [5]. Comparing with the literature poly-
mer/salt and polymer/polymer ATPS, a main advantage of the
system presented in this work is the lower toxicity of the com-
ponents used, especially the salt phase.

The partition and yield of CA into the PEG-rich phase can be due
to the electrostatic repulsion effect of the sodium citrate. Sodium
citrate in aqueous acid pH is decoupled, and negatively charged cit-
ric acid (anionic) and positively charged sodium ions (cationic) are
formed. In acid conditions, the bottom phase system is rich in cit-
ric acid, therefore CA is repelled from this phase because it has the
same electric charge. Thus, CA migrates to the PEG-phase where,
due to the PEG neutral charge, the repulsion is lower. In associa-
tion with this phenomenon, the high molar mass PEG has a lower
hydrophobicity that attracts less hydrophobic compounds. As CA
is neither hydrophilic or hydrophobic [12], it is repulsed from salt-
phase due to its high ionic strength. It is reported that in PEG/salt
ATPS if the PEG molar mass is increased the partition coefficient
and the yield decreases [16,18].

In our experiments, we observed a 5.92 partition coefficient and
approximately 100% yield (Table 3), which is in the range of other
works. Some works with PEG/phosphate reported a partition coef-
ficient higher than 5.0, but the PEG molar mass used was smaller
[5,18]. Our work suggested that PEG/citrate system is good for CA
pre-purification, but it is still necessary to study the influence of
PEG molar mass in order to evaluate if the partition coefficient can
be improved without decreasing significantly the yield.

Itis then possible to say that the CA migration to the PEG phase is
related with the interaction of (1) the electrostatic repulsion effect
of citrate, (2) the hydrophobic attraction character of PEG and (3)
the neutral hydrophilic/hydrophobic properties of CA.

The analysis of the mass balances presented in Table 2, indicates
that only in the runs 2 and 3 a degradation of CA was observed,
showing that the CA partition in ATPS using PEG/citrate was effec-
tive. The mass balance values greater than 100% were considered
within the margin of experimental error.

The results showed that a PEG/citrate ATPS with 30% (w/w) of
PEG (20000gmol-1) and 15% (w/w) of citrate at pH 6.0 is ideal
for CA pre-purification. This system not only provides a high yield,
but also low degradation rates are obtained. Moreover, citrate is a



M.N. Carneiro-da-Cunha et al. / Fluid Phase Equilibria 375 (2014) 104-109 109

non-toxic salt with minimal environmental impact, which rein-
forces the usefulness of this ATPS, in the pre-purification of CA.

4. Conclusions

Low citrate concentration and PEG 20000 (gmol~!) ATPS, at
pH 6.0, were shown to be the systems that presented the highest
clavulanic acid stability. It was demonstrated that CA degradation
follows a pseudo-first order kinetics.

The best results for CA concentration in the PEG/citrate ATPS
were obtained at pH 6.0 in a system containing 30% of PEG and
15% of citrate. Under these conditions, the partition coefficient was
5.92 and the yield was 100% demonstrating the potential appli-
cation of this non-toxic and environmental friendly ATPS in the
pre-purification of CA.
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