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Abstract
The partitioning behavior of norfloxacin (more hydrophilic) and sodium diclofenac (more
hydrophobic) was studied considering the use of aqueous two-phase systems.(ATPS) based in
copolymers and dextran. For this research, the phase behavior of systems composed of water, a
copolymer (Pluronic PE6400, Pluronic L35, Pluronic PE6800, PEG-ran-PPG monobutyl ether
and PEG-ran-PPG) and dextran (Mw=40000 and 6000 g.mol-1) were investigated. The phase
diagrams showed that by increasing the molecular weight and the copolymer PPG/PEG ratio, the
biphasic region is enlarged. After defining the bionodal curves, a preliminary screening on the
partition of two pharmaceutic ingredients (sodium diclofenac and norfloxacin) was carried. After
selected the most appropriate ATPS for the partition of both drugs, namely systems based on
diblock copolymers (poly(ethylene glycol)-poly(propylene glycol)) – dextran T6 and one random
copolymer (poly(ethylene glycol)-ran-poly(propylene glycol)) – dextran T6, the effect of the
copolymer concentration and different mixture points was assessed. In the end, the results
showed that by increasing the copolymer concentration and tie-line length, the partition
coefficient of the pharmaceutical ingredients increased in the block copolymer-based ATPS and
decreased in systems containing the random copolymer.

Keywords: aqueous two-phase systems, dextran, copolymers, partition, norfloxacin, sodium
diclofenac

1.

Introduction

Aqueous two-phase systems (ATPSs) are formed by the mixture, in water, of two different
water-soluble compounds, like polymers, salts, carbohydrates, or ionic liquids, whose
interactions, upon mixing at defined concentration, temperature and pressure ranges, promote a
phase split. The interfacial tension in these systems is low, so mass transfer occurs easily and
quickly [1–3]. ATPSs are claimed as biocompatible, nonflammable, and scalable systems [4–6].
They have been used for the separation and purification of biological products such as
antibodies, antibiotics, proteins and also for metal ions and small organic molecules [7]. The
ATPSs combining dextran and polyethylene glycol (PEG) are one of the most conventional
systems used in the partition/purification of drugs, proteins, enzymes, and others [3,8–12]. In this
system, the top phase is PEG-rich (hydrophobic phase), while the bottom phase is rich in dextran
(hydrophilic phase). Because of the main characteristics (e.g. high viscosity and lower difference
of hydrophobicity between the phases) of these conventional polymer-based systems, a poor
separation of biomolecules with similar structures are observed [13–17]. To overcome this
drawback, copolymers based in PEG (polyethylene glycol)-PPG (polypropylene glycol) can be
used instead of PEG. The PEG-PPG copolymer is more hydrophobic than PEG due to the
presence of PPG monomers, thus allowing to tune the difference in the hydrophobicity between
both phases [13–17].
PEG-PPG copolymer was used for the first time in the formation of ATPSs more than two
decades ago [13]. This copolymer has been applied by several authors instead of PEG,
conjugated with other phase forming compounds, such as dextran, potassium phosphate, sodium
sulfate, and others [11,18–22]. The PEG-PPG copolymer can be used in both random and block
conjugations to prepare ATPSs. The phase formation and physico-chemical properties of the
systems are highly dependent on their structure and PPG/PEG ratio. By increasing the molecular
weight and PPG/PEG ratio, the hydrophobicity of the copolymer increases. Therefore, a
significant difference in the systems’ phase behavior (binodal curves), and thus on the biphasic

regions, is observed [11,13,23,24]. In addition to the hydrophobicity, the water solubility of the
co-polymers is also influenced by the temperature. The presence of PPG moieties in these
copolymers leads to a decrease of the cloud point temperatures of the phase diagram.
Considering the thermo-responsive nature, copolymers are able to be separated from the other
solvents, only by raising temperature. Additionally to studies reporting their use for the
separation of different proteins, [25–28]. these systems were evaluated also for the partition of
small molecules, namely for the concentration of ciprofloxacin in a food sample [29], curcumin
[30] and insulin [31]. Other studies have highlighted the potential of these systems to target highvalue compounds separation but mostly, to the feasibility of developing more environmental
sustainable and economic separation processes. In this sense, this type of systems was selected in
this work to carry the partition of two drugs, norfloxacin and soldium diclofenac. These drugs
were used in this work as two model drugs, representative of pollutants that can be found in food
and in water effluents, respectively. Norfloxacin is a representative of fluoroquinolones, while
sodium diclofenac is a widely used anti-inflammatory drug, both toxic for environment. The
presence of norfloxacin has been detected in food [32] , while sodium diclofenac is being
recurrently detected in water effluents and streams [33] . Despite the different methods proposed
for the determination of these compounds, namely spectrofluorometry, high performance
capillary electrophoresis, for norfloxacin and ozonation, chloride oxidation and reverse osmose
for sodium diclofenac [34], their complexity is limiting their use [20], thus imposing the need of
searching simpler methodologies to concentrate the drugs and allow their quantification and
elimination.
Considering the applicability and versatility of these systems, in this work, five PEG-PPG
copolymers (P luronic PE6400, Pluronic PE6800, P luronic L35, PEG-ran-PPG monobutyl ether
(PPB) and PEG-ran-PPG-ran-PEG (UCON) were used to study the effect of the copolymer
structure, Dextran molecular weight and the copolymer PEG/PPG ratio on the formation of the
ATPSs. The complete phase diagrams were determined at room temperature. The copolymer-

based ATPSs were then applied on the pre-concentration and partition of norfloxacin and sodium
diclofenac, where the effects of copolymer type/structure, dextran molecular weight, and
different mixture points were evaluated.

2. Materials and methods
2.1. Materials
Pluronic PE6400 and Pluronic PE6800 (PO-EO-block polymers with approximately 40% EO)
were acquired from BASF. Dextran T6 (molecular weight around 6000 Da) and Dextran T40
(molecular weight around 40000 Da), Pluronic L35, PEG-ran-PPG monobutyl ether (PPB) and
PEG-ran-PPG-ran-PEG (UCON) from Leuconostoc spp were purchased from Sigma. UCON is a
random copolymer with average molar weight around 3900 Da and composed with 0.50 ethylene
glycol and 0.50 propylene glycol. Sodium diclofenac and norfloxacin were acquired from Alfa
Aesar with mass fraction purity of 95%, prepared in distilled water. The compounds structure are
depicted in Figure 1. In Table 1 we represent the molecular weight (Mw), PEG percentage
(%PEG), hydrophilic-lipophilic balance (HLB), cloud point temperature (TCp), surface tension
(σ), density (ρ), viscosity ( η), ethylene glycol monomers number (-EGn) and polypropylene
glycol monomers number (-PGn-) of the phase forming components, at 296 K, are in Figure 1.

Figure 1. Compounds structure.

Table 1. Molecular weight (Mw), percentage of PEG monomer (%PEG), hydrophilic-lipophilic balance (HLB), cloud point (TCp), surface tension
(σ), density (ρ), viscosity (η), ethylene glycol monomers number (-EGn) and polypropylene glycol monomers number (-PGn-) of the phase forming
components, at 296 K.

(1)

Copolymer

Mw /g.mol-1

%PEG

HLB

PPB
Pluronic PE6400
Pluronic PE6800
Pluronic L35
UCON

3900
2900
8000
1900
2500

53
40
80
50
50

7-12 [35]
> 24 [35]
19 [36]
-

Data reported by the supplier;

TCp (1) /ºC

σ ( 1) /mN.m-1

ρ (1) /g.cm-3

η (1) /cP

60

41
51
49
-

1.056
1.06
1.05
1.06
1.095

3800
1000
375
710

73
-

(-EGn-)
13
73
11
-

(1)

(-PGn-) (1)
20
28
16
-

2.2. Methodology
2.2.1. Phase diagrams and tie-lines
The binodal curves were determined at room temperature (298 K) and atmospheric pressure
through the cloud-point titration method [37] following the methodology reported in a previous
work [38]. Aqueous solutions of dextran (Dextran T6 at 50 wt% and Dextran T40 at 40 wt%),
and aqueous solutions of the different copolymers were prepared gravimetrically (±10-4 g) at
different concentrations to determine the binodal curves. The experimental solubility curves were
correlated by the Merchuk equation (Eq. 1) [37].
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)

(
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(1)

A, B and C are the constants obtained by regression of the binodal data. For the tie-line
determination, the gravimetric method proposed by Merchuk et al. [37] was adopted. A ternary
mixture within the biphasic system of each diagram was gravimetrically prepared within ±10 -4 g,
vigorously stirred, and left to equilibrate for at least 12 h. At this point, the phases were separated
and weighed for the TLs determination by the lever-arm. The weight percentage of copolymer,
dextran and water, at each phase, were calculated through equations 2 through 5.

is the ratio

between the mass of top and bottom phase. The tie-line length (TLL) and the slope of tie-line
(STL) are defined by Eqs. (6) and (7):
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2.3. Sodium Diclofenac and Norfloxacin partitioning
The ATPSs composed of dextran, copolymer and water were prepared gravimetrically (u(m) =
g). The mixtures were prepared and stirred vigorously and left to reach thermodynamic
equilibrium and complete phase separation for at least 24 h at 298 K [39]. Both top (copolymerrich phase) and bottom (dextran-rich phase) phases were carefully separated, weighed and
sampled for UV analysis. In this work, the partition coefficient (Kp) and the percentage
extraction efficiency (EE%) were defined following Eqs. (8) and (9):
[

]

[

]

(8)
(9)

where [

] and m(drug) represent the concentration and mass of the drug. The subscripts

Top, Bot and initial stand for the top phase, bottom phase and initial mass.
Sodium diclofenac and norfloxacin were quantified by UV-Vis Spectroscopy at 276 and 274 nm,
respectively, using previously determined calibration curves. Ternary mixtures at specific
concentrations of each component were prepared, using only water instead of the aqueous
solutions of drugs, to be used as controls. Three replicates were prepared for each assay,
allowing for the determination of the average partition coefficient and extraction efficiency.

3. Results and discussion
3.1. Binodal curves determination
The binodal curves of Dextran T40 and Dextran T6 + UCON, Pluronic L35, Pluronic PE6400 or
Pluronic PE6800 + water were determined at (298 ± 1) K and atmospheric pressure. The
experimental binodal data, mixture points and equilibrium phases compositions are reported in
the Supporting Information (Tables S1 to S10) whereas the respective phase diagrams orthogonal
representations are shown in Figure 2. To eliminate the interference of molecular weight of the

different phase forming components on the analysis, the binodal curves are also represented in
molality units.

Table 2. Merchuk parameters and correlation coefficient (

) obtained by fitting Eq. 1.

Dextran T6

Dextran T40

Copolymer
Pluronic L35

16.8 ± 0.2

-0.203 ± 0.005

6.5 ± 0.2

0.996

UCON

151 ± 0.3

-0.212 ± 0.007

5.5 ± 0.3

0.993

Pluronic PE6400

23.5 ± 0.6

-0.38 ± 0.01

4.3 ± 0.6

0.992

Pluronic PE6800

10.0 ± 0.2

-0.21 ± 0.01

26.3 ± 0.1

0.996

PPB

11.8 ± 0.3

-0.31 ± 0.01

32.4 ± 0.2

0.993

Pluronic L35

27.9 ± 0.6

-0.215 ± 0.008

2.40 ± 0.01

0.992

UCON

24.0 ± 0.3

-0.196 ± 0.005

2.7 ± 0.1

0.999

Pluronic PE6400

26.0 ± 0.6

-0.238 ± 0.008

5.5 ± 0.3

0.998

Pluronic PE6800

20.1 ± 0.4

-0.38± 0.01

3.6 ± 0.1

0.993

PPB

23.8 ± 0.7

-0.35 ±0.01

51.1 ± 0.1

0.985

As depicted in Figure 2, the tendency of two-phase formation is higher in dextran T40-based
ATPS than dextran T6. Due to the effect of volume exclusion, Dextran T40 has lower affinity
with copolymers hence Dextran T40 + copolymer ATPS are represented by higher biphasic
regions (or in other words, it is required a lower amount of phase forming components to allow
the phase separation). The main tendency of phase separation is defined as Pluronic PE6800
PPB > Pluronic PE6400 > UCON > Pluronic L35, when fixing the dextran weight fraction
percentage in 15 wt%. Due to the lower HLB and the higher molecular weight, Pluronic PE6400
is more able to form ATPS when compared with Pluronic L35. As the molecular weight
increases (increasing volume exclusion) and the HLB decreases (increasing hydrophobicity) the

immiscibility region expands, which in in agreement with previous reports in literature studing
the conjugation of the same compolymers and maltodextrin [21].

Figure 2. Experimental binodal curves determined for the ATPSs composed of different
copolymers + Dextran T6 and Dextran T40.

The binodal curves for the system based on Dextran T40 + PEG 20000 were previously reported
in literature [40]. With these results, it is possible to observe that the hydrophobicity, imposed by
the presence of PPG moieties, has a significant effect on the phase separation, because both
Pluronic PE6800 and PPB are able to form ATPS with a large immiscibility region. PEG 20000
and Pluronic PE6800 and PPB are different in their natures (different monomers). Following the
works of Zaslavsky[41] and Sadeghi [42] one may conclude that polymer nature has more effect
on two phase region.
In this work, the studied ATPSs were tested as separation platforms for two drug ingredients,
namely sodium diclofenac and norfloxacin. To evaluate the capacity of these ATPS on the
partition of both drugs between phases, we started by defining the composition of the phases

obtained considering the mixture points selected to performe the partition tests. To have a more
complete study, several tie-lines were determined for each ATPS as described in Figures 3 and 4.
Some of the tie-lines determined are representing the mixture points used in the partition tests
(being these reported in Table S11 and A12 from ESI). For the proper appreciation of the effect
of the mixtures points from the thermodynamic point of view, the TLL or the composition of the
phases should be maintained. However, in this work, the tie-lines were determined for the
definition of the phases composition, and thus, neither the maintenance of the TLL or
composition of phases were considered.
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Figure 3. Phase diagrams comprising the binodal curves and respective experimental TLs for
ATPSs composed of copolymers + dextran T40.
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Figure 4. Phase diagrams comprising the binodal curves and respective experimental TLs for
ATPSs composed of copolymers + dextran T6.

3.2. Optimization of sodium diclofenac and norfloxacin partition
After the definition of the complete phase diagrams, namely the binodal curves and some tie lines for each system, the influence of the copolymers’ structure on the partition of both drugs,
namely ciprofloxacin and sodium diclofenac were selected for the proposed separation. For this,
ATPSs composed of Pluronic PE6400, Pluronic PE6800, Pluronic L35, PEG-ran-PPG

40

monobutyl ether (PPB) and PEG-ran-PPG-ran-PEG (UCON) and Dextran T6 (6 KDa) were
investigated. The systems with dextran T40 (40 KDa) were excluded from this initial study.
Since the study was contemplating the study of the influence of the copolymer structures, the
used of a high molecular weigth dextran was avoided, and with it, also potential problems of
diffusion and mass transfer able to somehow mask the results were also avoided. The partition
(Kp) and extraction efficiency (EE%) of both drugs were evaluated at distinct mixture points
(Table 3). As it can be seen, sodium diclofenac is more concentrated in the top phase. Sodium
diclofenac is considered a hydrophobic molecule, as suggested by its octanol-water partition
coefficient (

), which justifies the highest affinity of this pharmaceutical

ingredient to the most hydrophobic (copolymer rich phase) phase. This distribution is more
pronounced for systems based in Pluronic PE6400, as it is concluded from the highest partition
coefficient results determined. Compared with Pluronic L35, Pluronic PE6800 and both random
copolymers, Pluronic PE6400 has the highest molecular weight and PPG percentage, being thus
more hydrophobic. Norfloxacin, on the other hand, is hydrophilic, as indicated by its low
octanol-water partition coefficient (

), thus having a higher affinity towards the

more hydrophilic phase which is confirmed by the EE% and partition coefficients (
obtained.

)

Table 3. Mass fraction composition of each mixture point (100wDex and 100wCopolymer), partition coefficient (KDIC and KNOR), extraction efficiency

Dextran T6

TLL

Pluronic L35

19.97 ± 0.05

9.9 ± 0.1

UCON

19.66 ± 0.05

9.9 ± 0.1

19.89 ± 0.05

Pluronic

1.10 ± 0.01

78 ± 1

48.4 ± 0.2

35.30

6.8 ± 0.9

1.3 ± 0.1

86 ± 2

53.2 ± 0.9

37.90

9.9 ± 0.1

12.4 ± 0.8

1.8 ± 0.2

87.8 ± 0.9

50 ± 2

39.31

19.41 ± 0.05

4.5 ± 0.2

1.1 ± 0.1

1.2 ± 0.1

78 ± 1

75 ± 1

42.51

14.8 ± 0.2

6.01 ± 0.07

PE6400
Pluronic
PE6800
PPB

4.2 ± 0.3

0.8 ± 0.2
1.5 ± 0.1
39 ± 2
54 ± 2
23.94
(EEDIC and EENOR) parameters for systems based in copolymers + Dextran T6 + water. Std means standard deviation and TLL means tie-line length.

After the study of the influence of the different copolymers’ strucures, the systems based in
PE6400, Pluronic L35 and UCON plus dextran T6 were selected for further studies, considering
the higher partition coefficients they represent and the vicinity of their binodal curves. In this
next study, the ATPS selected were tested considering the mixture points of 10 wt% copolymer
and 20 wt% of dextran T6. However, during the study, we found that for the PPB and PE6800based systems, the mixture point was far from the binodal curve, and thus other two mixture
points were selected, respectively (6:15) and (5:20). To notice that the principal objective of this
work is to optimize the systems conditions for the highest partition of both drugs, which means
that, the mixture points were selected considering this criteria and not other criteria like the
fixation of TLL or phase compositions. After analysing the respective results of partition
coefficient obtained for diclofenac for ATPS-based in Pluronic PE6800 and PPB, it was
concluded their lower selectivity towards the partition of both drugs (meaning Kp ≈1 for both
compounds), which may be a consequence of the higher hydrophilic nature of these copolymers,
and for that reason these two system were not used in further studies. After all the consideriatons
made so far, the cpolymers Pluronic PE6400, Pluronic L35 and UCON were further used to test
the effect of Dextran molecular weigth (Table 4).

Table 4. Mass fraction composition of each mixture point tested (100wDex and 100wCopolymer), (KDIC and KNOR), extraction efficiency (EEDIC and

ATPS

Copolymer

dextran T6

Pluronic

19.89 ± 0.05

9.9 ± 0.1

12.4 ± 0.8

1.8 ± 0.2

87.8 ± 0.9

50 ± 2

19.66 ± 0.05

9.9 ± 0.1

6.8 ± 0.9

1.3 ± 0.1

86 ± 2

53.2 ± 0.9

19.97 ± 0.05

9.9 ± 0.1

4.2 ± 0.3

1.1 ± 0.0

78 ± 1

53.2 ± 0.9

9.9 ± 0.1

10.0 ± 0.1

3.2 ± 0.4

1.5 ± 0.2

81.0 ± 0.4

68 ± 1

11.97 ± 0.08

9.9 ± 0.1

0.7 ± 0.1

1.1 ± 0.1

44 ± 2

56 ± 1

10.0 ± 0.1

10.0 ± 0.1

3.0 ± 0.1

0.9 ± 0.2

75.0 ± 0.5

47 ± 4

PE6400
UCON
Pluronic
L35

dextran T40

Pluronic
PE6400
UCON
Pluronic
L35

EENOR) for systems based in copolymers and dextran T6 or T40. Std means standard deviation.

Briefly, and as it can be seen from the results depicted in Table 4, Dextran T6 is the one
presenting the highest capacity to concentrate both drugs in opposite phases, and thus further
studies were carried to unsderstand the partition of both drugs in different mixture points
selected. These mixture points were selected (Table 5) consideiring their higher proximity with
the binidal curves, to avoid any problems of precipitation of the phase forming components or
high viscosity of the phases. According to Table 5, a symmetric distribution of norfloxacin
between phases for some ATPSs was observed, which can be attributed to the higher percentage
of water in the top phase (as reported in Table S13 from ESI), another key factor to define the
partition tendencies of the solutes under study. The results obtained for random copolymer are
also shown in Table 5. As it is obvious, the distribution of sodium diclofenac and norfloxacin in
random and block copolymers is different, in agreement with literature [23,43].

Table 5. Mass fraction composition of each mixture point (100wDex and 100wCopolymer), partition coefficient (KDIC and KNOR), and extraction
efficiency (EEDIC and EENOR) parameters for systems based in copolymer + dextran T6 + water. Std means standard deviation and TLL means tieline length.
Dextran T6

TLL
11.99 ± 0.08

15.97 ± 0.06

4.5 ± 0.5

1.1 ± 0.1

91 ± 1

72 ± 2

42.6

Pluronic

19.97 ± 0.05

9.9 ± 0.1

4.2 ± 0.3

1.10 ± 0.01

78 ± 1

48.4 ± 0.2

35.3

L35

20.01 ± 0.05

17.01 ± 0.06

5.4 ± 0.1

2.2 ± 0.5

91.4 ± 0.1

81 ± 3

64.5

20.00 ± 0.08

12.00 ± 0.05

6.3 ± 0.7

1.8 ± 0.1

86 ± 1

64 ± 1

44.3

19.66 ± 0.05

9.95 ± 0.09

6.8 ± 0.9

1.3 ± 0.1

86 ± 2

53.2 ± 0.9

37.90

17.95 ± 0.06

10.96 ± 0.09

5.6 ± 0.9

1.1 ± 0.2

86 ± 2

56 ± 2

39.05

20.00 ± 0.05

11.03 ± 0.09

2.6 ± 0.7

0.96 ± 0.01

73 ± 3

50.1 ± 0.1

43.4

14.99 ± 0.07

14.99 ± 0.07

0.8 ± 0.1

0.9 ± 0.2

63 ± 12

64.1 ± 0.5

51.5

14.90 ± 0.07

10.9 ± 0.09

6.5 ± 0.1

1.3 ± 0.2

80.8 ± 0.8

46 ± 2

30.08

9.7 ± 0.1

14.69 ± 0.07

10.8 ± 0.5

1.5 ± 0.1

94.3 ± 0.2

70 ± 2

29.14

12.24 ± 0.08

14.68 ± 0.07

36 ± 2.0

1.4 ± 0.1

98.2 ± 0.1

67 ± 1

37.47

9.5 ± 0.1

19.97 ± 0.05

83 ± 17

1.7 ± 0.1

99.6 ± 0.1

85.1 ± 0.7

49.00

19.89 ± 0.05

9.9 ± 0.1

12.4 ± 0.8

1.8 ± 0.2

87.8 ± 0.9

50 ± 2

39.31

UCON

Pluronic
PE6400

As Svensson and co-authors observed, the structure of the copolymer phase (block/random) does
not affect the distribution of hydrophilic molecules [43]. Unlike, what it was noticed for the
block copolymer-based ATPS, the distribution of molecules in random copolymer-based ATPS
decreases with increasing the tie-line length. As the length of the tie-line increases, the weight
fraction of copolymer increases in the top phase, which increases the number of available
polymer molecules to interact with the target molecule. In the case of block copolymers, due to
the high content on PPG hydrophobic groups, a stronger hydrophobic phase is formed favoring
the interaction between the random copolymer and the most hydrophobic pharmaceutical
ingredient [44].

4. Conclusions
In this work, the phase behavior of systems composed of copolymers and dextran were
investigated. Here, the respective binodal curves and tie-lines were experimentally determined.
This work showed that, by increasing the molecular weight and PPG/PEG ratio, a larger biphasic
region was obtained. After a preliminary screening, some of these systems were selected and
further applied on the partition of two pharmaceutical ingredients, namely sodium diclofenac and
norfloxacin. The two pharmaceutical ingredients with different levels of hydrophobicity have
shown different partition profiles, depending on the ATPSs under study and the
hydrophobic/hydrophilic nature of each aqueous phase created. In this sense, it was concluded
that the most hydrophobic solute has partitioned preferentially towards the most hydrophobic
phase and the most hydrophilic solute for the most hydrophilic phase. In general, a good
concentration of both pharmaceutical ingredients in opposite phases was achieved.
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