Pure Appl. Chem., Vol. 77, No. 3, pp. 559-568, 2005.
DOI: 10.1351/pac200577030559
© 2005 IUPAC

Solubility of amino acids, sugars, and proteins*
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Abstract: The importance of biomolecules is well recognized nowadays, owing to their ap-
plication in many industrial processes, particularly in the food, pharmaceutical, and cosmetic
industries.

Amino acids, carbohydrates, and proteins are the three types of biomolecules consid-
ered in this review. Solubilities of several amino acids and sugars have been measured in
water and, more recently, in mixed solvents, both with or without salts. Experimental data on
partition of proteins in aqueous two-phase systems (ATPSs), with polymers or salts, have also
been reported in the literature. The experimental techniques used are briefly discussed.
Regarding modeling, the complexity of these solutions is very high. Sugars form strong hy-
drogen bonds with one another and with water or other solvents like alcohols. Liquid solu-
tions with amino acids or proteins present not only short-range interaction forces, but also
long-range forces, owing to the appearance of charged species. The capabilities of different
molecular models and group-contribution-based methods are shown.
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INTRODUCTION

Recent advances of the biochemical industry draw much attention to the development of more sophis-
ticated and efficient processes for the separation, concentration, and purification of biomolecules. To
design separation processes, accurate thermodynamic models are essential to describe the phase be-
havior and to calculate the physical chemical properties.

Crystallization is one of the most commonly used techniques for separation and purification of
amino acids and sugars, and obviously relies upon the key property of solubility.

The number of available data sets for aqueous mixtures is high, and they are reported in the liter-
ature since the late years of the 19" century. Regarding solutions of mixed solvents, the situation is very
different. Until the 1990s, the data were very scarce. From then to now, efforts have been made and the
solubilities of several amino acids and sugars have been the subject of numerous publications.
Therefore, thermodynamic models to represent this property in these systems were only developed and
presented during the last decade. Mainly, there are two kinds of approaches: molecular models and
group-contribution methods.

Concerning proteins, the great interest is on their partition in aqueous two-phase systems
(ATPSs). The purification and concentration of proteins involves, in most cases, the use of an extrac-
tion step. However, the selection of a separation agent to extract these biomolecules is limited by the
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potential denaturation that may occur in nonaqueous as well as in aqueous solvents, if the temperature,
ionic strength, or pH conditions are not the “best” ones. Experimental data on the partition of proteins
in ATPSs are abundant in the literature, following the first reports in 1956. Modeling of these solutions
is very difficult, owing to the high complexity of the biomolecules. There are, however, a few studies
on theoretical developments.

AMINO ACIDS
Experimental data

The recovery and separation of amino acids frequently involve batch crystallization for which the sol-
ubility is the key property that should be available.

The solubility of several amino acids, such as D-alanine, glycine, isoleucine, DL- and L-leucine,
DL- and L-aspartic acid, among others, in water in the temperature range from 25 to 100 °C are known
owing to the experimental effort developed in the 1930s by Dalton and Schmidt [1,2] and Dunn et al.
[3]. The experimental technique used for the experiments was a very accurate gravimetric method.
More recently, data for five cyclic dipeptides were reported at 25 °C by Kleut and Sijpkes [4]. The au-
thors used an HPLC method for the analysis. In 2002, Matsuo and coworkers [5] published data for
a-amino acids (glycine, L-alanine, L-valine, L-leucine, and L-isoleucine) in water under high pressure.

Also during the last decade, solubilities of amino acids in binary mixtures of aqueous solutions
containing known amounts of other amino acids were reported in the literature, at different tempera-
tures (e.g., L-cystine, L-tyrosine, L-leucine, and glycine, among others, in water [6]).

The effect of both the concentration of a salt and the nature of the cation and the anion in a solu-
tion amino acid—water has been studied in the last decade by some research groups [7-10]. The gravi-
metric method was selected for all studies. Nowadays, the same effects are under study for the aqueous
systems of DL-alanine and glycine with KCl, Na,SO,, and (NH,),SO,, by Macedo and coworkers [11].

The influence of the pH on the solubility of amino acids has also been a topic of study. The re-
sults indicate that, although in the range of pH between 2 and 10 there is no significant difference on
the solubility [12], outside the isoelectric band, a sharp increase on the solubility is observed [13,14].

Concerning the measurement of amino acids solubility in water—alkanol mixed solvents, the only
work published in the last century, taking into account the influence of the temperature is due to Dunn
and Ross [15]. In fact, the majority of the data available is at 25 °C: water—ethanol [16-18],
water—methanol [19], and more recently, water—propan-1-ol, water—propan-2-ol [20,21], and
water—butan-1-ol [22] systems. With the aim to extend the database already available, new measure-
ments were carried out, by Macedo and coworkers, for glycine and DL-alanine in the aqueous systems
of ethanol, propan-1-ol, and propan-2-ol, in the temperature range between 25 and 60 °C, using the an-
alytical gravimetric method [23].

Modeling

Although data on solubilities of amino acids in water have been available since the 1930s, it was only
during the last decade that thermodynamic models were presented for quantitative prediction on this
property. There are two main groups of models: (i) those which consider that the amino acid dissocia-
tion gives rise to charged species in solution, and take account of long-range forces using a
Debye-Hiickel term (UNIQUAC model by Peres and Macedo [24], UNIFAC group-contribution
method by Pinho et al. [25]); (ii) those which do not consider the long-range interactions, as the amino
acid in pure water is mainly in zwitterionic form {nonrandom two-liquid (NRTL) equation by Chen et
al. [26], UNIFAC method by Kuramochi [27], modified Wilson equation by Xu et al. [28]}. The results
obtained are all very satisfactory, being the modified Wilson equation [28] and the UNIQUAC method
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[24] those giving the better predictions. Another approach under development is based on the perturba-
tion theory [29]. The successful results encourage its extension to mixed solvent systems.

For mixed solvent systems, the works by Orella and Kirwan [21] and Gude et al. [22,30] are worth
a mention. Orella and Kirwan used an excess solubility approach with the Wilson equation. The solu-
bility data for each amino acid in different alcohol systems were correlated simultaneously to obtain the
Wilson parameters between the amino acid and each solvent, obtaining an average relative deviation of
about 15.3 % for their measured data with propan-1-ol and propan-2-ol. However, in order to reduce the
number of parameters to be estimated, a constraint was established based on the fact that the ratio of
the activity coefficients of amino acids in pure solvents should be inversely proportional to the ratio of
pure solvent solubilities. Unfortunately, this constraint originates impossible values for the Wilson para-
meters, since in some cases, like for propan-1-ol-water or propan-2-ol-water mixed solvent systems
with L-alanine, the parameters are negative.

Gude et al. [22,30] presented a simpler model, also based on the excess solubility approach,
which is a combination of a combinatorial term based on the Flory—Huggins (FH) theory with a
Margules residual expression. This methodology is very attractive because simultaneous representation
of solid-liquid and liquid-liquid equilibria with only one ternary Margules interaction parameter is
achieved. The results are very similar to those obtained by Orella and Kirwan [21], but the number of
parameters is much lower. In fact, the authors use a unique specific interaction parameter for each
amino acid in different aqueous alkanol solutions, which allows a straightforward method to predict
amino acid solubilities and partition coefficients in alkanol-water solvent systems. However, the appli-
cation of this model to the description of the solubility of amino acids in water—methanol solvents (usu-
ally the easiest to correlate) leads to an average relative deviation of 27.7 %.

In view of the difficulties encountered with the previous methods, Ferreira et al. [23] used the ex-
cess solubility approach with conventional thermodynamic models like the Margules, Wilson, and non-
random two-liquid (NRTL) equations. The NRTL model gave the best fit of the data, with average rel-
ative deviations around 8.4 % for correlation and 15.0 % for predictions. An important feature of a
model is the predictive capability. Figure 1 shows a comparison of the performance of the model pre-
sented by Ferreira et al. [23] in the prediction of solubility data for glycine in water—ethanol mixtures
at different temperatures published by Dunn and Ross [15].

Glycine relative solubility

0.0 0.2 0.4 0.6 0.8 1.0

Ethanol mole fraction in amino acid free basis

Fig. 1 NRTL predictions of the relative solubility of glycine and water—ethanol mixtures [15].
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SUGARS
Experimental data

Sugar(s)-water systems

Solubility data of several sugars and their derivatives in water have been measured and published since
the late years of the 19" century. From then until now, there was an increasing interest in these mix-
tures, especially with the development of food and pharmaceutical industries, and, therefore, more sol-
ubility data have been presented. It was possible to collect most of this information. Table 1 gives an
overview of available solubility data for the most widely used sugars. For each sugar—water system,
there is an indication of the temperature range for which the solubilities were measured, together with
the bibliographic references containing the information.

Table 1 Solubilities of sugars in water.

Systems Temperature range References
D-Glucose—water -12.06-90.8 °C [31-35]
D-Fructose—water -3.85-70 °C [35-38]
Sucrose—water -3-100 °C [31,33,34,39]
Maltose—water 0-100 °C [31,33,34,40,41]
Lactose—water -3-100 °C [31,33,34,40,42-45]
D-Galactose—water 25-85 °C [31,41]
Raffinose—water 0-100 °C [31,41,46]
D-Xylose—water 25-85 °C [41,47]
Mannose—water 25-35 °C [47]
Cellobiose—water 25-85 °C [41,48]
Trehalose—water 25-85 °C [41]

The data presented in Table 1 were measured using mainly two different techniques. One consists
of weighing the samples taken from the liquid phase until evaporation of the water is complete. Usually,
the samples are filtered before drying. The other method depends on the observation of the disappear-
ance of the last crystal. Although this last technique is faster, it has the disadvantage of achieving less
accurate results [38]. Usually, the accuracy obtained using the evaporation plus weighing method is bet-
ter than 1 % [40,47].

The importance of crystallization of sugars for the production of refined sucrose, honey, and
sweets increased the interest in mixed sugars—water systems, namely, D-glucose—sucrose—water and
D-fructose—sucrose—water [35]. Other experimental studies were carried out for the ternary system
D-xylose—D-mannose—water [47].

The effect of salts (NaCl, KCl, K,SO,, etc.) has been investigated for a long time [33,40], for a
variety of sugars and their derivatives, and is still nowadays a subject of interest [45], since it is not yet
possible to foresee the change of the solubility with the amount or type of electrolyte added.

Nonaqueous systems and mixed solvents

The solubilities of sugars in nonaqueous solvents have also been presented in the literature for a long
time. Although there are many data sets available, it is important to remark that they are not all in agree-
ment with each other, and for some systems the range of temperatures covered is narrow.

As far as mixed solvents are concerned, data were very scarce until the last decade, in despite of
their importance for modeling purposes and for separation process design and scale-up. During the
early 1990s, a systematic experimental program was implemented, with the purpose of covering this big
lack of data. Data are now available for D-glucose in water—methanol, water—ethanol, and
methanol—ethanol at 35, 40, and 60 °C [49-51], D-fructose in water—methanol, water—ethanol and
methanol-ethanol at 25, 40, and 60 °C [52,53], b-mannose and D-xylose in water—ethanol at 25 °C [54],
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sucrose in water—methanol, water—ethanol, and methanol—ethanol at 25, 40, and 60 °C [55] and lactose
in water—ethanol at 25, 40, and 60 °C [56].

An IUPAC project is currently in progress to compile and evaluate comprehensive solubility data
for sugars [57].

Modeling

Several approaches have been commonly used to estimate properties of sugar solutions. These can be
divided into two classes: “statistical” and thermodynamic models. The first ones, called statistical by
Leschke [58], were adopted by Kononenko and Herstein [59] and by Vasatko and Smelik [38] to rep-
resent the sugar solubility (D-fructose, sucrose) with the temperature using a polynomial.

In more recent years, authors became more acquainted with the potentialities of applying thermo-
dynamic models to the study of different properties of sugar solutions. Some researchers used a mo-
lecular approach, like the modified UNIQUAC models presented by Catté et al. [60] and by Peres and
Macedo [61]. The model proposed by Peres and Macedo [61] contrasts with the other one because
fewer parameters are used for each sugar—water pair, since a simpler dependence with temperature is
used. The great advantage, however, lies in the fact that Peres and Macedo [61] use the symmetric con-
vention for all components, allowing a straightforward extension of the method for the correlation and
prediction of solid-liquid equilibria in mixed solvent systems, which is not possible for the model of
Catté et al. [60], as these authors chose the unsymmetric convention for the activity coefficient calcu-
lations.

However, the majority of the models, follow a group-contribution methodology, mainly because
of their predictive nature. Some different modified UNIFAC-based methods are available in the litera-
ture. Abed et al. [35] and Gabas and Laguérie [62] used a modified version of the UNIFAC method to
predict the solid-liquid equilibrium data in ternary systems of two sugars—water. In 1997, Peres and
Macedo [63] proposed a new modification of the UNIFAC (P&M) model for sugar solutions. In both
models, new groups were defined to represent the rings of the sugars molecules, owing to proximity ef-
fects. Comparison of predictions for solubilities of sugars in mixed solvents showed that the P&M
model gives better results than the Gabas and Laguérie [62] model. This is illustrated in Fig. 2. Another
UNIFAC method was published by Spiliotis et al. [64] specially to predict partition coefficients of sug-
ars. The liquid-liquid equilibria UNIFAC table of parameters was used.
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Fig. 2 Solubility of sucrose in water—ethanol at 25, 40, and 60 °C: comparison of the experimental data with
predictions from different UNIFAC methods.
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Catté et al. [65] established a new physical-chemical UNIFAC-based model to describe the ther-
modynamic properties of sugar—water mixtures (D-glucose, D-fructose, D-mannose, D-galactose, su-
crose, maltose, and lactose). The chemical equilibrium considers solvation and conformation phenom-
ena, which is not the case of the previously mentioned models. The main drawbacks of this method are
the fact that it uses the unsymmetric convention and it is only applicable to aqueous mixtures and not
to mixed solvents, because equilibria information about conformers in other solvents than water is not
available.

Sugars form strong hydrogen bonds with one another and with water or other solvents like alco-
hols. Accordingly, more recently, Ferreira et al. [66] applied a UNIFAC-based method with a specific
term to take account of association effects (A-UNIFAC). Figure 2 presents experimental data for su-
crose in water—ethanol and predictions from the UNIFAC methods proposed by Gabas and Laguérie
[62], Peres and Macedo [63], and Ferreira et al. [66]. It is clear that the first model is totally inadequate
to represent the data, that the P&M model gives a fair prediction while the A-UNIFAC describes the
data accurately (AAD = 8.81 %). Figure 3 shows the experimental data for D-glucose in
methanol—ethanol with predictions from P&M (AAD = 28.1 %) and A-UNIFAC (AAD = 15.8 %) mod-
els. This is the trend generally observed for solubilities of sugars in mixed solvents.

Molecular mechanics methods were used by Jonsdéttir [41] to predict, among other properties,
solubilities of carbohydrates, but this methodology was restricted to aqueous solutions. The predictions
were very satisfactory, showing that this is a promising area to be developed in the future.

*  40°C
6 ~_
~a A-UNIFAC [66]
5 1 . A 60°C

P&M UNIFAC [63]

D-glucose solubility (g/100g)

0 20 40 60 80 100

ethanol weight percentage in sugar free methanol-ethanol mixture

Fig. 3 Solubility of D-glucose in methanol—ethanol at 40 and 60 °C: comparison of the experimental data with
predictions from P&M UNIFAC and A-UNIFAC.

PROTEINS
Experimental data

The first publication on experimental measurements about protein in ATPS partition is due to
Albertsson [67]. The system studied was the protein catalase in aqueous dextran (Dex) with methylcel-
lulose. After the 1970s, other authors (e.g., Johansson [68]) presented additional data on protein parti-
tion in poly(ethylene glycol) (PEG)-Dex aqueous solutions, but it was only during the last decade that
an increasing interest in these systems was shown, and most of the publications on the topic were made
available.

The technological domains where proteins have potential use are vast, and include medicine, food
industry, biotechnology, chemical industry, environmental technology, textile industry, etc. Thus, we
may find every kind of protein studied by the ATPS technology. Nevertheless, there are some proteins
that have been the object of more intense research than others. Among these are the bovine serum al-
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bumin (BSA), in great majority, followed by others, like lysozyme, o~ and B-galactosidade, o- and
[B-amylase, casein, cutinase, y-globulyn, and endopolygalacturonase. The maintenance of the proteins’
enzymatic activity is one of the primary concerns when processing such biomolecules. Thus, the tem-
perature ranges in which the partition experiments are carried out usually lie between 283 and 313 K,
since beyond those limits the proteins may irreversibly denaturate.

The most widely used ATPSs are those composed of PEG and Dex [69]. Other polysaccharides
(such as REPPAL, a modified starch and cellulose derivative) have also been proposed as phase-form-
ing polymers. Much attention is given nowadays to systems composed of thermoseparating polymers,
where PEG is replaced by a polymer that has a low cloud-point temperature, as is the case of EOPO
(e.g, [70,71]).

Among the systems of one polymer and one salt, the PEG—potassium phosphate is the most pop-
ular polymer—salt system [69,72]. It is also possible to find experimental data for PEG with magnesium
sulfate and ammonium sulfate.

After addition of a protein to an ATPS, the system will attain equilibrium and the solute will par-
tition between both phases. The time needed to reach equilibrium depends very much on the system:
PEG-salts take a few minutes, while PEG—polymers may take more than half an hour (obviously, this
will depend on the method used for phase separation—gravity sedimentation or centrifugation). The
solute’s “preference” for a given phase (top or bottom) is usually quantified by the partition coefficient,
K, commonly defined as the protein concentration on the top phase divided by its concentration on the
bottom phase. The experimental technique usually used to measure the protein concentration is UV/vis
spectroscopy at 280 nm.

Modeling

It is common practice to express the partition of proteins in ATPSs in terms of the protein net surface
charge, the electrical potential difference between both phases and other properties (such as tempera-
ture), and the partition coefficient of the same protein in the absence of either a net charge or an elec-
trical potential difference [69].

According to this methodology, it is necessary to obtain the electrical potential difference between
both phases and a way to calculate the net charge of the protein. The electrical potential difference be-
tween the aqueous phases is attributed to the unevenly distribution of the ionic species and seems to
play an important role in the partition of proteins in ATPSs [73,74]. Despite the predominant influence
of the electrical contribution on the partition of charged proteins, some doubt remains about the exper-
imental assessment as well as about the theoretical explanation of the electrical potential difference be-
tween phases (see, e.g., [73]). The application of the quasi-electrostatic-potential theory developed by
Newman [75] is one of the most widely used approaches to calculate it [73,76].

The partition coefficient of the same protein in the absence of any net charge or electrical poten-
tial difference is calculated using a model for the excess Gibbs energy. The models proposed to repre-
sent this property can be divided into two main groups: models based on the lattice theory and the os-
motic virial expansion equations.

The first attempts to correlate protein partition coefficients were reported by Brooks et al. [77]
using the FH lattice theory. Diamond and Hsu [78] used a linearized form of the FH theory to obtain a
semiempirical expression for protein partition in polymer—polymer ATPSs with or without salts. The
FH model was also used by Hino and Prausnitz [79]. A modified lattice theory was coupled to a Pitzer
equation to describe long-range interactions by Peng et al. [80], for protein partitioning in polymer—salt
systems.

The osmotic virial expansion, first introduced by Edmond and Ogston [81], provided a simple
theoretical framework for ATPSs. This methodology was adopted by King et al. [82] and Haynes et al.
[76] to predict some protein partitioning in polymer—polymer mixtures in the presence or absence of
salts. Wu et al. [83] and Gaube et al. [84], among other authors, performed similar studies.
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Very recently, Madeira et al. [85] applied a modified Wilson equation, previously developed to
predict vapor—liquid [86] and liquid-liquid equilibria of ATPSs containing polymers and salts [87], to
represent the partitioning of BSA, lysozyme, glucosidase, and catalase in the Na,SO,~PEG6000-water
and K,HPO,—PEG6000—water ATPSs. Although some assumptions were introduced in the predictive
methodology, the results were, in some cases, very satisfactory. This can be observed from Fig. 4. As
the experimental data available in the literature are scarce, the major discrepancies found were attrib-
uted to the lack of experimental data available.

InKp

Y ) S A B B W W W N

TLL
Fig. 4 Calculated and experimental (+) partition coefficient of BSA in the PEG6000-Na,SO, ATPS at 298.15 K.

CONCLUSIONS

This work focused on solubilities of amino acids, sugars. and proteins. An overview of both experi-
mental data and thermodynamic models available was given. Experimental data for aqueous systems
have been available for a long time, while mixed solvent systems were only studied during the last
decade. It is necessary to extend the measurements over larger concentration, temperature, and pressure
ranges. At a theoretical level, efforts were mainly concentrated on the establishment of molecular and
group-contribution models. These can represent very accurately aqueous solution solubilities and are,
in general, fair for mixed solvent systems. In view of improving the predictive capabilities, it is funda-
mental to develop new models taking into consideration the different specific interactions in solution.
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