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s of peptides and their solubility in
water. Part 1: dipeptides based on glycine or
alanine†

Hoang Tam Do, ‡a Yeong Zen Chua, ‡*bc Jonas Habicht,a Marcel Klinksiek,a

Moritz Hallermann,a Dzmitry Zaitsau, cd Christoph Schick bce

and Christoph Held *a

Melting properties (melting temperature, melting enthalpy and heat capacity difference between liquid and

solid phase) of biomolecules are indispensable for natural and engineering sciences. The direct

determination of these melting properties by using conventional calorimeters for biological compounds

is often not possible due to decomposition during slow heating. In the current study this drawback is

overcome by using fast scanning calorimetry (FSC) to directly measure the melting properties of five

dipeptides (glycyl-glycine, glycyl-L-alanine, L-alanyl-glycine, L-alanyl-L-alanine and cyclo(L-alanyl-

glycine)). The experimental melting properties were used as inputs into a thermodynamic solid–liquid

equilibrium relation to predict solubility of the dipeptides in water. The required activity coefficients were

predicted with PC-SAFT using solubility-independent model parameters. PC-SAFT predicted different

solubility profiles (solubility vs. temperature) of isomers. The predictions were validated by new

experimental solubility data, and the crystal structure of the dipeptides in saturated solution was verified

by X-ray diffraction. The different water solubility profiles of isomers (glycyl-L-alanine and L-alanyl-

glycine) were found to be caused by the big difference in the melting enthalpy of the two dipeptides. To

conclude, combining the PC-SAFT and FSC methods allows for accurate prediction of dipeptide

solubility in water in a wide temperature range without the need to fit any model parameters to

experimental solubility data.
Introduction

Dipeptides play an essential role in the medicine sector e.g.
antihypertensive or vasodilatory drugs, sport medicine and tumor
therapy.1 Furthermore, the dipeptide L-alanyl-L-glutamine is
already applied in therapeutic medicine,2–4 similar to the dipep-
tide L-carnosine.5 Crystallization is still state-of-the-art unit oper-
ation for production and purication of dipeptides.
Crystallization requires knowledge about solubility of peptides,
while it determines the reaction yield and nal purity. Solubility
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depends on the solvent, and the correct choice of solvent for the
crystallization process allows improving the corresponding
synthesis and purication processes.6 In addition, knowledge is
needed in biochemical processes to avoid dipeptide precipitation.
The solubility depends on properties of the system such as
temperature, nature and concentration of co-solvents and co-
solutes and pH value, as well as on the solid phase composition
of dipeptides (stability of the crystal phase). Solubility data – also
under these inuences – can be measured using experimental
methods such as photometric and gravimetric methods.
However, the experimental determination of solubility is time-
consuming and expensive, especially for biological solutions. To
circumvent an experimental-based study on solubility, thermo-
dynamic models can be applied that allow predicting solubility
behavior given that reliable melting properties are available.

Among such thermodynamic models, gE models and equa-
tions of state (EoS) are widely used for engineering purposes to
calculate the activity coefficients. Models such as the modied
Wilson model (Xu et al.7) with two adjustable parameters per
system has already been used to calculate the activity of polymer
aqueous solutions as well as the aqueous solubility of several
amino acids and dipeptides. Pazuki et al. used perturbation
theory,8 M-Wilson and M-NRTL9 models based on three
This journal is © The Royal Society of Chemistry 2019
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Table 1 Substances, abbreviations, suppliers, CAS numbers andmass-
specific purities of the reagents used within this work

Substance Abbrev. Supplier CAS no. Purity

Glycyl-glycine Gly–Gly Sigma A. 556-50-3 $99%
Glycyl-L-alanine Gly–Ala Sigma A. 3695-73-6 $99%
L-Alanyl-glycine Ala–Gly Sigma A. 687-69-4 $99%
L-Alanyl-L-alanine Ala–Ala Bachem 1948-31-8 $99%
a Cyclo(Ala–Gly) Bachem 4526-77-6 $99%

a Cyclo(alanyl-glycine)((S)-3-methyl-2,5-piperazinedione).
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adjustable parameters to predict the activity coefficients of
aqueous solutions containing an amino acid or a small peptide.
Mortazavi-Manesh et al.10 used a two-parameter model based on
the perturbation theory of a hard-sphere reference to correlate
the activity coefficients of some amino acids and peptides in
aqueous solutions. Held et al.11 calculated the activity coefficients
based on the Perturbed-Chain Statistical Associating Fluid
Theory (PC-SAFT) of aqueous amino-acid and peptide solutions.
It has been shown that in comparison to other models, PC-SAFT
provides accurate modeling results of activity coefficients and
prediction of solubility even in complex mixtures.12–15

Thermodynamic models make use of an equilibrium condi-
tion between the solid dipeptide and the dipeptide in the satu-
rated liquid phase. No mixed solids (pure compound in single
solid phase) were assumed. The temperature dependency of the
melting enthalpy was taken in account resulting in the term of
the difference of the heat capacities of the solid and liquid state.
The difference of heat capacities itself was assumed to be
temperature dependent in a linear function. The mole fraction of
the dipeptide in the liquid phase at saturation conditions
xL,sati can be calculated according to ref. 16 and 17 by eqn (1), and
by assuming a linear temperature dependence of eqn (2).

xL;sat
i ¼ 1

gsat
i

exp

(
DhSL0i
RTSL

0i

�
1� TSL

0i

T

�
� 1

RT

ðT
TSL

DcSLp0iðTÞdT

þ 1

R

ðT
TSL

DcSLp0iðTÞ
T

dT

)
(1)

DcSLp0iðTÞ ¼
�
acL

p0i
� acS

p0i

�
T þ

�
bcL

p0i
� bcS

p0i

�
(2)

where gsat
i is the activity coefficient of dipeptide i at the satu-

rated mole fraction xL,sati in mole fraction, and TSL0i , Dh
SL
0i and

DcSLp0i(T) are melting temperature, melting enthalpy and heat
capacity difference between liquid and solid dipeptide, respec-
tively. Furthermore, DcSLp0i is linear temperature-dependent, with
the slopes of the heat capacity acLp0i and acSp0i as well as the
interceptions bcLp0i and bcSp0i of the liquid (L) and solid (S) phase.
Thus, solubility prediction using eqn (1) require two major
contributions: the activity coefficient at saturation and the
melting properties (TSL0i , Dh

SL
0i and DcSLp0i). The impact of various

approximations of the heat capacity difference on the model
accuracy has been explored already by Rasmuson's group who
promoted a linear function of temperature,18,19 while others
investigated constant-value approximations.20,21

The common strategy to model solubility of amino acids and
peptides is to adjust simultaneously all model parameters
including melting properties to experimental solubility data in
any chosen solvent (in most cases water). This method is physi-
cally unsound as so-determined melting properties include
information of the mixture. This is forbidden from a physical
perspective asmelting properties are pure-component properties.
As a consequence, so-determined melting properties from liter-
ature for several amino acids (Ji and Feng et al.22 and Ferreira
et al.23) and for dipeptides (Held et al.11) largely deviate from each
other and cannot be considered as reliable data.24 The only
physically correct procedure to predict solubility is the use of
This journal is © The Royal Society of Chemistry 2019
experimentally determined melting properties that are univer-
sally valid and do not depend on unphysical treatments.
However, the melting properties for amino acids and dipeptides
are mostly inaccessible due to the thermal decomposition during
slow heating in conventional Differential Scanning Calorimetry
(DSC).25 However, in our recent work24 we have shown that it is
possible to use the Fast Scanning Calorimetry (FSC) to avoid
thermal decomposition before and duringmelting. FSC has been
successfully applied to accurate study of meting of amino acids
glycine and L-alanine,24 bio-polymers,26–28 low molecular mass
compounds29 and nucleobases.30,31 Further, for glycine and L-
alanine we have shown that it is possible to predict the
temperature-dependent solubility in water on the basis of the
FSC-determined melting properties.24

Within this work the temperature-dependent aqueous solu-
bilities of glycyl-glycine (Gly–Gly), glycyl-L-alanine (Gly–Ala), L-
alanyl-glycine (Ala–Gly), L-alanyl-L-alanine (Ala–Ala) and cyclo(L-
alanyl-glycine) (cyclo(Ala–Gly)) were measured gravimetrically
and photometrically. To determine the activity coefficients
properly the knowledge about the melting properties are
desired according to eqn (1). Due to the decomposition of these
dipeptides before melting in common DSC, the melting prop-
erties were determined with FSC. The experimental results were
used to predict the solubility with PC-SAFT. The predicted
solubilities were compared to new experimental solubility data.
As cyclization of dipeptides can occur both in solution32–34 and
in the solid phase35–37 during thermal treatment, we have proven
that the obtained results corresponded to the dipeptides
instead of to their cyclic pendants.
Methodology
Materials and reagents

The commercially available dipeptides used in this study are
shown Table 1. The dipeptides were used without further
purication. Water was directly used from the Millipore-Q-
device in the lab.

Dipeptides might undergo thermally induced cyclization
upon heating, as shown in the literatures for L-leucyl-L-leucine35

and diphenylalanine.36 In order to exclude that cyclization of the
dipeptides occurred in our FSC measurements, both Ala–Gly
and cyclo(Ala–Gly) were characterized and their melting prop-
erties and solubility proles were compared.
RSC Adv., 2019, 9, 32722–32734 | 32723
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Fig. 1 Temperature–time profile with three measurement stages: (i)
1st stage: sample mass determination (red segment), (ii) 2nd stage:
sample melting and fast-quenching (green segment), and (iii) 3rd
stage: re-heating of supercooled sample (blue segment). After cooling
step #4 in 1st stage, the sample can be coated with silicon oil. In the
heating step #5, the scanning rate, b, varied from 2000 K s�1 to 20 000

Table 2 Dilution factors (DF) and absorbance maximum of the
dipeptides measured in this work

Substance DF Absorbance maximum

Ala–Gly 14 000 192 nm
Ala–Ala 15 000 190 nm

RSC Advances Paper
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Measurement of aqueous solubility

The temperature dependence of dipeptides' solubility in water
was measured with gravimetric and photometric methods at
100 kPa. The methods are described in detail in the litera-
ture.11,38 First, Millipore-puried water were lled into
Eppendorf® tubes (1.5 mL) and an excessive amount of the
studied dipeptide was added to ensure saturation. The
compounds in tubes were shaken (850 rpm) for 48 h in a Ther-
moMixer (Eppendorf) at pre-dened temperature (293.15–
323.15 K) with an accuracy of �0.1 K. Aerwards, the saturated
solutions were equilibrated isothermally and without stirring
for another 48 h to ensure the solid phase is in equilibrium with
the dipeptide in the liquid phase. Four independent saturated
solutions were prepared for each dipeptide. At this stage, the pH
value of the saturated solutions was measured using glass
electrode pH-meter (VWR) with a standard deviation of�0.03 in
pH. For thus prepared saturated solutions with the help of
Mettler Toledo XS-205 balance with an accuracy of �0.01 mg
and Specord 210 Plus UV/Vis-spectrometer the solubility values
were determined with gravimetric and photometric techniques.
In the end the results of the four independently prepared
saturated solutions were averaged.

Gravimetric method. A sample solution of 100 mL was care-
fully withdrawn from the saturated liquid phase and weighed.
The sample solution was treated in drying chamber at T ¼
298.15 K, p ¼ 100 kPa, for more than three days and weighed
again. The relative humidity was not considered. To ensure
a total evaporation of the solvent, the sample was placed in
a vacuum chamber at T ¼ 298.15 K and p ¼ 2 kPa for 24 h and
additionally weighed. The drying procedure was repeated until
the evaluated concentration of the dipeptide did not change in
the consecutive runs by more than 3%.

Photometric method. Calibration curves (absorbance vs.
molalities) of the dipeptides in undersaturated aqueous solu-
tions were measured in advance in Millipore water. A sample of
3–10 mL was withdrawn from the saturated liquid phase and
gravimetrically diluted. The dipeptide-specic dilution factors
are shown in Table 2. Each of the diluted solutions was mixed
for 1 h and measured spectrophotometrically (Specord 210,
Analytik Jena). In all the measurement the nal concentration
laid within the interval of calibration. In the current work the
dipeptides Ala–Gly and Ala–Ala were measured with photo-
metric method. The absorbance maxima are shown in Table 2.

pH correction. The dipeptide solubilities were measured at
non-buffered conditions in water. Thus, each of the saturated
dipeptide solution has a different pH value. The pH values are
listed in Table S4 in the ESI.† In order to compare the dipeptide
solubility at same pH conditions, the experimental solubility of
each dipeptide was adjusted to pH ¼ 7 using the Henderson–
Hasselbalch method (eqn (3) and (4)) for triprotic (Gly–Gly, Gly–
Ala, Ala–Gly and Ala–Ala) and diprotic (cyclo(Ala–Gly)) dipep-
tides according to the following equations:39

~mL
HA,tot ¼ ~mL

HA[1 + 10pKa,1�pH + 10pH�pKa,2 + 102pH�pKa,2�pKa,3] (3)

~mL
HA,tot ¼ ~mL

HA[1 + 10pH�pKa,1 + 102pH�pKa,2�pKa,1] (4)
32724 | RSC Adv., 2019, 9, 32722–32734
where ~mL
HA,tot represent the total solubility, ~mL

HA the intrinsic
solubility of the neutral dipeptide. pKa,1 pKa,2 pKa,3 are the
logarithm of acid dissociation constants. These values were
calculated using the platform Chemicalize® for the dipeptides
considered in this work and listed in Table S1 in the ESI.† The
intrinsic solubilities ~mL

HA for all dipeptides at each temperature
were determined from eqn (3) or (4) using the pH value of the
equilibrated saturated solution and the solubility determined
from the saturated unbuffered solution ~mL

HA,tot at the known
pH. Based on the calculated intrinsic solubility ~mL

HA, the total
solubility ~mL

HA,tot at different pH values were calculated. The
contribution of the charged and non-charged species of Ala–Ala
can be seen in Fig. S2 in the ESI.†

The conversion from the molar fraction x [mol mol�1] to
molality ~m [mol kgwater

�1] is done according to the following
equation:

~mdipeptide ¼ xdipeptide

Mwater

�
1� xdipeptide

� (5)

where xdipeptide represents the equilibriummole fraction in [mol
mol�1],Mwater¼ 0.018015 kgmol�1 the molecular mass of water
and ~mdipeptide the dipeptide solubility in [mol kg�1]. From now
the dipeptide solubility will be expressed as molality ~m.

Powder X-ray diffraction (PXRD). The crystal structure of the
dipeptide that is in equilibrium with its saturated aqueous
solution is an important factor for modeling the solubility using
K s�1 [reprinted from ref. 24 with modifications].

This journal is © The Royal Society of Chemistry 2019
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eqn (1). It is required that the determined melting properties
are measured for the same solid form as the solid precipitate
that is in equilibrium with the solute in saturated liquid phase.
However, during the dissolving process the crystal structure of
the pure dipeptide might change according to the solvent
conditions. For example, glycine tends to form different crystal
Fig. 2 Extrapolated onset temperature of the melting peak of Gly–Gly, G
The melting temperature at zero heating rate for Gly–Gly, Gly–Ala, Ala–G
� 7) K, TSL0Ala–Gly ¼ (611 � 7) K, TSL0Ala–Ala ¼ (606 � 7) K and TSL0cyclo(Ala–Gly)
(circles), 4000 K s�1 (up-triangles), 5000 K s�1 (hexagonals), 6000 K s�1 (
s�1 (left-triangles) and 20 000 K s�1 (right-triangles). Solid symbols repre
sample measurement with silicon oil.

This journal is © The Royal Society of Chemistry 2019
structures in equilibrium with saturated water and in alcohol
solutions.40 Therefore, the crystal structure of the pure dipep-
tide without any further treatments was determined at rst
using PXRD. Then the crystal structure of the solid phase that
was in equilibrium with its saturated solution at T ¼ 298.15 K
was determined.
ly–Ala, Ala–Gly, Ala–Ala and cyclo(Ala–Gly), as function of heating rate.
ly, Ala–Ala and cyclo(Ala–Gly) is TSL0Gly–Gly ¼ (593� 7) K, TSL0Gly–Ala ¼ (551
¼ (526 � 7) K, respectively. The scanning rates used were 2000 K s�1

down-triangles), 8000 K s�1 (diamonds), 10 000 K s�1 (stars), 15 000 K
sent sample measurement without silicon oil, while empty symbols for

RSC Adv., 2019, 9, 32722–32734 | 32725
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Fig. 3 Enthalpy, DHSL
0i , of Gly–Gly, Gly–Ala, Ala–Gly, Ala–Ala and

cyclo(Ala–Gly) in respect to initial sample mass, m0, regardless of the
scanning rates. The symbols used were as described in Fig. 2. The
dashed line was linear fit through zero origin, where the slope denoted
as DhSL0i . The scanning rates used were 2000 K s�1 (circles), 4000 K s�1

(up-triangles), 5000 K s�1 (hexagonals), 6000 K s�1 (down-triangles),
8000 K s�1 (diamonds), 10 000 K s�1 (stars). The melting enthalpy for
Gly–Gly, Gly–Ala, Ala–Gly, Ala–Ala and cyclo(Ala–Gly) is DhSL0Gly–Gly ¼
(40 � 6) kJ mol�1, DhSL0Gly–Ala ¼ (41 � 5) kJ mol�1, DhSL

0Ala–Gly ¼ (52 �
7) kJ mol�1, DhSL0Ala–Ala ¼ (45 � 7) kJ mol�1 and DhSL0cyclo(Ala–Gly) ¼ (24 �
4) kJ mol�1, respectively. The values are already given in the figures,

RSC Advances Paper
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Measurement of melting properties

The dipeptides Gly–Gly, Gly–Ala, Ala–Gly and Ala–Ala, as well as
cyclo(Ala–Gly) were measured with Mettler Toledo Flash DSC1,
which is a Fast Scanning Calorimeter (FSC) equipped with thin
lm chip sensor USF1,41 to determine the melting properties
experimentally. The detailed description of the experimental
method has been given previously.24,27,28,30

The measurement procedure is divided into three measure-
ment stages, as shown in the temperature–time prole in Fig. 1.
In the rst stage, the initial mass of the sample was determined
as m0 ¼ CS

p0i/c
S
p0i, where C

S
p0i is heat capacity of the solid sample

on the sensor [J K�1] obtained from the heating and cooling
cycles in scanning steps #1 to #4, and cSp0i is specic heat
capacity [J g�1 K�1] obtained from the measurement with
conventional DSC (Pyris 1, PerkinElmer, USA). The temperature
range and constant scanning rate, b ¼ 2000 K s�1, were selected
as such that the sample undergoes no mass loss, e.g. no subli-
mation and no decomposition.24,27,28,30 The starting temperature
was set to 303 K.

The properties TSL0i and DhSL0i are determined in the heating
step #5 in the second stage. The DhSL0i is dened as

DhSL0i ¼ DHSL
0i M

m0

(6)

where DHSL
0i is the enthalpy, determined as the area under the

melting peak in the heat ow curve of heating step #5, m0 is the
sample mass, and M is the molar mass of the dipeptide.

In order to ensure good thermal contact between sample and
surface of sensor, as well as to decrease the mass loss due to
sublimation and evaporation, the sample was coated with silicon
oil before the heating step #5. The scanning rate of heating step
#5 was varied from 2000 K s�1 to 20 000 K s�1 used for the
extrapolation of the measured properties to zero heating rate.
Silicon oil was commonly used to improve the thermal contact in
FSC measurements, e.g. for polymers42–45 and for organic
compounds.24,46 Nevertheless in order to ensure that there is no
interaction between the dipeptides and silicon oil, the melting
properties, TSL0i and DhSL0i , for samples coated with and without
silicon oil were determined and presented in Fig. 2 and 3.

Aer melting in heating step #5, the sample without silicon oil
was cooled rapidly with a programmed rate of 20 000 K s�1

(cooling step #6 in third stage) to minimize the sample mass loss
due to evaporation at high temperature. If crystallization in cooling
steps #6 and #7 took place, the ultra-fast quenching of the melted
sample was applied allowing the sample to retain in the liquid
state below the melting temperature (supercooled liquid). The
glass transition of the sample (supercooled liquid to glass and vice
versa) was denoted as a step change in the specic heat capacity.

In the third stage for sample without silicon oil, the glassy
sample was heated/cooled in temperature range similar to that in
the rst stage. The initial scanning rate used in this stage was 2000
K s�1, however accessible temperature range for accurate deter-
mination of the glass transition with this scanning rate was too
narrow. The limitation on the accessible temperature arises due to
device response depending on the scanning rate. The accessible
temperature range can be increased by (i) decreasing starting
32726 | RSC Adv., 2019, 9, 32722–32734
temperature below 303 K, and (ii) decreasing the scanning rates of
heating and cooling cycles. The rst solution is not favorable, as
this would increase themeasuring time due to increasing required
equilibrating time of the device at low temperatures below 303 K.
Thus, as in second solution, a range of lower scanning rates was
used in heating and cooling cycles in the third stage. By decreasing
the scanning rates, the temperature range needed to achieve
constant scanning rates decreases. Therefore the accessible
temperature range in heating and cooling curves increases. An
example of heating and cooling cycles for glassy Gly–Gly in the
third stage that shows that the accessible temperature range for
glass transition evaluation increases with decreasing scanning rate
are shown in Fig. S1 in ESI.†
PC-SAFT

Modeling solubility using eqn (1) requires the dipeptide activity
coefficient. In this work, dipeptide activity coefficients were
same for Fig. 2.

This journal is © The Royal Society of Chemistry 2019
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calculated based on a ratio of fugacity coefficients 4i/40i which
describes the deviations from the dipeptide at saturated liquid to
the pure dipeptide. Fugacity coefficients were calculated by eqn (7)

ln 4i ¼
mres
i

RT
� lnðZÞ (7)

where mresi represents the residual chemical potential and Z the
compressibility factor. In this work, all values were calculated
for liquid states. Both, mresi and Z requires an expression for the
residual Helmholtz energy ares. In this work PC-SAFT was used
to calculate the contributions to ares according to eqn (8)

ares ¼ ahc + adip + aassoc (8)

where ahc, adisp and aassoc express the Helmholtz-energy
contributions of the hard chain repulsion, dispersion and
association interactions, respectively. All these contributions
have been already published by Gross and Sadowski.47 The
conventional Berthelot–Lorenz� combining rules were used for
interactions between two components i and j (water and
dipeptide) in a mixture:

sij ¼ 1

2

�
si þ sj

�
(9)

uij ¼ ffiffiffiffiffiffiffiffi
uiuj

p �
1� kij

�
(10)

The binary interaction parameter kij is a t parameter that
describes deviations from the geometric mean of the disper-
sion–energy parameters of components i and j.

The dipeptides used in this work were modeled with the
2B association scheme.48 Both, the amino group and the
carboxylic group were characterized with one association site
each. The PC-SAFT pure-component parameters for the
dipeptides were taken from literature.11 The parameters were
tted to thermodynamic properties of aqueous solution, and,
therefore, depend on the chosen water parameters. Water
was modeled as well with the 2B association scheme with
a temperature-dependent segment diameter introduced by
Cameretti and Sadowski.49 The same water parameters used
in ref. 24 were also used in the present work. The PC-SAFT
parameters used in this work are listed in Table 3.

One binary interaction parameter was applied between
dipeptide and water according to eqn (10). In this work, the
values for kij were tted to activity-coefficient data of dipeptides
Table 3 PC-SAFT parameters for Gly–Gly, Gly–Ala, Ala–Gly, Ala–Ala, cyc
and water. For all components, the 2B association scheme was applied.

Component mseg
i [�] si [Å] ui/

Gly–Gly11 7.3374 2.327 21
Gly–Ala11 9.2047 2.411 27
Ala–Gly11 9.2047 2.411 27
Ala–Ala11 10.230 2.522 28
Cyclo(Ala–Gly)this work 5.8185 2.780 27
water49 1.2047 a 35

a For water, a temperature-dependent segment diameter s ¼ 2.7927 + 10.

This journal is © The Royal Society of Chemistry 2019
in water at (298.15 � 0.1) K. For cyclo(Ala–Gly) osmotic coeffi-
cients in water solutions at (273.15� 0.1) K were determined. The
Gibbs–Duhem equation was used to convert these values in
activity coefficients where the value for kij was tted to. For
comparison, the PC-SAFT modelled and experimental activity
coefficients are illustrated in Fig. S3 in the ESI.† The values are
listed in Table S2 in the ESI.† Furthermore, the experimental
dipeptide-water density data was used to conrm the binary
interaction parameter kij values. The result of the parameter t
can be observed in Fig. S4† and the values are listed in Table S3 in
the ESI.† It can be seen that PC-SAFT and experimental results
are in good agreement. Additionally, it can be observed that the
segment number of cyclo(Ala–Gly) as well as the association
energy and volume is smaller in comparison with linear Ala–Gly.
The molecule Ala–Gly consists of one primary amine group, of
one carboxyl group, and of the peptide bond that contains
a secondary amine group and a carbonyl group. The molecule
cyclo(Ala–Gly) has two peptide bonds, so two secondary amine
groups and two carbonyl groups. Thus, the association behavior
of cyclo(Ala–Gly) is weaker than of Ala–Gly, which can be seen
also from the association parameters listed in Table 3.
Results and discussion
Melting temperature and melting enthalpy of dipeptides

The melting properties of dipeptides Gly–Gly, Gly–Ala, Ala–Gly
and Ala–Ala, as well as cyclo(Ala–Gly) characterized with fast
scanning calorimetry are presented here. The heat ow curves
in heating step #5 were used for the determination of the
apparent melting temperature, TSL0i (b) and the enthalpy,
DhSL0i , are shown in Fig. S5 in the ESI,† where the TSL0i (b) was
obtained as the onset of the melting peak – the intersect
between extrapolated melting peak baseline and auxiliary line
through the ascending melting peak slope, while DHSL

0i was the
area between the melting peak and the baseline.

The extrapolated onset temperatures, TSL0i (b), were plotted in
respect to heating rates, b, as shown in Fig. 2. The value for the
thermodynamic melting temperature, TSL0i , is dened as TSL0i ¼
TSL0i (b / 0),50 which considers such device dependent effects as
the thermal lag50,51 and possible superheating.51–53 As described
above in eqn (6) DHSL

0i should linearly depend on the sample
mass m0, regardless of the scanning rate and this was demon-
strated for both samples with and without silicon oil in Fig. 3.
This also indicates no interaction between dipeptides and
lo(Ala–Gly), and water used within this work and kij between dipeptide
The parameters were already published in literature11

kB [K] 3AiBi/kB [K] kAiBi [�] kij to water

6.96 2598.06 0.0393 �0.080
9.32 2912.21 0.0392 �0.075
9.32 2912.21 0.0392 �0.075
7.59 3176.59 0.0819 �0.074
8.48 1029.07 0.0157 �0.053
3.94 2425.67 0.0451 —

11 exp(�0.01775T) � 1.417 exp(�0.01146T) was used.
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Fig. 4 Specific heat capacity for Gly–Gly, Gly–Ala, Ala–Gly and Ala–Ala. The heat capacity of solid, cSp0i, of the dipeptides was measured with
conventional DSC (dotted lines). The solid line denotes the glass transition step of ultra-fast quenchedmelted dipeptideswithout silicon oil. Both cSp0i and
cLp0i (dashed lines) were linearly fitted to extrapolate to TSL0i . The heat capacity difference between liquid and solid phase were determined at glass
transition temperature,DcSLp0i (T

G
0i) and atmelting temperature,DcSLp0i (T

SL
0i ). Gly–Gly:Dc

SL
p0Gly–Gly (T

G
0Gly–Gly)¼ (84� 6) Jmol�1 K�1 andDcSLp (TSL0Gly–Gly)¼ (51

� 6) Jmol�1 K�1; Gly–Ala:DcSLp0Gly–Ala (T
G
0Gly–Ala)¼ (91� 6) Jmol�1 K�1 andDcSLp0Gly–Ala(T

SL
0Gly–Ala)¼ (55� 6) Jmol�1 K�1; Ala–Gly:DcSLp0Ala–Gly (T

G
0Ala–Gly)¼

(82� 3) J mol�1 K�1 and DcSLp (TSL0Ala–Gly)¼ (57� 3) J mol�1 K�1; Ala–Ala: DcSLp0Ala–Ala (T
G
0Ala–Ala)¼ (84� 18) J mol�1 K�1 and DcSLp0Ala–Ala (T

SL
0Ala–Ala)¼ (62�

18) J mol�1 K�1. The solid squares depict specific heat capacity of solid Gly–Gly from literature.60 In order to avoid crystallization on cooling, higher
scanning rates are required and might be able to achieved with ultra-fast scanning nanocalorimetry.61,62

32728 | RSC Adv., 2019, 9, 32722–32734 This journal is © The Royal Society of Chemistry 2019
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Table 4 Experimental melting properties (TSL0i , Dh
SL
0i and DcSLp0i) of the dipeptides used in this work

FSC

M [g mol�1] TSL0i [K] DhSL0i [kJ mol�1] DcSLp0i (T
G
0i) [J mol�1 K�1] DcSLp0i (T

SL
0i ) [J mol�1 K�1]

Gly–Gly 132.12 593 � 7 40 � 6 84 � 6 51 � 6
Gly–Ala 146.15 551 � 7 41 � 5 91 � 6 55 � 6
Ala–Gly 146.15 611 � 7 52 � 7 82 � 3 57 � 3
Ala–Ala 160.17 606 � 7 45 � 7 84 � 18 62 � 18
Cyclo(Ala–Gly) 128.13 526 � 7 24 � 4 — —

Table 5 Melting properties used for PC-SAFT solubility predictions in this work

PC-SAFT

TSL0i [K] DhSL0i [kJ mol�1] acLp0i ½J mol�1 K�2� bcLp0i ½J mol�1 K�1� acSp0i
½J mol�1 K�2� bcSp0i

½J mol�1 K�1�

Gly–Gly 593 42.02 0.256 185.660 0.415 41.175
Gly–Ala 551 38.04 0.253 219.937 0.474 44.123
Ala–Gly 611 45.01 0.357 169.339 0.475 41.054
Ala–Ala 606 41.72 0.396 175.923 0.503 49.918
Cyclo(Ala–Gly) 533 22.69 — — — —
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silicon oil. The slopes of the dashed red lines in Fig. 3 provides
the specic melting enthalpies.24,27,28
Heat capacity change on devitrication of the dipeptides

In the third stage, only ultra-fast quenched melted dipeptides
without silicon oil were heated/cooled in the temperature range
similar to the rst stage with scanning rates from 500 K s�1 to
2000 K s�1. If crystallization is avoided, a glass transition step
from glassy to supercooled liquid state can be observed in
heating #8 and cooling #9 steps.
Fig. 5 Experimental dipeptide solubility at pH ¼ 7 in water as molality
vs. temperature. Full symbols present data measured by photometric
method; empty symbols by gravimetric method. Gly–Ala (squares +
“x”-filled square38); Ala–Ala (up-triangles); Gly–Gly (circles);11 Ala–Gly
(down-triangles) and cyclo(Ala–Gly) (diamonds). The experimentally
determined values are given in Tables S5 and S6 (pH 7) and Tables S7
and S8 (pH at saturated solutions) in the ESI.†

This journal is © The Royal Society of Chemistry 2019
Fig. 4 shows the glass transition step (solid line) in specic
heat capacity for Gly–Gly, Gly–Ala, Ala–Gly and Ala–Ala. The heat
capacity of solid phase, cSp0i, measured with conventional DSC, as
well as the heat capacity of liquid phase, cLp0i, determined from
the glass transition step were linearly tted in order to extrapolate
to melting temperature. The heat capacity difference between
liquid and solid phase were determined at glass transition
temperature, DcSLp0i (T

G
0i) and at melting temperature, DcSLp0i (T

SL
0i ). It

should be mentioned that we assumed the heat capacity of glass
and crystal state equal to each other. This assumption is
reasonable, while the heat capacity difference between glass and
crystal phases oen lower than the uncertainty of heat capacity
determination with FSC technique (approx. 10%).54–59

Unfortunately, no heat capacity difference for cyclo(Ala–Gly)
can be determined as cyclo(Ala–Gly) crystallizes on cooling from
melted state, even at cooling rate 20 000 K s�1.

The experimental melting temperatures, melting
enthalpy, and heat capacity differences at glass transition
temperature and at melting temperature of dipeptides, as
well as the melting properties implemented in PC-SAFT, are
listed in Table 4. The melting properties of Ala–Gly differs
considerably from that of cyclo(Ala–Gly). This implies that
Ala–Gly does not undergo cyclization into cyclo(Ala–Gly)
upon heating in FSC conditions and allows determining the
melting properties of dipeptides without accounting for this
chemical process. So, the big difference in the melting
properties justies the observed difference in the solubility
data of Ala–Gly and cyclo(Ala–Gly).
Solubility of dipeptides

The dipeptide solubility was adjusted to pH ¼ 7 using eqn (3) and
(4). For these equations, pKa values of the dipeptides and pH values
of the saturated solutions are required. The pKa values were
RSC Adv., 2019, 9, 32722–32734 | 32729
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determined using the platformChemicalize®. The results of the pH
measurements of the aqueous unbuffered saturated dipeptide
solutions are given in Table S2 in the ESI.† The solubility results are
illustrated in Fig. 5.

As expected, the solubility of all dipeptides increases with
increasing temperature. Some literature works have already re-
ported solubility data of dipeptides in water. The temperature-
dependent solubility of Gly–Gly as well as Gly–Ala in water are
listed in the literature ref. 11 and 38, respectively. These solubility
data were repeated in the present work accounting also for pH
correction using eqn (3) and (4). In addition to the already existing
data, the temperature-dependent solubility of Gly–Ala in water was
determined gravimetrically in the current work. Overall, Fig. 5
illustrates that the data agree well with each other.
Fig. 7 Influence of the difference of the heat capacities on the solu-
bility behaviour for Gly–Gly (circles11) in water as molality vs. temper-
ature. Lines represent PC-SAFT predictions with the parameters from
Table 3 and FSC-measuredmelting properties from this work (Table 4).
Dotted line: eqn (1) with DcSLp0i ¼ 0, dotted-dashed line: eqn (1) with
DcSLp0i ¼ const. ¼ 51 J mol�1 K�1, solid line: eqn (1) with eqn (2).
PXRD results

To prove that the crystals form in the equilibrium with satu-
rated aqueous solution in the solubility are equal to those
studied by FSC the PXRD analysis was carried out. This is one of
the requirements for application of eqn (1) in its presented
form. The results of the PXRD measurements are shown in
Fig. S6 in the ESI.† The PXRD measurements should determine
if the crystal structure of the pure substance changes with the
solvent water. A change in the crystal structure would be
determined in a shi of the intensities to different angles. As
shown in Fig. S6 in the ESI† the crystal structures of the pure
dipeptides are the same as in equilibrium with saturated water
solution. No change in crystal structures could be detected
during the measurements.
Expected solubility behavior

Eqn (1) shows that solubility depends onmelting properties and
solvent–solute interactions. From a chemical perspective, it is
Fig. 6 Solubility in water. Bars: mean values of the photometric and
gravimetric determined dipeptide solubility data at T ¼ 298.15 K and
pH¼ 7. Lines represent the corresponding amino-acid solubility at T¼
298.15 K and pH ¼ 7: solid line: Gly24 and dashed line: Ala.24

32730 | RSC Adv., 2019, 9, 32722–32734
known that an increase in hydrophobicity of the peptides will
decrease their solubility in water based on hydrophobic alkyl
chain residue. The amino acids glycine (Gly), L-alanine (Ala), L-
valine (Val) and L-leucine (Leu) differ only in the length of the
alkyl side chain. Comparing the solubility behavior of these
amino acids in aqueous solutions63 it can be stated that the
Fig. 8 Influence of the activity coefficient on the solubility in molality
in water expressed as difference between ideal and experimental
solubility. Black (Ideal): calculated solubility at T¼ 298.15 K from eqn (1)
based on the FSC-measured melting properties in experimental
uncertainty assuming an ideal mixture g¼ 1. Shaded (Exp.): mean value
of the photometric and gravimetric determined solubility data at T ¼
298.15 K and pH ¼ 7. Grey (PC-SAFT): calculated solubility at T ¼
298.15 K from eqn (1) based on the PC-SAFT used melting properties
from Table 4 including the activity coefficient.

This journal is © The Royal Society of Chemistry 2019
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increasing alkyl residual size leads to decreasing solubility in
water. By comparing solubilities of dipeptides to those of Gly
and Ala, it would have been expected that

(1) The solubility of the dipeptides are lower than of the
respective amino-acids constituents,

(2) The solubility of the isomeric dipeptides Gly–Ala and Ala–
Gly is expected to be equal and

(3) the solubility of Gly–Ala and of Ala–Gly is assumed to be
in between the solubilities of Gly and Ala and

(4) The solubility is expected to decrease with the increase in
alkyl chain length as in the case of amino acids. That, Gly–Gly is
expected to have a larger solubility than Gly–Ala and larger than
Ala–Gly, which in turn are expected to have a higher solubility
than Ala–Ala.

Unexpectedly, none of these expected behaviors were found
experimentally. The comparison of the solubilities of the four
dipeptides compared to the amino acids Gly and Ala is illus-
trated in Fig. 6.

First, it becomes clear from Fig. 6 that amino acids are not
necessarily more soluble in water than dipeptides. In the
following, only those dipeptides are considered that possess the
amino acid Gly in the rst place of the primary structure. As
soon as another Gly with a dipeptide binding is placed in the
second place (Gly–Gly), the solubility decreases. However, if an
Ala is present at second place (Gly–Ala), the solubility is
increased and even exceeds the solubility of the glycine.

Now, we consider peptides that possess the amino acid Ala at
the rst place of the primary structure. Combining this with Gly
at the second place (Ala–Gly) causes a strong decrease in the
water solubility that it is even lower than the solubility of the
Ala. However, as soon as Ala occurs at second place again (Ala–
Ala), the solubility is increased compared to the amino acid Ala.

As observed the order of the sequence has an important role
for the observed solubility data. In total as shown in Fig. 8 the
dipeptides solubility follows the order

Gly–Ala > Gly > Ala–Ala > Gly–Gly > Ala > Ala–Gly >

cyclo(Ala–Gly)

Besides the chemical structure and the kind of polymorphic
solid form that has been produced upon dissolution, the
dipeptide-water interactions (activity coefficient) and the melting
properties of the solid dipeptide (TSL0i , Dh

SL
0i and DcSLp0i) determine

the exact values of solubility according to eqn (1). This is dis-
cussed in the following.

Inuence of melting properties on solubility behavior

According to eqn (1) the melting properties of the pure dipeptide
have a strong inuence on solubility. The experimental melting
properties determined in this work are listed in Table 4. The
DcSLp0i values are given at glass transition and at melting temper-
ature. Note, that the latter value is a temperature-extrapolated
value using temperature-dependent cSp0i and cLp0i values of the
pure dipeptides. From here onwards, the difference of heat
capacities at melting temperature DcSLp0i (T

SL
0i ) was used for the

solubility prediction using eqn (1).
This journal is © The Royal Society of Chemistry 2019
The solubility data at pH ¼ 7 between Ala–Gly and cyclo(Ala–
Gly) are compared with each other. Due to different melting
properties as mentioned in advance as well as different solu-
bility, a thermally induced cyclization can be excluded. It is
assumed that no cyclization has been occurred for all the other
dipeptides.

The solubility of the isomeric dipeptides Gly–Ala and Ala–Gly
are very different (Fig. 5). In contrast, the activity coefficients of
Gly–Ala and Ala–Gly in water are the same within experimental
uncertainties (Fig. S2 in the ESI†). Thus, a difference in the
melting properties is the only explanation for the observed
solubility between Ala–Gly and Gly–Ala are the different crystal
structures which yield to different melting properties.

The general effect of the melting properties on solubility
modeling using eqn (1) is discussed briey in the following.
Decreasing melting temperature TSL0i , melting enthalpy DhSL0i as
well as increasing heat capacity difference of DcSLp0i lead to higher
solubility values. Based on the experimental data the melting
temperature of dipeptides appears to be about TSL0dipeptides z 600
K (except for Gly–Ala with TSL0Gly�Ala ¼ 551 + �7 K), while
DSL
p0dipeptides z 55 J mol�1 K�1. Thus, it can be concluded that

the main reason for the solubility difference is the enthalpy of
melting which is different for Ala–Gly and Gly–Ala (DhSL0Ala�Gly ¼
(52 � 7) kJ mol�1 and DhSL0Gly�Ala ¼ (41 � 5) kJ mol�1). The lower
the value for the melting enthalpy the higher the solubility
according to eqn (1) given that activity coefficients play a minor
role. As we found that the activity coefficients of Ala–Gly and
Gly–Ala in water are equal, the difference in the melting
enthalpy mainly explains the higher solubility of Gly–Ala over
Ala–Gly.

It can be concluded from the experimental melting proper-
ties that the uncertainty of TSL0i and of DcSLp0i measured with FSC
is sufficiently high. Changing TSL0i and of DcSLp0i within their
uncertainty values only slightly inuences the solubility
according to eqn (1). In contrast, changing the FSC-measured
melting enthalpy within its error bars strongly inuences
solubility according to eqn (1).24
Inuence of heat capacity on solubility behavior

According to eqn (1) the calculation on the solubility can be per-
formed with different approaches to the heat capacity difference
DcSLp0i. It can be either equal to zero, constant over the temperature
or temperature-dependent. The importance to take in account the
difference of the heat capacities is illustrated in Fig. 7.

Fig. 7 shows the inuence of DcSLp0i on the solubility predic-
tions using the melting properties of Gly–Gly (see Table 5, PC-
SAFT). The dotted line represents eqn (1) with the approach of
DcSLp0i ¼ 0. The solubility prediction is lower than the experi-
mentally determined aqueous solubility of Gly–Gly. The dashed-
dotted line represents the assumption of DcSLp0i ¼ const. ¼ 51 J
mol�1 K�1. The solubility increases compared to DcSLp0i ¼ 0. The
solid line takes in account the temperature dependency of
DcSLp0i as described in eqn (2). The solubility increases again and
is in good agreement to the experimental data of Gly–Gly in
a broad temperature range. Based on the heat capacity results
(Fig. 4) the DcSLp0i is neither equal to zero nor constant over the
RSC Adv., 2019, 9, 32722–32734 | 32731
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Fig. 9 Dipeptides solubility at pH ¼ 7 in water as molality vs.
temperature. Symbols represent experimental data. Solid symbols
present measurements using photometric method; open symbols
present measurements using gravimetric method. Gly–Ala (squares +
"x" filled square38); Ala–Ala (up-triangles); Gly–Gly (circles11); Ala–Gly
(down-triangles); cyclo(Ala–Gly) (diamonds). Lines represent PC-SAFT
predictions with the parameters from Table 3 and FSC-measured
melting properties from this work. Gly–Ala (solid line), Ala–Ala (dashed
line), Gly–Gly (dashed-dotted line), Ala–Gly (dashed-double dotted
line) and cyclo(Ala–Gly) (dotted line). The experimental determined
values are given in Tables S5 and S6 (pH¼ 7) and Tables S7 and S8† (pH
at saturated solutions).
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temperature range. Thus, all the PC-SAFT calculations in this
work have been done with the approach of the linear
temperature-dependent DcSLp0i(T) expressed by eqn (2). The
individually slope and interceptions of the heat capacity of the
liquid and solid phase are listed in Table 5.
Inuence of activity coefficients on solubility behavior

The solubility of dipeptides depends on the kind of medium in
which the dipeptides were dissolved. This is expressed in the
activity coefficient of the dipeptide at saturation. In this work
the activity coefficients of the dipeptides Gly–Gly, Gly–Ala, Ala–
Gly, Ala–Ala and cyclo(Ala–Gly) in water were predicted with PC-
SAFT. This allowed predicting solubility by combining the
activity coefficients with the melting properties from FSC using
eqn (1). “Prediction” means that all of the PC-SAFT parameters
were tted to solubility-independent data such as activity coef-
cients and mixture densities in water. The predicted values
agree with the experimental data within the experimental-
determined error range (Fig. 8).

Fig. 8 shows the solubility (in molality units) for ideal and
experimental conditions. First, the ideal (¼ideal mixture) solu-
bility was calculated by setting activity coefficient equal to one at
T¼ 298.15 K using eqn (1). The error bars of this calculation are
based on using the FSC-measured melting properties within
their uncertainty limits. It can be seen that the calculation of
solubility assuming ideal mixture leads to very small solubility
values. Thus, assuming ideal solution does not allow matching
the experimentally determined solubility data. Therefore, the
dipeptide-water interaction was accounted for by means of PC-
32732 | RSC Adv., 2019, 9, 32722–32734
SAFT. The success of the predictions shown in Fig. 8 mean that
it is crucially important to take the interactions between
dipeptide and water into account in order to predict solubility
successfully. Note, that the FSC-measured melting properties
were modied within their experimental uncertainty (see Table
4) by adjusting them to the experimental data shown in Fig. 8,
and the melting properties are listed in Table 5. In the
following, these were used to predict the experimental solubility
data as shown in Fig. 9. It can be observed that PC-SAFT allows
for quantitative prediction of the experimental solubility
behavior. The used melting properties agree very well with the
FSC-determined melting properties, and the methods cross-
validate the experimental melting properties as well as the
accuracy of activity-coefficient predictions and the experimental
solubility data.

In sum, it can be concluded the FSC-measured melting
properties as well as the PC-SAFT rened melting properties do
not deviate much, which can be considered as an excellent
result. It could be shown that both the FSC-measured melting
data and the use of a thermodynamic model for the solvent–
solute interactions are indispensable for the correct
temperature-dependent solubility prediction of dipeptides.
Conclusion

In a previous work24 we have shown that melting properties
TSL0i and DhSL0i of amino acids can be determined experimentally
by means of FSC. In this work, the method was applied to
dipeptides, and the TSL0i and DhSL0i , as well as heat capacity
difference DcSLp0i(T) were determined directly by using FSC for
the ve dipeptides Gly–Gly, Gly–Ala, Ala–Gly, Ala–Ala and
cyclo(Ala–Gly). First of all, different melting properties as well as
solubility data have been determined for cyclo(Ala–Gly) and Ala–
Gly, indicating that thermally-induced cyclization does not
occur during the determination of melting properties of Ala–
Gly. This excludes errors caused by chemical transformation. In
a next step, solubility of the dipeptides in water was measured
experimentally vs. temperature. A change of crystal structure
during the solubility measurements was excluded by PXRD
measurement verications. The difference in the
experimentally-observed solubility of Gly–Gly, Gly–Ala, Ala–Gly
and Ala–Ala was found to be correlated to the melting properties
of the dipeptides.

Finally, PC-SAFT parameters were tted to solubility-
independent thermodynamic properties (activity coefficients,
osmotic coefficients and mixture densities). Based on these
parameters and the FSC-determined melting properties
(TSL0i , DhSL0i and a linear temperature-dependent DcSLp0i(T)) the
solubility of the dipeptides in water was predicted with PC-
SAFT. The predicted solubility was found to be in very good
agreement with the experimental determined solubility data.
This cross-validates PC-SAFT as method to quantitatively
predict activity coefficients at saturation as well as FSC to
accurately measure the melting properties of compounds that
usually decompose before melting upon measuring in conven-
tional DSC apparatuses. The availability of our new
This journal is © The Royal Society of Chemistry 2019
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experimental melting properties will improve also other
predictive models in the future up to high temperatures.
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