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ABSTRACT: The effect of surfactant, polymer, and tailor-made additives on the
crystallization of γ-aminobutyric acid (GABA) was studied in this work. Cooling
crystallization of GABA in water yielded plate-like crystals. In the presence of
sodium stearate, polyhedral block-like crystals of GABA were obtained.
Hydroxyethyl cellulose (HEC) led to rod-like crystals, in which the morphology
was associated with additive concentrations. Six kinds of amino acids were used as
tailor-made additives, and they exhibit different influences on crystal shape and
size. The induction time of GABA was determined in the absence and presence of
additives. The results showed that sodium stearate promoted nucleation, while
HEC, L-Lysine, L-histidine, and L-tyrosine inhibited nucleation. Crystal face
indexing, Hirshfeld surface analysis, and molecular dynamics (MD) simulation in
aqueous solution−crystal systems were carried out to investigate the affecting
factors of different crystal faces. The polymer additive was selected as an example
during MD simulation to calculate intermolecular interactions between the crystal face and solvent or additive. The effect of the
additive on the mobility of the solute in solution was also evaluated by mean-square displacement. The additive offers an effective
approach for changing crystal morphology and particle size and adapting it to different production requirements.

1. INTRODUCTION
Crystallization is an important process in the chemical and
pharmaceutical industries.1 In solution crystallization, the
compounds with low purity will be dissolved in the solution,
and the difference in solubility allows the compounds with
high purity to be crystallized.2−4 Crystal shape and size are
important characteristics affecting the physical and chemical
properties of products, and they also play a decisive role in the
final performance of the product, including flowability and
dissolution rate.5 Crystal shape is related to the relative growth
rate of each crystal face. If the relative growth rate of one
crystal face is much faster, the crystal shape tends to be
needle.6 Needle-like crystals have poor flowability but dissolve
fast. Hence, the desired shape will change according to
different product demand.7−9 Particles with larger size usually
have high bulk density, which is conducive to product
packaging.10 Smaller particles are favored for insoluble drugs
because they have faster dissolution rate.11,12 By controlling
the crystal size, sustained or controlled release of the drug can
be achieved, and the speed and dose of the drug can be
precisely controlled in the body, so that the concentration of
the drug is kept stable within the therapeutic range.13

Therefore, it is of great significance to regulating crystal
morphology in the crystallization process.14

Crystal shape and size can be changed by the operating
conditions, including solvent, supersaturation, seeds, temper-
atures, and additives. In recent years, the modification of
crystal morphology by additives has attracted increasing

attention.15,16 A small number of additives could affect the
growth process and change the crystal morphology. Additives
can be categorized as ions, molecules, and macromole-
cules.17,18 Xie et al. found that polyvinylpyrrolidone (PVP)
had a strong inhibitory effect on the growth of salbutamol
sulfate crystals. After adding a small amount of PVP K 25 to
salbutamol sulfate solution, the crystal habit changed from
needle-like to block-like shape.19 The adsorption of PVP on
the crystal surface hindered the diffusion of solute molecules,
thus changing the growth rate of the crystal surface. Addadi et
al. proposed the concept of tailor-made additives, by which he
believed that crystals could be bound on preselected surfaces,
thereby inhibiting growth in a predictable manner.1 Tailor-
made additives generally have a similar structure to model
substance.20 Civati et al.16 found that the addition of additives
with similar structure could effectively reduce the aspect ratio
of 1:1 eutectic of benzoic acid and isonicotinamide, which
inhibited the growth rate of the tip of needle-like crystals.
According to Poornachary et al., adding asparagine or glutamic
acid into the α-glycine solution could inhibit the growth of α-
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glycine crystals on the b-axis and the c-axis.21 Therefore, crystal
morphology can be effectively modified by selecting appro-
priate additive type and concentration.22

γ-Aminobutyric acid (GABA, C4H9NO2) is a nonprotein
amino acid widely distributed in vertebrates, plants, and
microorganisms.23,24 Following years of research, scientists had
discovered that GABA is the main inhibitory neurotransmitter
in the mammalian central nervous system and plays a
significant role in regulating neuronal excitability.25 Because
of its physiological functions of anticonvulsant, sedation,
antihypertensive, and diuretic, GABA has a broad market
prospect. At present, the preparation of GABA is mainly done
by chemical synthesis and biological transformation. In the
separation and purification of GABA, crystallization is a crucial
method.26 Zhao et al. determined the solubility of GABA in a
single solvent and a binary mixed solvent, which provided a
thermodynamic basis for studying crystallization of GABA.27

Two anamorphic forms of GABA (form I and form II) were
reported by Tomita and Dobson.24,28 Form I is stable, and
form II is metastable. Wang et al. successfully prepared form II
by means of additive induction and then identified a new
GABA polymorph (form III) by mechanochemical milling.29 It
is worth noting that the stability of the three GABA
polymorphisms increases in the order III < II < I at room
conditions.30 However, the crystal morphology of GABA has
not yet been studied yet. The study of the crystal morphology
of GABA is also of guiding significance for industrial
production.

In this work, the crystal morphology of GABA was regulated
by cooling crystallization in pure water. The effects of
surfactant (sodium stearate), polymer [hydroxyethyl cellulose
(HEC)], and tailor-made additives (L-valine, L-leucine, L-
isoleucine, L-histidine, L-lysine, and L-tyrosine) on the
crystallization of GABA were investigated. The crystal form,
morphology, and particle size distribution were analyzed by
various solid characterization methods. The induction period
in the presence and absence of GABA additives was
determined. Molecular simulations were carried out, and
intermolecular interactions between the crystal and solvent or
additive were calculated to further explore the nucleation and
crystal growth behavior of GABA.

2. EXPERIMENTAL SECTION
2.1. Materials and Methods. GABA (purity ≥99.0 wt %),

L-valine (L-Val), L-leucine (L-Leu), L-isoleucine (L-Ile), L-
histidine (L-His), L-tyrosine (L-Tyr), HEC, and sodium
stearate were purchased from Shanghai Aladdin Biochemical
Technology Co., and L-lysine(L-Lys) was purchased from
Macklin Reagent Co., Ltd. Deionized water was prepared in
our laboratory (Arium Advance EDI, Sartorius, Germany). All
reagents were used as received. The molecular structures of
additives are depicted in Figure S1.

2.2. Cooling Crystallization Experiment. Cooling
crystallization of GABA was carried out in water. The
experiment was performed in a 200 mL double-jacketed
crystallizer equipped with overhead stirring at 200 rpm. The
temperature of the GABA solution was controlled by a water
circulation bath (Ministat 230, Huber, Berching, Germany).
100 g of GABA solution saturated at 45 °C with and without
additives was prepared. The concentration of GABA was
calculated based on the solubility data reported by Zhao et al.27

At 5 °C above the saturation temperature, GABA solids were
completely dissolved in the suspension and cooled to a final

temperature of 10 °C at a cooling rate of 0.2 °C·min−1. After
the suspension was maintained at a final temperature for about
30 min, crystals were filtered and dried. In order to explore the
effect of additives (tailor-made additives, polymers, and
surfactants) on crystallization of GABA, three different
concentrations of each additive were designed (0.005, 0.01,
and 0.05% based on the mass of solution). To explore the
impact of additives on nucleation, we also determined that the
induction time of GABA was also determined. Supersaturated
solution was prepared by dissolving a certain amount of GABA
in water at a higher temperature and then quickly cooling to 25
°C. The initial supersaturation at 25 °C was set as 1.2. The
turbidity of the solution was monitored by a turbidity probe
(PHarmaVision Nanosonic Technology Ltd., China). The
nucleation time of GABA in the absence and presence of
additives was measured and compared.

2.3. Characterization. The morphology of GABA crystals
was characterized by optical polarizing microscopy (Olympus
BX53, Japan). The particle size distribution was determined by
a laser diffraction technique (Matersizer 3000, MalvernPana-
lytical, British). The crystal form was identified by powder X-
ray diffraction (PXRD, Miniflex 600, Rigaku Corporation,
Tokyo, Japan) using Cu Kα radiation (λ = 0.15405 nm). It was
operated at 40 kV and 30 mA. The PXRD patterns were
collected in a 2θ range from 5 to 50°, with a step size of 0.02°
and a scanning speed of 8°·min−1. The thermal analysis
[thermogravimetric analysis (TGA)/differential scanning cal-
orimetry (DSC)] of GABA was utilized to characterize the
thermostability of GABA crystals using an integrated thermal
analyzer (METTLER Toledo Instrument Co., Ltd.) under a
nitrogen-purged atmosphere. The temperature started at 25 °C
and ended at 300 °C at a heating rate of 10 °C·min−1. Infrared
(IR) spectra of GABA crystals were recorded with a Vertex 70
IR spectrometer (Germany). Measurements were made using
KBr particles in the range of 4000−400 cm−1, with a resolution
of 4 cm−1. Raman spectra were collected on a Raman
spectrometer within the range 4000−0 cm−1.

2.4. Molecular Simulation. The GABA crystal structure
parameters used in the calculation are a = 7.193 Å, b = 10.120
Å, c = 8.260 Å, and Z = 4. It is monoclinic, and the space group
is P21c.24 In order to characterize the intermolecular
interactions within GABA crystal, we performed Hirshfeld
surface analysis and generated two-dimensional fingerprints
with the CrystalExplorer 17.5 program, which accepted the
structure input file in CIF format.31 The crystal habit of GABA
was predicted by the BFDH model in Materials Studio
software.32 The interaction between the GABA crystal surface
and solvent was studied by molecular dynamics (MD)
simulation. The effect of the additive was also explored via
MD simulation. The COMPASS force field was used to
distribute electric charge in the simulation.33 The (100),
(110), (010), and (001) faces were cut at a depth of 2 unit
cells and subsequently extended to 3 × 4, 3 × 4, 4 × 3, and 4 ×
4 supercell layers. A supersaturated solution system containing
200 water molecules and 50 GABA molecules was constructed
using amorphous cell modules. For modeling additive systems,
larger simulation box was needed, so we constructed HEC
chains with 2 repeating units.34 A solution layer without/with
additive molecules was placed on the top of the crystal surface,
and a vacuum plate with a thickness of 50 Å was added above
the solution layer.35

Then, the energy minimization of the simulation box was
carried out for the dynamic simulation. The van der Waals
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forces and electrostatic forces were calculated by using a
group-based method, and the cutoff distance was set to 15.5 Å.
MD simulation was performed in an NVT system with an
Andersen thermostat at constant temperature (25 °C). The
simulation was run at 500 ps with a time step of 1 fs, and the
potential energy was calculated. In addition, the mean-square
displacement (MSD) analysis was performed using simulated
trajectories.36 The interaction between the two components
can be calculated as37

= ++E E E E( )AB A B A B (1)

where EA+B is the total energy of the simulation box containing
components A and B; EA is the energy that component A
removes from component B; and EB is the energy of
component B without component A.

3. RESULTS
3.1. Crystal Form Characterization. To investigate the

effect of additives on the crystal form of GABA obtained
during cooling crystallization, the solid samples were
characterized by PXRD (Figure 1a). Comparing with the
literature,29 we found that GABA is the most stable form I in
both raw materials and crystalline products obtained from
cooling crystallization. In the absence or presence of additives,

the PXRD peaks of GABA crystallization products were
consistent with form I reported in the literature.29,30 The
additive did not change the crystal form of GABA particles.

Figure 1. (a) PXRD pattern, (b) FTIR spectra, (c) TGA curves, and (d) DSC curves of GABA crystallized in the absence and presence of
additives.

Figure 2. (a) Crystal structure of GABA, (b) crystal habit calculated
by the BFDH model, (c) experimental crystal morphology in pure
water, and (d) single crystal of GABA grown in the presence of
additives with Miller indices of observable faces.
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The peak strength of GABA crystals in the presence of
different additives is different, which indicates that the
morphology and particle size of GABA crystals change. Fourier
transform infrared (FTIR) measurements showed no signifi-
cant difference in the vibrational spectra of all GABA samples
(Figure 1b). The Raman spectra of GABA crystals obtained
with and without additives are also similar (Figure S2). These
results indicated that there was no chemical structure change,
and the additives were not incorporated into the crystal lattice.
The thermal analysis of GABA (TGA/DSC) is shown in
Figure 1c,d. Weight loss was observed when the temperature
was heated to above 203 °C. Meanwhile, GABA crystals
melted with decomposition. The TGA and DSC curves of
samples obtained without and with additives are consistent,
suggesting that there is no residue of solvent and additive. It
also confirms the thermal stability of GABA during the
crystallization process.38

3.2. Face Indexing. Based on the single-crystal structure of
GABA extracted from the CCDC database (Figure 2a), the
crystal morphology of GABA under a vacuum environment
was predicted by the BFDH model. As shown in Figure 2b, the
predicted crystal morphology is a polyhedral block. Cooling
crystallization experiments were performed in pure water to
investigate the crystal shape of GABA. The initial concen-
tration, stirring rate, and cooling rate were screened. We found
that under the saturated solution at 45 °C, the cooling rate of
0.2 min−1 was more conducive to GABA crystal growth. The
crystal breakage degree was small when the stirring rate was
200 rpm. Plate-like crystals were grown from water (Figure
2c). Compared with the predicted habit, the relative surface
area of different faces had changed in the experimental crystal
shape. The single crystal in Figure 2d was prepared by slow
evaporation of water in the presence of HEC. The length of
GABA crystals grown in solution extended along the a-axis and
was mainly related to the growth of (110) face and (100) face.
The width increased toward the c-axis was related to the
growth of the (001) face. Morphological important crystal face
(010) along the b-axis affects the thickness of the crystal.
Through the combination of experiment and simulation, (100)
face, (110) face, (010) face, and (001) face were identified as
the main crystal faces of GABA.

3.3. Effect of Additives on Crystal Morphology.
3.3.1. Polymer Additive. Water-soluble polymer additives
like polyvinylpyrrolidone, HEC, hydroxypropyl methyl cellu-
lose, carboxymethyl cellulose, and methyl cellulose were
studied. They are commonly used drug excipients and do
not raise any regulatory issues in pharmaceutical crystalliza-
tion.39 We found that HEC had a significant effect on the
crystal morphology of GABA in the cooling crystallization, and
other polymer additives did not display a strong influence.
With the increase of HEC concentration, obvious change of
GABA crystal morphology could be observed (Figure 3).
When the additive concentration was 0.005%, the crystal
morphology was blocky. But the crystal surface was rough,
exhibiting clear defects. With the increase of HEC concen-
tration (0.05%), the growth of GABA crystal along the a-axis
was enhanced, where the growth rate along the length being
greater than that of other directions. The crystals exhibited a
rod-like shape with a more smooth crystal surface.
3.3.2. Surfactant. Surfactant is a general term for

compounds that can significantly reduce the surface tension
of the solution.40 In this work, surfactants were screened, and it
was found that the crystal morphology of GABA was affected
when sodium stearate was used as an additive (Figure 4).
Block-like crystals were obtained with the presence of sodium
stearate. As the additive concentration increased to 0.05%,
crystal growth along the a-axis was clearly retarded. Mean-
while, crystals exhibited a smaller aspect ratio and smaller
particle size.
3.3.3. Tailor-Made Additives. According to the molecular

structure of GABA, six amino acids (L-Val, L-Leu, L-Ile, L-Lys,
L-His, and L-Tyr) were used as tailor-made additives. The
microscopic images of GABA obtained with various additives
are shown in Figure 5. Besides active functional groups, L-Val is
similar to GABA in carbon chain length. In the presence of L-
Val, the crystal shape changed to an elongated plate-like shape
when the additive concentration rose from 0.005 to 0.05%.
The aspect ratio of crystals became apparently larger, and the
thickness became thinner. Then, the effect of L-Leu and L-Ile
was investigated, which have a longer carbon chain. In the
presence of L-Leu, the grown crystals had a slightly larger
aspect ratio, while block-like crystals were precipitated with L-
Ile. The crystal morphology did not change greatly with the

Figure 3. Optical micrographs of GABA crystals obtained at different HEC concentrations: (a) 0.005, (b) 0.01, and (c) 0.05%.

Figure 4. Microscopic images of GABA crystals prepared with different sodium stearate concentrations: (a) 0.005, (b) 0.01, and (c) 0.05%.
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increase in the additive concentration. Tailor-made additive L-
Lys was chosen because its carbon chain is longer, and there
are two amino groups in the structure. When L-Lys was added
into the aqueous solution, a mixture of block-like and rod-like
crystals were obtained. Beside in addition to a carboxy group
and an amino group, L-His also contains an imidazole group. In
the presence of L-His, GABA crystals showed prismatic
morphology and larger size. The additive concentration also

showed little influence on crystal shape. Compared with
GABA, L-Tyr contains an extra benzene ring and hydroxy
group. Thinner plate-like crystals were grown in the presence
of L-Tyr. Increased additive concentrations led to the
formation of smaller particles. Therefore, tailor-made additives
with similar structures and extra functional groups have
interfered with the crystallization process. All of these amino

Figure 5. Microscopic images of GABA crystals prepared with tailor-made additives at different additive concentrations.
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acids exhibited a certain influence on the crystal morphology of
GABA.

The particle size distribution of GABA crystals was
determined in the absence and presence of additives
(0.05%). It can be seen from Figure 6 that sodium stearate
reduced the particle size of GABA, while HEC slightly
increased the particle size. For tailor-made additives, the
addition of L-Tyr, L-Val and L-Ile decreased the particle size, L-
Leu and L-Lys had little effect on crystal size, and L-His
significantly increased the particle size of GABA. Among them,
L-Tyr exhibited the strongest influence on reducing crystal size,
where the average size decreased from 535 to 220 μm. In the

presence of L-His, the average particle size increased greatly to
940 μm. Therefore, both the crystal shape and size can be
modulated by additives.

3.4. Effect of Additives on Nucleation. During the
cooling crystallization process, we found that the nucleation
time of GABA was also affected by the additives. The
induction time without/with 0.05% additives was measured
under an initial supersaturation of 1.2 at 25 °C. The results are
presented in Figure 7. In pure water, the induction time of
GABA was about 400 s. When HEC was added to the solution,
the induction time was extended to about 670 s, which
displayed a nucleation inhibitory effect. Sodium stearate led to

Figure 6. (a−c) Particle size distribution and (d) average size of GABA crystals prepared with different additives.

Figure 7. Induction time of GABA in pure water and in the presence of a 0.05% additive.
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a shorter induction time of about 200 s, promoting nucleation
of GABA. The amino acids L-Ile and L-Val slightly shortened
the induction time, while L-Leu had negligible influence.
Surprisingly, the presence of L-Lys, L-His, and L-Tyr
significantly prolonged the induction time, which was more
than 6500 s. Among all additives, L-His had the strongest
inhibition of crystal nucleation.

3.5. Molecular Simulation and Analysis. 3.5.1. Surface
Structure Analysis of GABA Crystal. The Hirshfeld surface

provides a three-dimensional image of close molecular contacts
in the crystal, and these contacts can be summarized into a
fingerprint plot.31 The distances from a point on the Hirshfeld
surface to the nearest nucleus inside and outside the surface
can be defined as di and de, respectively. The normalized
contact distance norm is defined in terms of de, di, and the van
der Waals radius of the atom. The surface of Hirshfeld, drawn
by dnorm, shows a red-white-blue color scheme, with contacts
shorter than the van der Waals radius showing red spots. Using

Figure 8. Hirshfeld surface mapped with dnorm and 2D fingerprint plots of GABA.

Figure 9. Surface structure of dominant crystal faces of GABA.
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these properties, we can also explore the types and proximity of
intermolecular contacts in molecular crystals.41 The Hirshfeld
surface of GABA crystal was analyzed, and its norm surface is
shown in Figure 8. Red spots on the surface indicate a close
contact between the hydrogen bond donor and receptor. It can
be seen that O...H contact contributes the most (49.8%). H...H
intermolecular contacts account for 47.6% of the total surface
area. The fingerprint plots exhibit a few C...H contacts,
covering 2.5% of the surface area. It indicates that hydrogen

bonding interactions may dominate the molecular interactions
between GABA molecules.

The molecular topology of four important crystal faces
(100), (110), (001), and (010) is shown in Figure 9. In the
figure, gray balls represent carbon atoms, blue balls represent
nitrogen atoms, red balls represent oxygen atoms, and white
balls represent hydrogen atoms. On the (100) face, molecules
array in parallel with each other, forming a flat surface. Both
carboxyl groups and amino groups are all exposed, and
carbonyl groups point out toward the surface. It enables the

Figure 10. Interaction energies between the crystal surface and solvents in the (a) absence and (b) presence of additives. (c) Interaction energies
between the crystal surface and additive.

Figure 11. MSD of the solute molecules (a) in water and (b) in the presence of an additive.
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approach of more GABA molecules and the formation of a
hydrogen bond network. At the same time, it also allows for
easy adsorption of water molecules. The chain of GABA
molecules on the (110) face was tilted at a certain angle, and
every two molecules are arranged in opposite directions. This
surface is rough, and amino groups are exposed more
prominently. On the (010) face, GABA molecules lie flat,
displaying carboxyl groups, amino groups, and more methylene
groups. Various functional groups are also displayed on the
(001) surface. The GABA molecules in this face are arranged
in a wave pattern.
3.5.2. MD Simulation. The aqueous solution−crystal

systems of GABA in the absence and presence of additives
were simulated, and the interaction force of the solvent−crystal
surface was calculated. It can be seen from Figure 10a that the
intermolecular interaction energy between (100) face and
solvent is the strongest, followed by (110), (010), and (001)
faces. This indicated that more water molecules are adsorbed
on the surface of (100), and it will be more difficult for the
solvent to desorb from the surface. Therefore, the growth of
the (100) face was inhibited, resulting in a short plate-like
shape.

Since HEC had the greatest impact on changing the crystal
shape, it was selected to perform MD simulation. In the
presence of HEC (Figure 10b), the interaction between the
(100) face and solvent is significantly smaller, suggesting that
the growth inhibition of this face by water is weakened. HEC
had little influence on the interaction between solvent and the
(110), (010), or (001) face. In addition, the interaction
between the crystal face and additive is much smaller than that
between the crystal face and solvent. There is also no
interaction between the additive and (110) face. Under the
effect of additive, the crystal growth along the a-axis will
become faster, leading to rod-like shape.

We found that HEC also interacts with solute molecules in
the solution, which may affect the self-assembly of GABA. The
mobility of GABA molecules in crystal solution systems was
explored in the absence and presence of HEC. The MSD of the
solute in solution above different crystal faces was analyzed. It
can be seen from Figure 11 that the MSD of solute in the
system containing HEC was generally smaller than that in the
system without additives. It indicates that additive molecules
hinder the diffusion and migration of solute molecules. As a
result, crystal nucleation was inhibited, which prolonged the
induction period of GABA.

4. CONCLUSIONS
In this work, the effects of surfactants, polymer additives, and
tailor-made additives on the crystal morphology of GABA were
explored in cooling crystallization. In the presence of sodium
stearate, smaller block-like crystals were obtained. Six kinds of
amino acids were used as tailor-made additives, leading to the
formation of plate-like, block-like, or prismatic crystals. L-His
increased the particle size most significantly, and L-Tyr reduced
the particle size most obviously. With increased concentration
of HEC, the aspect ratio of crystals increased, and rod-like
crystals were obtained. The induction time of GABA was
determined without/with additives. The results indicated that
sodium stearate promoted nucleation, while HEC, L-Lys, L-His,
and L-Tyr inhibited nucleation. Hirshfeld surface analysis
reveals dominant O...H and H...H contact interactions within
the GABA crystal. Combined with crystal habit simulation and
face indexing of single crystal, the (100), (110), (010), and

(001) faces were identified as important crystal faces. To
further study the effect of the additive, MD simulations were
carried out establishing an aqueous solution−crystal system.
The intermolecular forces between solvent and crystal surface
in the absence and presence of HEC were calculated. In the
presence of the additive, the molecular interaction between the
(100) face and solvent becomes significantly smaller, indicating
that the growth inhibition of water on the surface was
weakened. The crystal growth along the a-axis would be
accelerated, resulting in rod-like shape. The polymer additive
also hindered the diffusion and migration of solute molecules
and, thus, inhibited crystal nucleation. Therefore, effective
additives have interfered with the crystallization process and
play a crucial role in regulating the crystal shape and particle
size.
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