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Abstract: Protein crystallization was first discovered in the nineteenth century and has been studied
for nearly 200 years. Protein crystallization technology has recently been widely used in many fields,
such as drug purification and protein structure analysis. The key to successful crystallization of
proteins is the nucleation in the protein solution, which can be influenced by many factors, such
as the precipitating agent, temperature, solution concentration, pH, etc., among which the role
of the precipitating agent is extremely important. In this regard, we summarize the nucleation
theory of protein crystallization, including classical nucleation theory, two-step nucleation theory,
and heterogeneous nucleation theory. We focus on a variety of efficient heterogeneous nucleating
agents and crystallization methods as well. The application of protein crystals in crystallography and
biopharmaceutical fields is further discussed. Finally, the bottleneck of protein crystallization and the
prospect of future technology development are reviewed.
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1. Introduction

Proteins are biological macromolecules composed of one or more long chains of amino
acid residues [1]. In the normal functions of an organism, such as metabolic catalysis,
stimulation responses require the participation of proteins to function properly. The
special biological function of proteins mainly comes from their special three-dimensional
arrangement of amino acid residues in the active region. Since protein crystals were first
observed in blood in 1840 [2], protein crystallization technology has undergone considerable
developments and has been widely used in many fields. With the development of X-ray
diffraction, it has become the core technology for analyzing protein crystal structure,
which is the most effective means to determine the three-dimensional structure of proteins
so far [3–5]. Compared with small molecular crystals, macromolecular protein crystals
are smaller in size, less stable, easier to disintegrate, and not easy to subject to X-ray
diffraction. The size and quality of the protein crystal will greatly affect the collection of
X-ray diffraction data [6]. Obtaining high-quality crystals is the goal that has been pursued
in the development of protein crystallography.

In the protein crystallization process, the first step is to reach supersaturation, which
has a decisive impact on the nucleation and growth of protein crystals, further affecting the
morphology, quality, and size distribution of crystals [7,8]. The nucleation and growth of
protein crystals are complex processes that can be influenced by many factors, including
the buffer solution, pH [9], temperature [10,11], precipitant, and protein concentration [12].
In particular, precipitants, which can be mainly divided into inorganic salts and organic
polymers, are of great importance [13]. Different precipitants have different mechanisms
to promote protein crystallization. Inorganic salt precipitants can destroy the hydration
layer of proteins, thereby reducing the binding capacity of proteins to water and increas-
ing the binding capacity between proteins. In contrast, organic precipitants enhance the
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electrostatic repulsion and polarity between protein molecules by reducing the dielectric
constant [14]. The concentration of precipitant can directly affect the supersaturation of
the solution. When the concentration of precipitant is high, the solution is in the nucle-
ation zone or even the precipitation zone. In contrast, a low precipitant concentration
results in long crystallization induction time, less crystal nucleation, and slow growth
rate [15]. In order to obtain perfect crystals, scientists have also explored various crystal-
lization methods, such as the use of microgravity [16] or an electromagnetic field [17,18].
Lately, new crystallization methods such as in vivo protein crystallization [19], counter
diffusion technology [20], supercritical fluid crystallization [21], microgravity-controlled
precipitation [22], and agarose gel solution crystallization have been developed to prepare
protein crystals [23,24]. Additionally, researchers have also developed a series of fluid
manipulation technologies and equipment, providing effective and reliable solutions for
high-quality protein crystallization screening [25]. All these developments have greatly
promoted the recognition of the three-dimensional structure of proteins, which plays a very
important role in the research of small-molecule drugs targeting proteins and promoting
the development of protein crystallography [26].

In this review, we introduce the development of protein crystallization from the
aspects of nucleation mechanisms, heterogeneous nucleating agents, the development of
crystallization strategies, and applications in X-ray diffraction and pharmaceuticals. Finally,
the bottleneck of protein crystallization and the prospect of future technology development
are reviewed.

2. Protein Crystallization Nucleation
2.1. Homogeneous Nucleation

Nucleation is known as a key step to determine protein crystallization [27,28]. The
classical nucleation theory is the most widely used theory to describe the nucleation process.
A fluctuation in solution concentration enables the formation of reversible and droplet-like
molecular clusters, which develop into thermodynamically stable crystal nuclei and then
grow into crystals [29]. The classical theory is typically used to describe single component
nucleation, whereas it shows limitations in binary or multicomponent nucleation [30].

Wolde and Frenkel reported a two-step mechanism, which exhibited a metastable
intermediate phase before the formation of the final crystal structure [31]. A solute molec-
ular cluster of sufficient size was first formed, followed by reorganizing into metastable
mesophase, where the nucleation takes place [29]. Protein molecules form a crystal nu-
cleus, which will serve as a structural template to guide the orderly arrangement of other
molecules (Figure 1) [32]. This is supported by both experimental results and theoretical
simulations. Although the two-step nucleation theory was initially proposed to illustrate
the process of protein nucleation and crystallization, recent experimental and theoretical
studies show that the theory is also applicable to elucidate the nucleation and crystallization
of macromolecules and organic small molecules. For example, Sun et al. demonstrated
a two-step strategy to construct supramolecular structures, which mimics the multiple
pathways of protein crystallization [33,34].

2.2. Heterogeneous Nucleation

In addition to the above two crystallization theories, heterogeneous nucleation theory
also plays an important role in protein crystallization. In 1988, heterogeneous nucleation
was first reported as a nucleating manner for protein crystallization [35]. Heterogeneous
nucleation can be considered surface- or particle-assisted nucleation [36]. In this process,
supersaturation is typically not enough to achieve homogeneous nucleation [29]. This
theory proposes that heterogeneous nucleating agents interact with protein molecules
and then produce a higher local active protein concentration, which is conducive to the
formation of pre-nucleation clusters [37]. Heterogeneous nucleating agents can stabilize
these clusters and promote further growth [27,38].
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Figure 1. Classical and two-step nucleation models. Reprinted from [32] with permission. 
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Figure 1. Classical and two-step nucleation models. Reprinted from [32] with permission.

3. Heterogeneous Nucleating Agents
3.1. Nucleating Agents from Natural Sources

Many reports have shown that proteins can nucleate on contaminants such as dust and
fibers in crystal droplets. Hair, especially horse hair, has also been used to promote protein
crystallization, which is an ideal choice for capturing protein molecules due to its sharp
microstructure and overlapping cuticle (Figure 2) [7]. Experimental results show that horse
hair can effectively promote the crystallization of three proteins, including Fab-D protein.
In addition, human hair can also promote efficient crystallization of the potato serine
protein inhibitor that is typically very difficult to crystallize. Thakur et al. tested 9 natural
nucleating agents for 10 model proteins and demonstrated that dried seaweed powder can
effectively promote protein crystallization [39]. In addition, cellulose and hydroxyapatite
powder also have a nucleation effect, but not as obvious as the seaweed. Another interesting
phenomenon is that these natural nucleating agents can also inhibit the crystallization of
other proteins while promoting the crystallization of specific proteins. Natural minerals
can also promote protein crystallization [7]. In 1988, Mcpherson and Paul used 15 different
minerals as nucleating agents to conduct crystallization experiments of four model proteins,
including canavalin, concanavalin B, beef liver catalase, and lysozyme. They showed that
minerals can effectively promote protein nucleation and crystal growth [40].
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3.2. Short Peptide Supramolecular Hydrogels

At present, supramolecular hydrogels can be used as nonconvection media to grow
high-quality protein crystals [41,42]. Such supramolecular hydrogels have been widely
used in the biomedical field due to their biocompatibility [43]. In particular, short peptide
hydrogels are known to form a well-defined 3D ordered structure in stereochemistry [44].
Cienfuegos et al. used the intrinsic chirality of short peptides that can interact with protein
diastereomers [45]. This makes short peptide supramolecular hydrogel a good medium for
obtaining high-quality protein crystals (Figure 3) [43]. Therefore, short peptide hydrogels
have received extensive attention in protein crystallization [46]. They have the potential
to manipulate protein solubility without affecting the protein structure or biochemical
properties. Although several factors can affect protein crystallization, solubility is a key
and relatively atypical factor. In particular, short peptide supramolecular hydrogels can
stabilize insulin crystals to a higher degree and slow their release [47,48].
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Figure 3. Crystals of lysozyme (A), glucose isomerase (B), thaumatin (C,D), insulin (E), and FASE
(F) grown in hydrogels. Reprinted from [43] with permission.

3.3. DNA

A large number of experiments have proved that DNA can be used to promote protein
crystallization and may be applied to proteins with difficulty in crystallization. Seeman
et al. proposed a few decades ago that protein crystallization can be realized by a series
of molecules arranged in the highly ordered structure of DNA building blocks [49,50].
Heng et al. proposed for the first time that DNA origami can be used as a seed to promote
protein crystallization [51]. The size and shape of DNA origami are precisely controlled
through programmable characteristics and accurate recognition, and the performance
of this material is completely consistent. The existence of DNA origami improves the
possibility of low-concentration protein crystallization. DNA was found to shorten the
induction time of protein crystallization and increase the number of crystals per drop
(Figure 4) [52]. In Figure 4, the samples (B, C) with calf DNA have the largest number of
crystals per drop, whereas the samples with salmon and herring DNA form larger crystals
(D–I). In addition, it was shown that DNA as a heterogeneous nucleating agent could also
effectively improve the crystallization rate and control the crystal size. In general, DNA,
as a new polymer additive, promotes protein crystallization and greatly improves the
success rate of low-concentration protein crystallization. Considering the programmable
and designable characteristics of DNA, specific DNA with a clear sequence and length
can be synthesized. Therefore, DNA is expected to have excellent potential for improving
systems where biomolecules are difficult to crystallize, thus making maximum use of scarce
resources [53].
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Figure 4. Crystal pictures of 10 mg/mL lysozyme crystallization for 24 h using (A) 0 mg/mL calf
DNA, (B) 1.0 mg/mL calf DNA, (C) 5.0 mg/mL calf DNA, (D) 0 mg/mL salmon DNA, (E) 10 mg/mL
salmon DNA, (F) 20 mg/ mL salmon DNA, (G) 0 mg/mL herring DNA, (H) 10 mg/mL herring
DNA, and (I) 20 mg/mL herring DNA. Scale bar: 600 µm. Reprinted from [52] with permission.

3.4. Nanoparticles

Nanoparticles have a large adsorption surface area, which improves the possibility
of binding with protein molecules. In addition, nanoparticles can effectively reduce the
nuclear barrier, increase the amount of protein nucleation, and thus promote protein
crystallization [54–57]. It has been reported that nanomaterials in the form of aggregates
or films could improve the crystallization efficiency of all proteins [58,59]. Nanodiamond
(ND) is a kind of carbon-based nanomaterial that has extensive biological application
potential [60]. One such application is to promote the nucleation of protein crystals in
aqueous solutions (Figure 5) [59]. Through lysozyme, ribonuclease A, proteinase K, and
catalase tests, it was found that ND with smaller particle size can adsorb protein more
efficiently. Gold nanoparticles (AuNPs) in particular have unique properties, as gold
occupies a unique position in the periodic table of elements [47]. Its chemical properties
are stable, and it has unique optical properties. Nanoscale gold has better properties than
other metals and shows a unique structure and electronic, magnetic, optical, and catalytic
properties. This makes it a very attractive material for developing biological nanosystems.
Carvalho and Franco et al. concluded from systematic tests and subsequent observation
that the introduction of AuNPs should be explicitly considered in the crystal optimization
test to improve the previously determined crystallization conditions (Figure 6) [61]. For
many proteins that are difficult to crystallize, such as phenylalanine hydroxylase (PHA),
myoglobin, native aldehyde oxidase (AOH), its mutant AOH-Y885 M, and albumin, AuNP
showed good ability to induce crystallization and the obtained protein crystals possessed
good diffraction. Based on the coupling of AuNPs with biomacromolecules and their wide
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application and interesting interactions in biomaterials, AuNPs may become potential
reagents in protein crystallization experiments [61].
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Figure 6. Proteins incubated in the presence of 3 nM AuNPs solutions with (a) 25 mg/mL in 50 mM
CH3COONa and pH 4.5 + 5% NaCl, (b) 50 mg/mL in 50 mM CH3COONa and pH 5.5 + 3 M
NaCl + 1.2 M (NH4)2SO4. Reprinted from [61] with permission.

3.5. Ionic Liquids

Ionic liquids (ILs) are liquids composed of positive (cationic) and negative (anionic)
charges combined by electrostatic interaction [62]. The electromigration of ionic liquids
is usually lower than that of the corresponding free ions in aqueous solutions, but it is
still too high to observe molecular packing in crystalline solid salts [63]. Therefore, ILs
can be regarded as a charged space, which does not form a regular structure, but still
maintains a close relationship. Ionic liquids are ideal solvents for biomaterials because of
their various properties. Ionic liquids cause changes in crystal morphology and in some
cases promote significant increases in crystal size. Crystals grown by Judge et al., using
ionic liquids as precipitants or additives, provided a similar or better X-ray diffraction
resolution than crystals obtained without ionic liquids (Figure 7) [64]. ILs have been widely
used as additives for protein crystallization. Free ionic monomers in ionic liquid solvents
provide the possibility to regulate specific interactions, especially anionic hydrogen bonds
and cationic surfactant effects. Protein solubility is affected by the action of ionic liquids,
inducing protein precipitation and crystallization [65]. Since ionic liquids can slow down
the vapor transport rate and control the crystal growth rate, the influence of ionic liquids
on the crystallization process is even more obvious than that of precipitation [66].
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3.6. Porous Materials

Porous materials can adsorb protein molecules, which are liable to arrange in crystal
order. Large single crystals have been reported by using porous materials without suffi-
cient spontaneous nucleation [67]. The holes in porous materials will capture the protein
molecules, and the combined diffusion adsorption action can increase the concentration
of protein in the holes [68]. It can also enable the crystals to nucleate, which promotes the
formation of crystals, thus improving the crystallization rate and quality. Porous silicon
is the first reported porous material to promote protein crystallization [69]. Zhang et al.
developed a type of CaO-P2O5-SiO2, an amorphous mesoporous bioactive gel glass with
pore size distribution in the range of 2–10 nm in diameter. They demonstrated that the
obtained bioactive gel glass can effectively promote protein crystallization [70]. Bioglass has
been reported to succeed in producing high-quality crystals of model proteins and target
proteins. Nanev et al. reported that bioglass promoted the crystallization of 14 proteins,
the highest number of mononuclear reagents known. Moreover, most of these proteins are
difficult to crystallize under normal conditions (Figure 8) [71].
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In particular, molecularly imprinted polymer (MIPs), also known as “smart materi-
als”, employ molecular self-assembly to create cavities that can rebind the corresponding
proteins [72]. Such unique properties enable MIPs to serve as ideal templates for crystal
formation. Ren et al. successfully fixed the zwitterion on molecularly imprinted polymers
and obtained zwitterion-immobilized molecularly imprinted polymers (ziMIPs). ZiMIPs
could effectively improve the crystal quality of lysozyme, trypsin, catalase, proteinase K,
concanavalin A-IV, and somatine, and greatly shorten the crystallization time (Figure 9) [73].
Chayen et al. used six different molecularly imprinted polymers to promote the crystal-
lization of nine different proteins [74]. No crystals were generated without the addition of
molecularly imprinted polymers.
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4. Crystallization Strategies
4.1. Functional Interfaces

The crystallization of most proteins begins via heterogeneous nucleation. In fact, the
crystallization process usually occurs at the solid interface present in the solution [53]. The
solid surface provides nucleation sites such that the nucleation potential barrier on the sur-
face is lower than that in the bulk solution. Different types of solid surfaces exhibit different
surface energies, and the nucleation barrier depends on the characteristics of the solid
surface [75]. Therefore, treatment of the solid surface may change the surface properties to
increase the chances of obtaining protein crystals. Solid surfaces with relatively large sizes
(smaller particles) were also tested as effective heterogeneous nuclei (Figure 10) [76]. A min-
eral matrix [40], silylated mica surface [77], lipid bilayer deposited on a glass cover sheet
(for membrane protein crystallization) [78,79], a polymer film containing a poly-L-lysine or
poly-l-aspartate ionizable group [80], and modified surfaces with different roughness have
all been proven to contribute to protein crystallization [81,82]. These processes depend
on the electrostatic interaction between the charged surface and surface proteins with
the opposite sign net charge [83]. If the surface can be directly used as a crystal plate or
glass cover sheet, the additional step of adding nuclei can be avoided, and heterogeneous
nucleation can be more easily applied to high-throughput protein crystallization [84,85].



Biomimetics 2023, 8, 68 9 of 17Biomimetics 2023, 8, x FOR PEER REVIEW 10 of 19 
 

 

 

Figure 10. Micrographs of lysozyme crystals in the absence of layered silicate (Control) (A) and in 

the presence of sericite (B), K-tetrasilicic fluoromica (C), and Na-tetrasilicic fluoromica (D). Scale 

bar: 0.5 mm. Reprinted from [76] with permission. 

4.2. Electricity and Magnetic Fields 

Rothgeb and Oldfield first observed the orientation of myoglobin and cobalt myo-

globin microcrystal suspensions in the direction of an applied magnetic field in 1981 [86]. 

Gavira et al. found that the uniform and constant magnetic field shortened the nucleation 

induction time, resulting in higher nucleation density, larger crystal size, and improved 

crystal quality (Figure 11) [87,88]. Experimental studies on protein crystallization using 

high magnetic fields showed that the number of crystal nuclei decreases, the magnetic 

orientation of microcrystals decreases, the crystal growth rate is relatively slow, and the 

crystal dissolution rate decreases when compared with those under normal gravity con-

ditions outside the magnetic field [89,90]. Song et al. developed a small and portable de-

vice using a 200 mT magnetic field, which improved the nucleation rate, ensured the 

growth of large single crystals in a short time, and promoted the crystallization of various 

proteins [91]. 
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0.5 mm. Reprinted from [76] with permission.

4.2. Electricity and Magnetic Fields

Rothgeb and Oldfield first observed the orientation of myoglobin and cobalt myo-
globin microcrystal suspensions in the direction of an applied magnetic field in 1981 [86].
Gavira et al. found that the uniform and constant magnetic field shortened the nucleation
induction time, resulting in higher nucleation density, larger crystal size, and improved
crystal quality (Figure 11) [87,88]. Experimental studies on protein crystallization using
high magnetic fields showed that the number of crystal nuclei decreases, the magnetic ori-
entation of microcrystals decreases, the crystal growth rate is relatively slow, and the crystal
dissolution rate decreases when compared with those under normal gravity conditions
outside the magnetic field [89,90]. Song et al. developed a small and portable device using
a 200 mT magnetic field, which improved the nucleation rate, ensured the growth of large
single crystals in a short time, and promoted the crystallization of various proteins [91].

In addition, an electric field can also promote the formation of protein crystals [92].
A large number of experiments showed that lysozyme crystals only appear around the
cathode (negatively charged electrode), while amorphous precipitates are observed near
the anode (positively charged electrode) (Figure 12) [93]. By applying a direct current, the
number of crystals deposited is significantly reduced, and thus, the size of the crystals is
increased. A direct current also shortens the nucleation induction time. For example, using
the droplet technique developed in Aubry and colleagues’ laboratory, it has been proved
that the external electric field inhibits the nucleation of HEWL crystals, thereby improving
the growth rate of lysozyme crystals in the external electric field [94]. The effect of an
external electric field and an ultrasonic field on lysozyme crystallization was evaluated by
the batch method. It was also observed that the directional growth of the crystals followed
a preferential direction toward the cathode [95]. The application of an electric field will
produce a small number of large crystals [96]. Crystals grow on the surface of droplets near
the cathode. The nucleation rate is greatly reduced, and this experimental method can be
used to control the number of crystals in the droplet [97].
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4.3. Ultrasonic Field

Ultrasonic crystallization has been widely used in many fields, such as pharmaceutical,
chemical, and food applications [98]. In the application of food science in particular, high-
intensity ultrasound has been explored as a means to improve the crystallization behavior
of fat [99]. The effect of ultrasound on primary nucleation and secondary nucleation may be
due to a process called cavitation. Ultrasonic cavitation can be defined as the formation of a
vapor cavity or bubble in response to an ultrasonic pressure field. The bubbles generated in
the process of cavitation can oscillate around their equilibrium position (stable cavitation) or
collapse to form a new bubble group (inertial cavitation). The bubbles generated by cavitation
can be used as nucleation sites to induce primary nucleation. On the other hand, if crystals
are present before the ultrasonic wave is applied, the high shear force generated during the
ultrasonic treatment may induce secondary nucleation through cavitation. Ultrasound can
promote the formation of a variety of stable crystal forms in lipid materials and control the
polymorphs of crystals. Hao et al. studied the effect of ultrasound on lysozyme crystallization.
They demonstrated that under the effect of an ultrasound field, the induction time was signifi-
cantly shortened, and the aggregation of protein molecules was reduced, which promoted
nucleation and increased the crystal size (Figure 13) [100]. Martins et al. also showed that an
ultrasonic field could facilitate protein nucleation and improve the quality of protein crystals,
which resulted in improved diffraction performance [101]. However, in other research by
Hao et al., it was shown that the energy of the ultrasonic field could denature the protein and
inhibit protein crystallization once the ultrasonic field was performed for a long time [102].
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Figure 13. Microscopy images for lysozyme crystals in the nucleation and growth regions (a) in the
nucleation region of the ultrasound group at ci = 70 g/g buffer solution, (b) in the nucleation region of
the ultrasound group at ci = 80 g/g buffer solution, (c) in the growth region of the ultrasound group
at ci = 70 g/g buffer solution, (d) in the growth region of the ultrasound group at ci = 80 g/g buffer
solution, (e) in the growth region of the control group at ci = 70 g/g buffer solution, and (f) in the growth
region of the control group at ci = 80 g/g buffer solution. Reprinted from [100] with permission.
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5. Applications of Protein Crystallization
5.1. X-ray Crystallography

Protein crystals can be used not only for protein purification but also for the determi-
nation of protein structure by X-ray diffraction [103]. X-ray crystallography is the primary
means and the most important technology to obtain the atomic resolution of a protein struc-
ture. The XRD data of protein crystals are analyzed, calculated, and simulated to achieve
the protein model (Figure 14) [104]. Obtaining high-quality protein crystals has always
been the bottleneck of X-ray single-crystal diffraction technology [105]. The addition of
heterogeneous nucleating agents can promote the formation of well-defined crystals, which
facilitate improved X-ray diffraction results. As a standard technology in biochemistry
and molecular biology, X-ray crystallography has made great progress in the past two
decades [106]. At present, X-ray crystallography is becoming a source of information that
can not only explain the structure of proteins but also predict the biological characteristics
of proteins [107,108].
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5.2. Pharmaceuticals

Protein crystallization technology is widely used in the biological pharmacy and food
industries [109]. Crystallization is typically the last step in many industrial processes
used to produce drugs [110]. The function of a protein is closely related to its three-
dimensional structure, which plays a very important role in the research of small-molecule
drugs targeting certain proteins [111,112]. With more and more protein structures being
determined, structure-guided drug design has become an important method for many
companies to develop excellent candidate drugs (Figure 15). Agouron Pharmaceuticals has
developed Nelfinavir through structural analysis of protein, which is a key component of
antiretroviral therapy for AIDS [113].
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Figure 15. Application of the protein crystallization in pharmaceutics. (A,B,D,E) Structure-based
drug design of HIV protease inhibitors. (C) The formulation for the patient. Reprinted from [113]
with permission.

6. Discussion and Perspectives

With the increasing demand for biological drugs in the market, macromolecular drugs
such as proteins have attracted more and more attention due to their unique functions.
A therapeutic protein in crystalline form has many advantages over its solution form,
including higher stability, higher dose concentration, and better release control, such as
insulin, infliximab, and trastuzumab. Developing a method that can enhance the protein
crystallization process is key to the successful development and large-scale production of
protein crystallization drugs. Due to the characteristics of protein such as large molecular
weight and high molecular flexibility, it is difficult to obtain high-quality protein crystals.
Heterogeneous nucleating agents can reduce the potential barrier to nucleation and make
protein crystallization easier. The protein crystallization process is not only sensitive but
also has poor repeatability. The strict control of various conditions will also have an impact
due to subtle changes in some external factors, such as temperature, pressure, pH, and
other factors. Although many methods have been used to conduct the process of protein
crystallization, the crystallization effect is very limited and cannot meet expectations. In
protein crystallinity research, most of the studies are only conducted for several commonly
used proteins, so when these techniques are used to screen other protein crystallization
conditions, they lack universal applicability. To resolve this problem, it is necessary to fully
understand the crystallization laws of proteins, combine advanced science and technology,
and adopt more crystallization strategies and methods to make the target protein easier to
crystallize.
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66. Kowacz, M.; Marchel, M.; Juknaitė, L.; Esperança, J.M.S.S.; Romão, M.J.; Carvalho, A.L.; Rebelo, L.P.N. Ionic-Liquid-

Functionalized Mineral Particles for Protein Crystallization. Cryst. Growth Des. 2015, 15, 2994–3003. [CrossRef]
67. Chayen, E.N.; Saridakis, E.; Sear, R.P. Experiment and theory for heterogeneous nucleation of protein crystals in a porous medium.

Proc. Natl. Acad. Sci. USA 2006, 103, 597–601. [CrossRef] [PubMed]
68. Guo, Y.Z.; Sun, L.H.; Oberthuer, D.; Zhang, C.Y.; Shi, J.Y.; Di, J.L.; Zhang, B.L.; Cao, H.L.; Liu, Y.M.; Li, J.; et al. Utilisation of

adsorption and desorption for simultaneously improving protein crystallization success rate and crystal quality. Sci. Rep. 2014,
4, 7308. [CrossRef] [PubMed]

69. Chayen, N.E.; Saridakis, E.; El-Bahar, R.; Nemirovsky, Y. Porous silicon: An effective nucleation-inducing material for protein
crystallization. J. Mol. Biol. 2001, 312, 591–595. [CrossRef] [PubMed]

70. Zhang, X.; Guo, X.; Zhang, J.; Fan, X.; Chen, M.; Yang, H. Nucleation, crystallization and biological activity of Na2O-CaO-P2O5-
SiO2 bioactive glass. J. Non-Cryst. Solids 2021, 568, 120929. [CrossRef]

71. Nanev, C.N.; Saridakis, E.; Chayen, N.E. Protein crystal nucleation in pores. Sci. Rep. 2017, 7, 35821. [CrossRef]
72. Saridakis, E.; Khurshid, S.; Govada, L.; Phan, Q.; Hawkins, D.; Crichlow, G.V.; Lolis, E.; Reddy, S.M.; Chayen, N.E. Protein

crystallization facilitated by molecularly imprinted polymers. Proc. Natl. Acad. Sci. USA 2011, 108, 11081–11086. [CrossRef]
73. Xing, Y.; Hu, Y.; Jiang, L.; Gao, Z.; Chen, Z.; Chen, Z.; Ren, X. Zwitterion-Immobilized Imprinted Polymers for Promoting the

Crystallization of Proteins. Cryst. Growth Des. 2015, 15, 4932–4937. [CrossRef]
74. Saridakis, E.; Chayen, N.E. Imprinted polymers assisting protein crystallization. Trends Biotechnol. 2013, 31, 515–520. [CrossRef]

[PubMed]
75. Zhang, C.-Y.; Shen, H.-F.; Wang, Q.-J.; Guo, Y.-Z.; He, J.; Cao, H.-L.; Liu, Y.-M.; Shang, P.; Yin, D.-C. An Investigation of the Effects

of Self-Assembled Monolayers on Protein Crystallisation. Int. J. Mol. Sci. 2013, 14, 12329–12345. [CrossRef]
76. Ino, K.; Udagawa, I.; Iwabata, K.; Takakusagi, Y.; Kubota, M.; Kurosaka, K.; Arai, K.; Seki, Y.; Nogawa, M.; Tsunoda, T.; et al.

Heterogeneous nucleation of protein crystals on fluorinated layered silicate. PLoS ONE 2011, 6, e22582. [CrossRef]
77. Tang, L.; Huang, Y.B.; Liu, D.Q.; Li, J.L.; Mao, K.; Liu, L.; Cheng, Z.J.; Gong, W.M.; Hu, J.; He, J.H. Effects of the silanized mica

surface on protein crystallization. Acta Crystallogr. D Biol. Crystallogr. 2005, 61, 53–59. [CrossRef]
78. Hemming, S.A.; Bochkarev, A.; Kornberg, R.D.; Ala, P.; Edwards, A.M. The Mechanism of Protein Crystal Growth from Lipid

Layers. J. Mol. Biol. 1995, 246, 308–316. [CrossRef]
79. Wallace, E.; Dranow, D.; Laible, P.D.; Christensen, J.; Nollert, P. Monoolein lipid phases as incorporation and enrichment materials

for membrane protein crystallization. PLoS ONE 2011, 6, e24488. [CrossRef] [PubMed]
80. Fermani, S.; Falini, G.; Minnucci, M.; Ripamonti, A. Protein crystallization on polymeric film surfaces. J. Cryst. Growth 2001, 224,

327–334. [CrossRef]
81. Liu, Y.-X.; Wang, X.-J.; Lu, J.; Ching, C.-B. Influence of the Roughness, Topography, and Physicochemical Properties of Chemically

Modified Surfaces on the Heterogeneous Nucleation of Protein Crystals. J. Phys. Chem. B 2007, 111, 13971–19378. [CrossRef]
82. Guo, Y.-Z.; Yin, D.-C.; Lu, Q.-Q.; Wang, X.-K.; Liu, J. Enhancement of nucleation during hanging drop protein crystallization

using HF Treatment of cover glasses. Cryst. Res. Technol. 2010, 45, 158–166. [CrossRef]
83. Pham, T.; Lai, D.; Ji, D.; Tuntiwechapikul, W.; Friedman, J.M.; Lee, T.R. Well-ordered self-assembled monolayer surfaces can be

used to enhance the growth of protein crystals. Colloids Surf. B Biointerfaces 2004, 34, 191–196. [CrossRef] [PubMed]
84. Ji, D.; Arnold, C.M.; Graupe, M.; Beadle, E.; Dunn, R.V.; Phan, M.N.; Villazana, R.J.; Benson, R.; Colorado, R., Jr; Lee, T.R.; et al.

Improved protein crystallization by vapor diffusion from drops in contact with transparent, self-assembled monolayers on
gold-coated glass coverslips. J. Cryst. Growth 2000, 218, 390–398. [CrossRef]

85. Pechkova, E.; Nicolini, C. Accelerated protein crystal growth by protein thin film template. J. Cryst. Growth 2001, 231, 599–602.
[CrossRef]

86. Rothgeb, T.M.; Oldfield, E. Nuclear magnetic resonance of heme protein crystals. General aspects. J. Biol. Chem. 1981, 256,
1432–1446. [CrossRef] [PubMed]

87. Gavira, J.A.; Garcı’a-Ruiz, J.M. Effects of a Magnetic Field on Lysozyme Crystal Nucleation and Growth in a Diffusive Environment.
Cryst. Growth Des. 2009, 9, 2610–2615. [CrossRef]

88. Satoa, T.; Yamadaa, Y.; Saijoa, S.; Horia, T.; Hirosea, R.; Tanakaa, N.; Sazakib, G.; Nakajimab, K.; Igarashid, N.; Tanakad, M.; et al.
Improvement in diffraction maxima in orthorhombic HEWL crystal grown under high magnetic field. J. Cryst. Growth 2001, 232,
229–236. [CrossRef]

http://doi.org/10.1021/acs.cgd.1c00910
http://doi.org/10.1021/cg4014398
http://doi.org/10.3390/cryst9050253
http://doi.org/10.1107/S0907444999011774
http://doi.org/10.1021/cg900140b
http://doi.org/10.1007/s41061-017-0110-2
http://doi.org/10.1021/acs.cgd.5b00403
http://doi.org/10.1073/pnas.0504860102
http://www.ncbi.nlm.nih.gov/pubmed/16407115
http://doi.org/10.1038/srep07308
http://www.ncbi.nlm.nih.gov/pubmed/25471817
http://doi.org/10.1006/jmbi.2001.4995
http://www.ncbi.nlm.nih.gov/pubmed/11575916
http://doi.org/10.1016/j.jnoncrysol.2021.120929
http://doi.org/10.1038/srep35821
http://doi.org/10.1073/pnas.1016539108
http://doi.org/10.1021/acs.cgd.5b00819
http://doi.org/10.1016/j.tibtech.2013.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23764007
http://doi.org/10.3390/ijms140612329
http://doi.org/10.1371/journal.pone.0022582
http://doi.org/10.1107/S0907444904026009
http://doi.org/10.1006/jmbi.1994.0086
http://doi.org/10.1371/journal.pone.0024488
http://www.ncbi.nlm.nih.gov/pubmed/21909395
http://doi.org/10.1016/S0022-0248(01)00797-7
http://doi.org/10.1021/jp0741612
http://doi.org/10.1002/crat.200900609
http://doi.org/10.1016/j.colsurfb.2004.01.003
http://www.ncbi.nlm.nih.gov/pubmed/15261074
http://doi.org/10.1016/S0022-0248(00)00541-8
http://doi.org/10.1016/S0022-0248(01)01450-6
http://doi.org/10.1016/S0021-9258(19)69982-5
http://www.ncbi.nlm.nih.gov/pubmed/6256396
http://doi.org/10.1021/cg8008688
http://doi.org/10.1016/S0022-0248(01)01067-3


Biomimetics 2023, 8, 68 17 of 17

89. Nakamura, A.; Ohtsuka, J.; Miyazono, K.-i.; Yamamura, A.; Kubota, K.; Hirose, R.; Hirota, N.; Ataka, M.; Sawano, Y.; Tanokura,
M. Improvement in Quality of Protein Crystals Grown in a High Magnetic Field Gradient. Cryst. Growth Des. 2012, 12, 1141–1150.
[CrossRef]

90. Sazaki, G.; Yoshida, E.; Komatsu, H.T.; Nakada, S.M.; Watanabe, K. Effects of a magnetic field on the nucleation and growth of
protein crystals. J. Cryst. Growth 1997, 173, 231–234. [CrossRef]

91. Ryu, S.; Oh, I.; Cho, S.; Kim, S.; Song, H. Enhancing Protein Crystallization under a Magnetic Field. Crystals 2020, 10, 821.
[CrossRef]

92. Chin, C.C.; Dence, J.B.; Warren, J.C. Crystallization of human placental estradiol 17beta-dehydrogenase. A new method for
crystallizing labile enzymes. J. Biol. Chem. 1976, 251, 3700–3705. [CrossRef]

93. Moreno, A.; Sazaki, G. The use of a new ad hoc growth cell with parallel electrodes for the nucleation control of lysozyme.
J. Cryst. Growth 2004, 264, 438–444. [CrossRef]

94. Nanev, C.N.; Penkova, A. Nucleation and growth of lysozyme crystals under external electric field. Colloids Surf. A 2002, 209,
139–145. [CrossRef]

95. Mirkin, N.; Frontana-Uribe, B.A.; Rodríguez-Romero, A.; Hernández-Santoyo, A.; Moreno, A. The influence of an internal electric
field upon protein crystallization using the gel-acupuncture method. Acta Crystallogr. D Biol. Crystallogr. 2003, 59 Pt 9, 1533–1538.
[CrossRef]

96. Penkova, A.; Gliko, O.; Dimitrov, I.L.; Hodjaoglu, F.V.; Nanev, C.; Vekilov, P.G. Enhancement and suppression of protein crystal
nucleation due to electrically driven convection. J. Cryst. Growth 2005, 275, e1527–e1532. [CrossRef]

97. Taleb, M.; Didierjean, C.; Jelsch, C.; Mangeot, J.P.; Capelle, B.; Aubry, A. Crystallization of proteins under an external electric field.
J. Cryst. Growth 1999, 200, 575–582. [CrossRef]

98. Sabnis, S.S.; Gogate, P.R. Ultrasound assisted size reduction of DADPS based on recrystallization. Ultrason. Sonochem. 2019, 54,
198–209. [CrossRef] [PubMed]

99. Suzuki, A.H.; Lee, J.; Padilla, S.G.; Martini, S. Altering functional properties of fats using power ultrasound. J. Food Sci. 2010, 75,
E208–E214. [CrossRef]

100. Yu, F.; Mao, Y.; Zhao, H.; Zhang, X.; Wang, T.; Yuan, M.; Ding, S.; Wang, N.; Huang, X.; Hao, H. Enhancement of Continuous
Crystallization of Lysozyme through Ultrasound. Org. Process Res. Dev. 2021, 25, 2508–2515. [CrossRef]

101. Crespo, R.; Martins, P.M.; Gales, L.; Rocha, F.; Damas, A.M. Potential use of ultrasound to promote protein crystallization. J. Appl.
Crystallogr. 2010, 43, 1419–1425. [CrossRef]

102. Mao, Y.; Li, F.; Wang, T.; Cheng, X.; Li, G.; Li, D.; Zhang, X.; Hao, H. Enhancement of lysozyme crystallization under ultrasound
field. Ultrason. Sonochem. 2020, 63, 104975. [CrossRef] [PubMed]

103. Bailey, J. X-ray Crystallography of Biomolecules. In Inventive Geniuses Who Changed the World; Springer: Cham, Switzerland, 2022;
pp. 301–312.

104. Pusey, M.L.; Liu, Z.J.; Tempel, W.; Praissman, J.; Lin, D.; Wang, B.C.; Gavira, J.A.; Ng, J.D. Life in the fast lane for protein
crystallization and X-ray crystallography. Prog. Biophys. Mol. Biol. 2005, 88, 359–386. [CrossRef]

105. Stojanoff, V.; Northrup, P.; Pietri, R.; Zhong, Z. Synchrotron Radiation in Life Sciences. Protein Pept. Lett. 2012, 19, 761–769.
[CrossRef]
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