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Table 1 Methods of controlling the nucleation process
Category Material Method & parameter Effect or mechanism First author & year Reference
Femtosecond laser Cavitation bubbles
) _ , Shilpa, 2015 [18]
(970 mJecm “, 5.2 MHz2) induced nucleation
Alexander, 2009, 2019
KCl, NaCl, ) Duffus, 2009
Inorganic Nanosecond laser Non photochemical
NaClO, Ward, 2015 [3, 15-17,
(65-260 mJ+pulse ', laser induced
Kacker, 2018 19-21]
10 Hz) nucleation (NPLIN)
Mirsaleh-Kohan, 2017
Barber, 2019
Femtosecond laser Cavitation bubbles Shilpa, 2015 [18, 22]
(10=70 Jeem *, 1 kH2) induced nucleation Yoshikawa, 2006 ’
Urea Nanosecond laser
(100 mJepulse ', NPLIN Liu, 2017 [28]
100-200 pulses)
Femtosecond laser Cavitation bubbles
) ) Wang, 2019 [33]
(25-95 pJepulse ', 1 kHz) induced nucleation
Nanosecond laser
X Kerr effects induced )
(0.1-0.3 GWeem °, ) Li, 2016 [26]
polymorphism
0-60 s)
Thermal effects
. Paracetamol, Microwave Mohammed, 2012 [9]
Organic sulfathiazole. induced nucleation
phenacetin o Electric-magnetic fields
Magnetic fields ) ) Sudha, 2015 [8]
induced polymorphism
Mori, 2015
) Cavitation bubbles Su, 2015
Ultrasonic [5-7, 43]
induced nucleation Bhangu, 2016
Ruecroft, 2005
Femtosecond laser
(0.25-1.2 Jeem %, Chou, 2016
) ) Thermal effects [23-24,
Perovskite 80 MHz)/ continuous ) . Jeon, 2016
induced nucleation 27]

wave laser

(40-120 Weem™ ®)

Arciniegas, 2017
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Category Material Method &. parameter Effect or mechanism First author & year Reference
Continuous wave laser Solvothermal
Porphyrin B Yamamoto, 2018 [31]
(1.3X10" Weem™ %) assembly
Organic
Nitrobenzene, decane, Continuous wave laser ] Walton, 2019
] ) Laser trapping [32, 34]
biscalix[ 4 Jarene, etc. (200—-300 mW) Yuyama, 2017
Yoshikawa, 2014
Shilpa 2015
Femtosecond laser Adachi, 2003
Proteins (lysozyme, o o
(1.95 nJepulse '— Cavitation bubbles Nakamura, 2007 [2, 18,
glucose isomerase, . . .
) 30 pJepulse ! induced nucleation Yoshikawa, 2009 35-40]
etc.
Macro- single pulse 1 kHz) Murai, 2010
molecules / Tefuji, 2011
biomolecules Sugiyama, 2012
Continuous wave laser Liu, 2017
Laser trapping [29, 41]
(0.5-1.1 W) Yuyama, 2018
Lysozyme, amyloid
o . Nanosecond laser
fibril, glycine ) Javid, 2016
(0.47-1.1 GWecm *, NPLIN ) [25, 30]
Tasnim, 2018
10 Hz)
Continuous wave laser Sugiyama, 2012
Polymers Polymers Laser trapping [40, 42]

(100 MWecem ™ %)

Nabetani, 2007
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Fig. 2 Methods and examples of laser induced nucleation. (a) Laser induced crystallization by local heating of the substrate;

27 ¢y laser induced

(b) femtosecond laser induced crystallization of perovskite, and the scale bar is 50 pm
cavitation bubbles and following nucleation; (d) femtosecond laser induced nucleation of hen egg white lysozyme
(HEWL)" ; (e) non-photochemical laser induced nucleation (NPLIN); () nanosecond laser induced nucleation of

KCI at different irradiation time, and the scale bar is 0.5 cm™
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Fig. 3 Spatiotemporally shaped femtosecond laser induced nucleation of paracetamol™

. (a) Femtosecond laser induced
nucleation of paracetamol after different time; (b) aspect ratio of the crystal at the optimal parameters ; (c) time-
resolved images of femtosecond laser induced cavitation bubbles; (d) schematics of controlled nucleation caused by

laser induced cavitation bubbles
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Table 2 Main categories of laser controlled crystal growth methods

Category Material Method & parameter Effect or mechanism  First authors & year Reference
Phenylalanine,
) Continuous wave laser ) Yuyama, 2013, 2018
hen egg white Laser trapping [41, 53-54]
(0.5-1.1 W) Tu, 2015

lysozyme (HEWL)

Femtosecond laser ablation
Alternating the Tominaga, 2016

acro- HEWL, glycine (0.25-1. 8 pJepulse ', [55-56]
Macro i 7 plrpuise growth mode Suzuki, 2018
molecules/ 1 kHz)
bio-molecules Femtosecond laser
- Murakami, 2004
(0.2-1.2 plepulse ',
Fabrication of Kashii, 2005, 2007

HEWL 1kHz)/ UV ns [57-61]

crystal seeds Hasenaka, 2009

laser ablation

(50 mJeem %, 1 kHz)

Yoshikawa, 2012

Focused laser
Organic Biscalix[ 4 Jarene Laser trapping Yuyama, 2017 [34]
beam (300 mW)
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Fig. 5 Methods and examples of laser controlled crystal growth. (a) Control of the growth rate of crystals by laser

irradiation in the solution; (b) femtosecond laser controlled growth of HEWL compared with non-irradiated

crystals; (c¢) control of the growth orientation by laser ablation of crystal surface; (d) promotion of the growth rate

of one crystal surface by femtosecond laser ablation
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Fig. 6 Methods and mechanisms of laser controlled crystal growth
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Fig. 7 Ablation results and schematics of femtosecond laser processing on protein crystals. (a) (b) Femtosecond laser

processing patterned micro-nano structures on the surface of protein crysta

1), (¢) main mechanisms of femtosecond

laser ionization of dielectric materials; (d) schematics of femtosecond laser interaction with protein crystals
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Abstract

Significance Crystallization has applications in biomedicine, structural analysis, and other related fields. For
example, single crystal X-ray diffraction (XRD) is a common method for the structural analysis of
biomacromolecules. Polymorph crystallization is also of significance in the pharmaceutical industry. These
applications require the number, size, and polymorph of the crystals to be determined. Conventionally, crystals are
obtained by evaporation of a solution or via a batch cooling process. However, the complex nature of the
crystallization process means that precise control of crystallization is difficult.

The crystallization process consists of two main stages: nucleation and crystal growth. When the concentration
of a solute exceeds its solubility, the supersaturated solution is in a metastable zone. When the solute concentration
reaches the supersaturation limit, nucleation occurs. The nucleus will then grow into larger crystals when the
concentration drops back to the solubility level.

In recent years, various methods have been studied for controlling crystal nucleation and growth processes,
including those involving lasers, ultrasonics, and electromagnetic fields (Table 1, Table 2). Among these methods,
ultrafast laser, because of its ultrashort pulse width and ultrahigh peak intensity, interacts uniquely  with the
solution and crystals. It has advantages including limited thermal effects and can be applied to many materials.
Therefore, the ultrafast laser method has been applied for the control of the crystallization process. In this review,
we introduce the research progress of ultrafast laser-controlled crystallization. Many different methods and
mechanisms of laser-induced nucleation and crystallization are discussed. Studies on effective control of the
crystallization process will not only benefit the biomedical industry, but also shed new light on current academic
crystallography research.

Progress The ultrafast laser-controlled crystallization process can be categorized into several different types
depending on stage of crystallization where the laser is involved (Fig. 1). Ultrafast laser interaction with a
supersaturated solution will induce the nucleation of crystals. Many different mechanisms contribute to this process,
including laser heating of the substrate, formation of cavitation bubbles, and the electromagnetic effect. Local
heating of the substrate or laser-induced cavitation in solution increases the local concentration and results in
nucleation. Laser irradiation with lower power leads to electromagnetic field interactions with the solution or the
heating of impurities within the solution. These methods are collectively known as non-photochemical laser induced
nucleation (NPLIN) since the laser is not directly absorbed by the solution. The electromagnetic effects, including
polarization and Kerr effects, reduce the energy barrier and enhance the nucleation rate (Fig. 2). Through these
methods, researchers are able to enhance the nucleation probability, and control the number and size of the crystals.
Most importantly, the spatial selectivity of laser radiation allows local nucleation while the global concentration is
lower than the supersaturation limit. This means fewer initial nuclei compared to spontaneous nucleation, which
further results in crystals with large size and high quality. Ultrafast laser irradiation can also influence the polymorph
of nucleation and enhance the ratio of metastable crystal phases (Fig. 4). This is useful in biomedical research and
within the pharmaceutical industry.

After the crystal nucleus dissolves out from the solution, laser interaction with the crystals or the surrounding
solution can influence the crystal growth process. Laser irradiation of the solution can be performed to change the
growth rate of crystals through a laser trapping phenomenon. For some organic materials, laser trapping increases
the concentration at the focal point and accelerates the crystal growth. For some other materials, such as proteins,
the electromagnetic field will keep the molecules and clusters in a low energy state and restrain the crystal growth.
In addition to the control of the entire crystal growth rate, the growth of a specific crystal face can also be promoted.
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Ultrafast laser ablation on a crystal surface alters the growth mode and enhances the growth speed of the specific
crystal face(Fig. 5). This will be helpful in obtaining single crystals with ideal size and shape, which is crucial in
single-crystal XRD and other biomedical applications.

Ultrafast laser processing on crystal surfaces can also be performed to achieve micropatterning on single
crystals. Ultrafast laser ablation has high precision and has a limited thermal effect on the surrounding materials
because of the nonlinear absorption effect and non-thermal ablation process. Therefore, it is suitable for the
processing of thermally sensitive materials, including proteins, amino acids, and other biomaterials. Arbitrary
micropatterns such as microarrays can be achieved on the surface of single protein crystals without thermal damage
using femtosecond laser processing. Ultrafast laser cleaving of protein crystals can be performed to fabricate crystal
seeds with high quality. Micropatterning on single crystals has potential applications in the fabrication of biological
devices.

Conclusion and Prospect In conclusion, ultrafast laser can be used to control the nucleation and crystal growth
processes. This approach is applicable for many biomedical fields because it can control crystallization and has limited
thermal effects. Ultrafast laser control of the crystallization process still poses challenges such as lack of mechanism
understanding and limits in practical applications. Future studies on its mechanism and cross-disciplinary collaboration
will enhance the significance and application prospect of this method.
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