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Selective manipulation of L-cysteine
crystal polymorphs using focused
laser beams
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Theselectivemanipulationof crystal polymorphsholdsprofound implications acrossdiverse scientific
and industrial fields, as distinct polymorphs exhibit unique physical and chemical properties. This
study demonstrates selective polymorphic manipulation by laser trapping – a technique enabling
contactless manipulation and condensation of matter at the nanometer-scale and micrometer-scale.
L-cysteine, a ubiquitous amino acid employed in pharmaceuticals and food additives, was targeted.
We reveal that continuous-wave laser irradiation yields single crystals of the metastable polymorph,
whereas continued irradiation with high-repetition-rate femtosecond laser pulses induces poly-
crystallization of the stable form. Crucially, by strategically alternating between these two laser
modalities during crystal growth, we can open up new crystallization pathways, including the single
crystal growth of the stable phase. These findings underscore the significant potential of focused laser
beams for precision polymorphic engineering, paving the way for the development of advanced
materials with tailored properties.

Crystal polymorphism—the ability of a material to exist in more than one
crystalline form—has garnered significant attention across diverse scientific
and industrial fields due to the distinct physical and chemical properties
exhibited by different polymorphs. In the pharmaceutical sector, for
instance, polymorphism profoundly influences critical drug characteristics
such as solubility, stability, and bioavailability, all of which directly impact
the drug’s efficacy and safety1,2. Similarly, in materials science, poly-
morphism affects the mechanical, optical, and electronic properties of
materials, influencing the performance of semiconductors, pigments, and
energetic materials3–5. Consequently, developing effective strategies for the
precise control of crystal polymorphs is crucial for designing crystalline
materials with tailored properties. Traditionally, polymorphic control has
been achieved by adjusting environmental parameters such as temperature,
concentration, and solvent6. However, controlling the polymorphism of
organic compounds is challenging due to the relatively weaker inter-
molecular forces driving their crystallization, such as van der Waals and
hydrogen bonding. Even with a systematic screening of environmental
parameters, the precise and reproducible preparation of the desirednumber
of crystals and crystal polymorphs in organic compounds often remains
difficult.

Recent research has focused on the physical aspects of laser irradiation,
such as electric field effects and heat generation, as a promising external

perturbation for controlling the crystallization of various organic
compounds7–10. Laser-based techniques such as non-photochemical laser-
induced nucleation (NPLIN) and laser ablation have shown potential in
achieving polymorphic control, particularly in amino acids and pharma-
ceutical compounds11–18. Recent studies suggest that crystal nucleation and
polymorphic selectivity through these methods are attributed to photo-
thermally and/or photochemically produced bubbles, which locally increase
solute concentrations and/or enhance heterogeneous nucleation18–20.

Laser trapping, a technique that allows for the contactlessmanipulation
and condensation of substances at the nanometer- and micrometer-
scales21–24, has also emerged as a potential tool for the precise control of
crystallization events25. Studies have demonstrated that focused irradiation
with continuous-wave (CW) laser at the air/solution interface can induce
crystal formation without bubble generation, and the polymorphs of the
resulting crystals are highly dependent on laser parameters (laser intensity,
polarization mode) as well as environmental conditions (e.g., initial
concentration)26–28. In termsof itsmechanism, optical force, arising from the
interaction between the laser’s electric field and solutes (theoretically,
treatment is summarized in Supplementary Note 1), plays a crucial role in
condensing the solutes at/around laser focus25,29. Interestingly, utilizing a
high-repetition-rate femtosecond (HRR fs) laser instead of a CW laser can
induce not only trapping effects but also bubble generation30,31, a

1Graduate School of Engineering, Osaka University, Suita, Osaka, Japan. 2Department of Applied Chemistry and Center for Emergent Functional Matter Science,
National Yang Ming Chiao Tung University, Hsinchu, Taiwan. 3Division of Materials Science, Nara Institute of Science and Technology, Ikoma, Nara, Japan.

e-mail: h.takahashi@eei.eng.osaka-u.ac.jp; sugiyama@nycu.edu.tw

Communications Chemistry |           (2025) 8:156 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42004-025-01554-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42004-025-01554-7&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42004-025-01554-7&domain=pdf
http://orcid.org/0009-0002-9709-0841
http://orcid.org/0009-0002-9709-0841
http://orcid.org/0009-0002-9709-0841
http://orcid.org/0009-0002-9709-0841
http://orcid.org/0009-0002-9709-0841
http://orcid.org/0000-0001-9571-4388
http://orcid.org/0000-0001-9571-4388
http://orcid.org/0000-0001-9571-4388
http://orcid.org/0000-0001-9571-4388
http://orcid.org/0000-0001-9571-4388
mailto:h.takahashi@eei.eng.osaka-u.ac.jp
mailto:sugiyama@nycu.edu.tw
www.nature.com/commschem


phenomenon often observed in studies ofNPLIN and laser ablation7,32. This
bubble generation contributes to polymorphic control in several
compounds30,31. While the condensation of solutes through trapping effects
is likely essential for inducing crystal nucleation29,33, the critical factor gov-
erning polymorphic control remains elusive. Further investigation is
necessary to achieve precise polymorphic manipulation.

In this study, we investigated polymorph control in L-cysteine (L-Cys),
an amino acid commonly used in pharmaceuticals and food additives34, by
employing focused irradiation with CW and HRR fs lasers. L-Cys has also
served as a model compound for polymorphic investigations35–38. Our
findings revealed that CW laser trapping exclusively induced the crystal-
lization of the α-form (metastable phase), while HRR fs laser trapping
consistently yielded the crystallization of the β-form (stable phase). Addi-
tionally, we introduced an approach for single-crystal growth by strategi-
cally switching between CW and HRR fs laser irradiation during the
crystallizationprocess.This technique allows forprecisemanipulationof the
polymorphic outcome and paves theway for the controlled growth of L-Cys
single crystals with desired properties.

Results and discussion
Effects of CW laser irradiation on L-Cys crystallization
A near-infrared CW laser with a wavelength (λ) of 1064 nm was focused at
the air/solution interface of an unsaturated L-Cys/D2O solution with a
supersaturation value of 0.84 (also seeMethods). Here, the saturation value
(SS) was defined as the C/Ce, where C and Ce are the concentration of the
sample and the saturated concentration (1.16mol kg−1 at 25 °C, Supple-
mentary Note 2, and Supplementary Fig. 1), respectively. Figure 1 and
Supplementary Movie S1 show the crystallization behavior of L-Cys under
CW laser trapping. We adjusted the focal spot to the air/solution interface
under the guidance of the reflection of the incident lasers (white dot at
t = 0 s). No discernible changes were observed immediately after laser
irradiation. After several tens ofminutes, a thin, rod-like crystal was formed
at the laser focus (t = 1165 s), subsequently developing into a hexagonal
crystal with continued laser irradiation (t ≥ 1191 s). The polymorphs of the
generated L-Cys crystals were characterized by Raman spectroscopy (cf.
Supplementary Note 3 and Supplementary Fig. 2). Throughout the crys-
tallization process (t ≥ 1165 s), Raman spectra confirmed the consistent
presence of the α-form. Previous studies of polymorphism control using
laser trapping have indicated the significant influence of laser parameters
such as intensity and polarization on crystal polymorphs, crystallization
probability, and induction time26,27. Therefore, we investigated the depen-
dence of theseparameters on the intensity of the linearlypolarizedCWlaser.
In this study, crystallization probability was defined as the ratio of successful
trials, where crystal formation was observed within 40min of laser irra-
diation, to the total number of trials. For example, if crystal formation was
observed for 8 samples out of 10 trials, the crystallization probability would
be 80%. To properly evaluate the tendency of the induction time, if crys-
tallizationwas not observedwithin 40min, the induction timewas recorded
as 40min, indicating that the actual induction time is equal to or greater
than 40min. Figure 2 summarizes the results. Reliable L-Cys crystallization
was always observed at a laser intensity of 120MWcm−2 and higher, while
crystallizationwas sometimes observed at 73MWcm−2. The induction time
exhibitedadecreasing trendwith increasing laser intensity.This observation

regarding the induction time was statistically validated through the
Kruskal–Wallis test39, which confirmed the significance of the difference
(H = 20, P = 0.0049%). Notably, despite variations in both crystallization
probability and induction time, L-Cys crystals generated via CW laser
trapping consistently exhibited the α-form. This exclusive formation of the
α-form persisted across various conditions, including different polarization
modes at 120MWcm−2 (Supplementary Fig. 3) and a systematic screening
of solution concentrations from0.98 to 1.35mol kg−1 (SS = 0.98–1.16), all of
which consistently resulted in α-form crystallization. Although further
systematic investigation of laser parameters and solution conditions may
potentially enable the crystallization of stable β-form crystallization38, our
results indicate thatCWlaser trapping favors the formation ofmetastableα-
form L-Cys crystals.

It is widely known that supersaturation plays a critical role in deter-
mining the polymorphic outcome of crystallization. As supersaturation is
governedbyboth temperature and concentration, it is crucial to estimate the
increase in both under CW laser trapping conditions to elucidate the
mechanism underlying the exclusive formation of the metastable α-form.
Toobserve the temporal evolutionof concentrationunder laser trapping,we
employed Raman spectroscopy to monitor the concentration dynamics of
L-Cys. The L-Cys/D2O solution exhibits several peaks between 200 and
2000 cm−1 (Supplementary Fig. 4a), and the intensity of some peaks (e.g.,
~690, ~1430, and ~1870 cm−1) was confirmed to be proportional to the
L-Cys concentration. We tracked the concentration using the highest peak
at ~1870 cm−1 (calibration curve: Supplementary Fig. 4b), which allowed for
rapidmeasurement of Raman intensity (5 s per spectrum). Figure 3a shows
the representative temporal evolution of Raman intensity at different laser
intensities (73, 120, and 170MWcm−2). The intensity initially increased
linearlywith irradiation time, irrespective of the laser intensity.The intensity
suddenly jumped upon crystallization, possibly facilitating the estimation of
nucleation timing. The slope of the linear fitting curve before crystallization
was (0.55 ± 0.12) × 10−3 a.u. s−1 at 73MWcm−2, (1.24 ± 0.18) × 10−3 a.u. s−1

at 120MWcm−2, and (2.28 ± 0.16) × 10−3 a.u. s−1 at 170MWcm−2. From
the calibration curve (Supplementary Fig. 4b), the concentration increase
rates were 0.6 ± 0.1mmol kg−1 s−1 at 73MWcm−2, 1.4 ± 0.2mmol kg−1 s−1

at 120MWcm−2, and 2.5 ± 0.2mmol kg−1 s−1 at 170MWcm−2 (Fig. 3b, left
axis), with significant differences confirmed by the Kruskal–Wallis test
(H = 13, P = 0.19%). These differences explain the observed shorter induc-
tion time at higher laser intensities (Fig. 2). Unexpectedly, despite the
varying rates of concentration increase, the actual concentration of L-Cys at
the point of crystallization, as estimated from the Raman intensity at the
intersection of the linear fitting curves before and after crystallization, was
consistently around 2.5 mol kg−1 for all laser intensities, with no significant
differences (H = 1.1,P = 57%). This remarkable consistency reveals a critical
threshold for supersaturation thatmust be attained to initiate the formation
of the α-form, regardless of how quickly that supersaturation level is
reached.

Next, to accurately assess the supersaturation and its impact on the
polymorphic outcome, we need to consider the effect of temperature ele-
vation on L-Cys solubility. It is also essential to estimate the local tem-
perature increase caused by laser irradiation, particularly since, for L-Cys,
temperature influences which polymorph is formed (transition tempera-
ture: >32 °C, cf. Supplementary Note 3). Therefore, we investigated the

Fig. 1 |Dynamics of CW laser trapping-induced L-
Cys crystallization. Representative crystallization
behavior of L-Cys under CW laser trapping condi-
tions. The laser intensity was set to 120 MW cm−2.
The scale bar represents 10 μm. A white spot shown
at ~0 s is a focused 532 nm laser used as an indicator
of the air/solution interface.

https://doi.org/10.1038/s42004-025-01554-7 Article

Communications Chemistry |           (2025) 8:156 2

www.nature.com/commschem


temperature elevation of the L-Cys/D2O solution upon CW laser irradia-
tion. Based on the spectroscopic analysis (Supplementary Note 4 and
Supplementary Fig. 5), the temperature elevation coefficient at the laser
focus was determined to be 1.3 °CW−1. Consequently, in the laser intensity
regime in this study, the maximum temperature elevation was estimated to
be ~2 °C (25 °C→ 27 °C). Since this achieved temperature is considerably
lower than the transition temperature (>32 °C), we concluded that

temperature elevation from laser irradiation should not contribute to the
exclusive crystallization of the α-form.Hence, we focused on calculating the
supersaturation at the point of crystallization. According to a previous
study40, a temperature increase from 25 °C to 27 °C leads to a 4% increase in
L-Cys solubility in H2O (see Supplementary Note 5). Assuming that the
solubility in D2O also increases by 4%, the supersaturation at crystallization
was estimated to be SS = 2.5 [mol kg−1] /(1.16 [mol kg−1] × 1.04) = 2.1. This
value is significantly higher than that required for spontaneous crystal-
lization of both the stable β-form and metastable α-form (SS > 1.1 for β-
form, SS > 1.2 for α-form; see Supplementary Note 6 and Supplementary
Fig. 6), demonstrating that laser trapping induces a highly supersaturated
state prior to nucleation.

It may seem surprising that laser trapping can induce such a high
degree of supersaturation. Still, this phenomenon has been observed in
previous studies on other amino acid and protein solutions29,33,41–43. It is
important to note that the nucleation rate (J) is governed by the magnitude
of the logarithm of supersaturation (ln(SS)) and the surface free energy of
the growing nucleus (σ), as follows44,45.

J / exp � 16πσ3v2

3kB
3T3 ln SSð Þð Þ2

� �
ð1Þ

where v is the volumeof L-Cysmolecules, kB is the Boltzmann constant, and
T is the temperature.While the supersaturation (SS) of themetastable form
is generally smaller than that of the stable form, the values of ln(SS) are
nearly equal for both polymorphs with increasing supersaturation46.
Therefore, under conditions where supersaturation is sufficiently high for
both polymorphs, the magnitude of the surface free energy (σ) determines
the relative nucleation rates of the two polymorphs. Indeed, σ of the
metastable phase is generally smaller than that of the stable phase, regardless
of supersaturation. This is related to the higher enthalpy of the stable phase,
which arises from stronger intermolecular interactions and more efficient
packing within the crystal lattice. These stronger interactions stabilize the
crystal structure but also increase the energy required to form a new surface,
thus resulting in a higher surface free energy. Consequently, the nucleation
rate of the metastable phase is higher than that of the stable phase under
highly supersaturated conditions, leading to the preferential crystallization
of the metastable phase. This could explain the exclusive crystallization of
the metastable α-form upon CW laser trapping.

Effects of HRR fs laser on L-Cys crystallization
In the preceding section, we observed that CW laser irradiation consistently
resulted in the crystallization of the α-form of L-Cys despite adjusting
parameters such as laser intensity and solution concentration. This obser-
vation led us tohypothesize that alternative laser-based perturbationsmight
be required to induce the crystallization of the β-form. To explore this
possibility, we employed a focused HRR fs laser, which not only induces
laser trapping but also causes additional phenomena such as laser
ablation30,31. Figure 4 and Movie S2 show the representative crystallization
behavior of L-Cys under HRR fs laser trapping. This experiment also
employed the unsaturated L-Cys/D2O solution with SS = 0.84. No apparent
change was observed immediately after the laser irradiation. After half an
hour of irradiation, bubbles were suddenly generated at the laser focus
(t = 1665 s). During bubble generation, small crystals (indicated by a red
circle in thefigure)were repeatedly produced anddissolved around the laser
focus. Suddenly, rectangular crystals (indicated by green arrows in the fig-
ure) were yielded around the laser focus (t = 1675 s). These rectangular
crystals grew substantially with continued laser irradiation. When the
growing crystals were trapped at the laser focus, they underwent ablation,
resulting in poly-crystallization (t = 1680 s). Due to the unsaturated nature
of the bulk solution, the obtained crystals gradually dissolved after the laser
was turned off. However, by carefully removing the upper glass of the
sample cell, we could preserve the crystals for severalminutes, allowing us to
measure their Raman spectra. Surprisingly, Raman spectroscopy confirmed
that these rectangular crystals correspond to the stable phase of β-form,

Fig. 2 | Impact of CW laser trapping on L-Cys crystallization. Influence of CW
laser intensity on L-cysteine crystallization probability and induction time. Linearly
polarized light was used, and eight samples were tested at each laser intensity. Blue
bars represent crystallization probability (%), defined as the percentage of trials
resulting in crystal formation within 40 min of laser irradiation. Blue dots indicate
the induction times for each laser intensity. The error bars represent the standard
deviation.

Fig. 3 | Concentration dynamics of L-Cys duringCWlaser trappingmonitored by
Raman spectroscopy. a Representative temporal evolution of Raman intensity
under various laser intensities. The dashed lines represent the linear fitting curves
before and after crystal nucleation. Raman spectra were acquired every 5 s. The laser
power of the excitation laser was set to ~0.1W (49MW cm−2). bDependence of the
concentration increase rate (left axis, turquoise blue) and concentration at the time
of nucleation (right axis, purple) on laser intensity (n = 5). The marks are slightly
offset along the horizontal axis to avoid overlapping. The error bars represent the
standard deviation.
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whichwas never observedwithCW laser trapping. Due to their limited size,
wewereunable to characterize the small crystals that formedprior toβ-form
crystallization using Raman spectroscopy. Nevertheless, we employed
alternative methods to determine that these crystals were likely the α-form,
as detailed in the next section.

To examine the impactofHRR fs laser irradiationon the crystallization
behavior of L-Cys, we investigated the dependence of eventual poly-
morphism, crystallization probability, and bubble generation timing on the
intensity of the linearly polarized laser. The results are summarized in Fig. 5.
Crystals always appeared at 120 and 170MWcm−2, while some trials failed
at 73MWcm−2. The bubble generation timing was significantly accelerated
with increasing laser intensity (H = 14, P = 0.08%). While such crystal-
lization behavior is similar to that of the CW laser (Fig. 2), the HRR fs laser
irradiation always produced the stable phase of β-form eventually. This
result underscores that not only laser trapping but also additional phe-
nomena characteristic of HRR fs laser contributed to the generation of
β-form.

We now discuss the crystallization and polymorphism mechanism of
L-Cys by HRR fs laser irradiation. Unlike the case of CW laser irradiation,
continued irradiation with HRR fs laser suddenly produces bubbles at the
laser focus (Fig. 4, t = 1665 s). Such bubble generation has also been
observed in the experiments on HRR fs laser trapping-induced crystal-
lization using other amino acid solutions30,31. This phenomenon can be
explained as follows: the focused irradiation with an HRR fs laser induces a
concentration increase at the laser focusdue to its laser trapping effect47,48.As
the concentration is increased, the multiphoton absorption by solutes is
enhanced due to the considerably higher peak intensity of the HRR fs laser
(≥7.6 TW cm−2) compared to theCW laser (≤170MWcm−2)49,50.When the
concentration reaches a certain level, the multiphoton absorption triggers
laser ablation of the solution, producing bubbles51. These generated bubbles
may correspond to cavitation bubbles that are often produced by irradiation
with ultrashort laser pulses49. Indeed, it has been reported that bubble

generation by laser ablation of solutions can induce crystal nucleation7,52. As
for its mechanism, several studies have proposed that local concentration
increase and/or heterogeneous nucleation at the bubble surface plays an
important role in crystal nucleation by laser ablation53–61. The preferential
nucleation of the small α-form crystals (Fig. 4, t = 1665 s, red circle) can be
attributed to the localized increase in solute concentration induced by laser
trapping and the subsequent generation of cavitation bubbles. This localized
concentration increase leads to a high degree of supersaturation, favoring
the nucleation of the α-form, which is characterized by lower surface free
energy.As theα-formcrystals grow, solutemolecules are consumed, leading
to adecrease in the supersaturation levelwithin the vicinity of the laser focus.
With decreasing supersaturation, the values of ln(SS) in Eq.1 are no longer
comparable between the two polymorphs, leading to an increase in the
nucleation rate of the stable form. Consequently, subsequent bubble gen-
eration events within this region of reduced supersaturation promote the
nucleation of the β-form polymorph. This phenomenon exemplifies the
delicate interplay between supersaturation and surface free energy in
determining the polymorphic outcome of crystallization processes. The
nucleation rate (Eq. 1) is initially dominated by the surface free energy (σ)
due to highly supersaturated conditions, resulting in the crystallization of
the metastable α-form via laser-induced bubbles. As the number of meta-
stable α-form crystals increased, the supersaturation (SS) influenced the
nucleation rate due to a decrease in supersaturation, eventually leading to
the stable β-form crystallization. In fact, such a conversion frommetastable
polymorph to stable polymorph has also been observed in HRR fs laser
trapping of L-phenylalanine30.

Selective manipulation of polymorphs by the combination of CW
laser and HRR Fs laser
The results presented in the preceding sections demonstrate that the
eventual polymorph of L-Cys can be controlled by selecting the appropriate
laser irradiation mode: CW laser irradiation consistently yields the α-form,
while HRR fs laser irradiation ultimately produces the β-form. Building
upon these findings, we explored the possibility of achieving dynamic
control over the eventual numberof crystals and the resultingpolymorphby
strategically combining CW and HRR fs laser irradiation.

For this purpose, we designed an experiment where we switched
between CW and HRR fs laser irradiation during crystal growth. As shown
in the leftmost image in Fig. 6, we first irradiated the HRR fs laser at
170MWcm−2 into the L-Cys solution until bubble generationwas observed
at the laser focus. Immediately confirming the bubble generation, we
switched to CW laser irradiation. Contrary to the case of CW laser trapping
alone (Fig. 1), this change in irradiation mode immediately led to the
continued growth of the large single α-form crystal (~200 μm) (the upper
path in Fig. 6 and Supplementary Movie 3). This result indicates that
switching to CW laser irradiation before β-form crystallization by the
subsequent HRR fs laser irradiation can promote the growth of α-form
crystals. This result further supports our interpretation that the small
crystals observed before β-form crystallization (Fig. 4, t = 1665 s, red circle)
are α-form crystals. Furthermore, we confirmed that re-switching toHRR fs
laser irradiation after sufficient growth of the α-form crystal eventually still
led to the formation of the β-form (Supplementary Fig. 7 and Supple-
mentaryMovie 4). Specifically, re-switching toHRR fs laser initially induced

Fig. 5 | Impact of HRR fs laser trapping on L-Cys crystallization. Dependence of
crystallization probability and bubble generation timing on laser intensity of HRR fs
laser. Linearly polarized light was used as the trapping light source. The stable phase
crystal was formed after ~10 s to ~10 min from bubble generation. Eight samples
were tested in each condition. To properly evaluate induction time tendency, we
assigned a value of 40 min to trials without crystal nucleation at 73 MW cm−2. The
error bars represent the standard deviation.

Fig. 4 | Dynamics of HRR fs laser trapping-
induced L-Cys crystallization. Evolution of L-Cys
crystallization under HRR fs laser trapping. The
laser intensity was maintained at 120MW cm−2.
Yellow arrows denote laser-induced bubbles, while
green arrows highlight the emergence of stick-like
crystals. Thin crystals are encircled in red. The scale
bar corresponds to 20 μm.
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etching of the crystal’s surface with generating bubbles. Approximately
2min after re-switching to the HRR fs laser, the β-form crystals suddenly
appeared around the laser focus. This observation underscores the role of
HRR fs laser irradiation in inducing β-form crystallization.

The combination of CW laser and HRR fs laser also offers another
advantage. Activating the CW laser immediately after the crystallization of
the β-form resulted in single-crystal growth without poly-crystallization
(the bottompath in Fig. 6 and SupplementaryMovie 5). This precise control
over single-crystal growth is challenging to achieve with the HRR fs laser
alone, as demonstrated in Fig. 4. Thus, precise spatial and temporal
manipulation ofCWandHRR fs laser irradiation enables the preparation of
single L-Cys crystals with the desired polymorph. This technique offers a
level of control over the crystallization and polymorphismprocess, allowing
for the targeted production of specific polymorphs.

Conclusions
This study has delved into the selective manipulation of L-Cys poly-
morphism, revealing the remarkable ability of focused laser irradiation to
guide the polymorphism selectively. We have demonstrated that CW laser
irradiation consistently yields the metastable α-form, while HRR fs laser
irradiation favors the stable β-form. This intriguing divergence stems from
the distinct mechanisms triggered by each laser type. CW laser irradiation

generates a highly supersaturated state, promoting the rapid formation of
the metastable α-form. Conversely, HRR fs laser irradiation induces loca-
lized concentration increases followed by bubble generation, ultimately
promoting the formation of the stable β-form. These polymorphic beha-
viors, illustrated based on the solubility curve, are summarized in Supple-
mentary Fig. 8.

Taking this a step further, we achieved dynamic control over the
crystallization pathway by strategically alternating betweenCWandHRR fs
laser irradiation. This approach, visually summarized in Fig. 7, allowed us to
achieve favorable results in crystal engineering, such as growing large single
crystals of the α-form and preventing polycrystallization of the β-form. The
implications of this work extend far beyond L-Cys. We anticipate that the
precise control of crystal polymorphs achieved by harnessing the interplay
of laser parameters and material responses will find applications in diverse
fields where crystal polymorphism is crucial, including pharmaceutics and
optoelectronics.

Methods
Sample preparation
L-Cys (≥99%, Sigma-Aldrich) was used as received without further pur-
ification. L-Cys crystals were completely dissolved in deuterium oxide
(D2O)by stirring at 70 °C for 15min.D2Owas chosen as the solvent instead

Fig. 7 | Summary of polymorphic control of L-Cys
crystals demonstrated in this study. Polymorph
control of L-Cys crystals achieved by CW and HRR
fs laser trapping.

Fig. 6 | Combination ofCW laser andHRR fs laser.
Polymorph control of L-Cys by sequential irradia-
tion with CW and HRR fs lasers. The scale bars
represent 20 μm.
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of H2O tominimize temperature increases caused by the near-infrared CW
laser irradiation.The temperature elevation coefficients (thermal absorption
coefficients) at 1064 nm are reportedly 22–24 and 1–2 KW−1 for H2O and
D2O, respectively

62. The solution was then cooled and incubated at room
temperature (~25 °C) for 1 h. For the laser experiments, a 15 μL aliquot of
the solution was placed into a custom-made, hydrophilized sample cell
consisting of a cover glass and a glass ring (Supplementary Fig. 9). After
pouring the solution into the handmade cell, it was sealed with another
cover glass. The solution height was measured to be 160 ± 10 μm. Because
prolonged incubation of L-Cys in the sample solutions (e.g., 1 day) can lead
to the precipitation of “cystine” (Supplementary Fig. 10) due to cysteine
oxidization63, solutions were always used within 5 h of preparation. The
sample cell was mounted on the microscope stage for subsequent laser
experiments.

Optical setup for CW laser trapping combined with Raman
spectroscopic system
The optical setup for the combined CW laser trapping and Raman spec-
troscopic system is shown in Supplementary Fig. 11a. A near-infrared CW
laser (λ = 1064 nm) emitted from Nd3+:YVO4 laser system (J201-BL-106C,
Spectra-Physics) was employed for laser trapping. The laser beam was
expanded and collimated using two convex lenses with a focal length (f) of
100 and 200mm, and then directed into a microscope (Eclipse Ti, Nikon).
The laser beam was focused at the air/solution interface of the sample
solution through an objective lens with a numerical aperture (NA) of 0.90
(×60, UPLFLN60X, Olympus). The laser power was adjusted using a half-
wave plate and a polarizing beam splitter. The focal radius was estimated to
be ~720 nm based on the Rayleigh criterion (×0.61, λ/NA), and this value
was used to determine the laser intensity. The microscopic image through
the objective lenswas capturedby aCCDcamera capable of detecting visible
to near-infrared light (CV-S3200, Jai).

For Raman spectroscopy, a greenCWlaser (λ = 532 nm,Millennia Pro
s-Series 10 sJS, Spectra-Physics) served as the excitation source. Similar to
the trapping laser, the excitation laser beam was expanded and collimated
using convex lenses (f = 100 and 200mm). The excitation laser was con-
verted to circularly polarized light to minimize the influence of molecular
alignment in the crystal on the Raman scattering measurements. The
scattered light was collected by a spectrometer (Shamrock, Andor) through
an optical fiber (SR-OPT-8020, Andor) and detected by a cooled CCD
camera (iDus, Andor). A notch filter positioned before the fiber blocked
Rayleigh scattering and reflected light. Spectral analysis was performed
using SOLIS software (Andor).

Optical setup for HRR fs laser trapping and CW laser trapping
The optical setup for HRR fs laser trapping and CW laser trapping is
illustrated in Supplementary Fig. 11b. We utilized a mode-lock Ti:Sapphire
laser system (Tsunami, Spectra-Physics) to generate HRR fs laser pulses.
This system was pumped by a green CW laser (λ = 532 nm, Millennia-eV,
Spectra-Physics) and produced pulses with a central wavelength of 800 nm,
a pulse duration of 120 fs, and a repetition rate of 80MHz. To ensure
optimal beamquality, the laser pulseswere expanded and collimatedusing a
concave lens (f =−150mm) and a convex lens (f = 250mm). In addition to
the HRR fs laser, we incorporated a near-infrared CW laser (λ = 1064 nm,
Nd3+: YVO4, MATRIX 1064-10-CW, Coherent) into the setup. This CW
laser beam was also expanded and collimated, this time using two convex
lenses (f = 100mmand 200mm). Both laser beamswere then introduced to
the inverted microscope (IX71, Olympus) and focused at the air/solution
interface using the objective lens (×60, NA= 0.90). The focal radius of the
HRR fs laserwas estimated to be 540 nm. Finally, the polymorphs generated
by laser irradiation were characterized using the optical system described in
the previous section.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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