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ABSTRACT: Matrine and oxymatrine are mainly obtained from Sophora
flavescens using the high-temperature and prolonged solvent extraction methods
currently employed in industries. In this study, an ultrafast and highly efficient
method for extracting matrine and oxymatrine from S. flavescens at room
temperature using laser technology, specifically, laser extraction, was
demonstrated. The laser extraction rates for matrine and oxymatrine from S.
flavescens at room temperature for 1 min were 266.40 and 936.80 mg(g-h)~!,
respectively. These rates were 1400 times higher than those achieved with ¢
conventional solvent extraction. These results mean that 1 min of laser Nl =< = oy \
extraction is equivalent to 24 h of solvent extraction. The reason for such a high h —
efficiency is that laser-induced cavitation can accelerate the rapid release of
alkaloid molecules in plant cells. Mass spectrum, nuclear magnetic resonance, and Fourier-transform infrared spectrum analyses of
the extracted matrine and oxymatrine compounds confirmed that they are the same as the products of solvent extraction.
Furthermore, it was found that the anticancer activity of laser-extracted compounds is slightly better than that of conventionally
solvent-extracted ones, likely due to the slight change in the microstructure or conformation of these compounds under laser
irradiation. These findings demonstrated that the laser extraction method was ultrafast and highly efficient, unveiling a novel
approach to alkaloid extraction. This discovery will have significant implications for the extraction and utilization of alkaloids from
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B INTRODUCTION

Colorectal cancer ranks among the second or third most
common cancers globally, posing a serious threat to human
health." In recent years, matrine and oxymatrine have been
extensively studied in both in vivo and in vitro models of
colorectal cancer.””® These alkaloids have demonstrated
considerable anticancer potential due to their unique chemical
structures and biological activities.”* Notably, in the treatment
of colorectal cancer, matrine and oxymatrine have been shown
to effectively inhibit cancer cell proliferation and metastasis
while inducing apoptosis in cancer cells.”® Additionally, these
compounds exhibit a range of biological functions, including
anti-inflammatory, immunomodulatory, and antiviral proper-
ties, making them noteworthy as natural medicinal compo-
nents.”” Since 1992, China has approved the use of Compound
Kushen Injection (CKI) for the treatment of various cancers,
including colorectal cancer, with matrine and oxymatrine being
the primary components.® CKI has not only been widely applied
in clinical practice but also been proven to have significant
therapeutic effects in numerous studies. These compounds have
been extensively shown to markedly inhibit SW480 cells,””'" a
specific colorectal cancer cell line, indicating their potential
application in colorectal cancer treatment.

However, traditional extraction methods for matrine and
oxymatrine have certain limitations. The current primary
method is solvent extraction (SE), which is typically time-
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consuming and inefficient.'” Other extraction methods, such as
ultrasonic extraction (UE) ,'? microwave extraction (ME) ,'"and
supercritical fluid extraction (SFE) e although showing certain
advantages under laboratory conditions, are challenging to apply
on a large industrial scale due to their complex operating
conditions and high costs.”

Therefore, developing a rapid and efficient extraction method
to obtain matrine and oxymatrine from plants is crucial for
enhancing their clinical application value. In recent years, with
advancements in technology, laser technology has increasingly
been applied in the fields of medicine and food,'c™"? offering
new possibilities for the extraction of natural products. Studies
have shown that pulsed laser irradiation can promote the release
and dissolution of compounds in a short period, with the
advantages of simple operation, short time, and high
efficiency.””*!

Herein, it is reported for the first time that ultrafast and highly
efficient extraction of matrine and oxymatrine from S. flavescens
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Figure 1. (a) fs-LE process with a stirring system, (b) S. flavescens powder suspension before laser irradiation, (c) S. flavescens powder suspension
during laser irradiation, and (d) S. flavescens powder suspension after laser irradiation.

powder suspension was achieved by pulsed laser irradiation in
liquids at room temperature. This method is named laser
extraction (LE). This study aims to explore the application of the
LE method for extracting matrine and oxymatrine, evaluate their
efficiency and anticancer properties, and compare them with
traditional extraction methods. The goal is to provide a novel
solution for the extraction of alkaloids from plants.

B EXPERIMENTAL SECTION

Materials. Flaky S. flavescens roots (origin: Shanxi Province,
China) were purchased from Guangdong Shizhen Pharmaceut-
ical Co., Ltd. The standard compounds matrine and oxymatrine
were imported from Shanghai Macklin Biochemical Technology
Co., Ltd. Ethanol (EtOH), methanol (MeOH), chloroform, and
phosphoric acid were purchased from Fisher Chemical, USA.
Cell culture materials were supplied by Gibco, Grand Island,
NY, USA.

Plant Pretreatment, Extraction, Isolation, and Alkaloid
Purification. The flaky S. flavescens roots were crushed into
powder by a grinder, passed through a 200-mesh screen, and
then sealed in a dry environment. Root powder (500 mg) was
accurately weighed and placed in a special quartz tube and mixed
with 3 mL of 60% aqueous ethanol solution.

For SE, the above-mentioned S. flavescens suspension was
soaked at room temperature and stirred for 24 h.

For LE, femtosecond pulsed laser irradiation of the
aforementioned S. flavescens suspension was performed with a
Vision-S laser (Chameleon Ultra, Vision) centered at 753 nm
(this process is called fs-LE). An fs-laser with a pulse duration of
140 fs, a repetition rate of 80 MHz, and a laser output power of
3.4 W was used in the experiments. Continuously applying
femtosecond-pulsed laser in the solution generates consistent
thermal effects. The experiment was restricted to a duration of 1
min to regulate and minimize uncertain thermal impacts. To
ensure thorough extraction, a smaller quartz tube reactor
equipped with a stirring system was employed. This
configuration facilitated complete contact between the loaded
suspension and the pulsed laser within 1 min, thereby enhancing
the extraction process. Ultimately, to achieve efficient extraction
without inducing excessive thermal effects, loading 0.5 mL was
determined as the optimal volume. In short, the experiments
were carried out in a smaller quartz tube (only 0.5 mL
suspension) irradiated for 1 min and equipped with a stirring
system. The schematic procedure is shown in Figure 1a. Finally,

a total of 3 mL of irradiated suspension was collected in a single
experiment for follow-up treatment. After extraction, the
supernatant was collected by centrifugation and filtered by a
0.44 pm filter membrane for subsequent analysis, isolation, and
purification. A sufficient amount of each extraction solution was
collected under the two extraction methods for the isolation and
purification of alkaloid monomer. The isolation and purification
were performed by Nanjing DASF Biotechnology Co., Ltd.,
using the following steps: the ethanol from the extract of S.
flavescens was recovered, and the concentrated solution was
diluted with six times its volume of water and left to stand
overnight. The supernatant was collected and processed with a
D101 resin column. The column was eluted sequentially with
three column volumes of water, 20% ethanol, and 70% ethanol.
The 70% ethanol eluent was collected, and after recovering the
ethanol, the concentrated solution was dried. The dried
concentrate was mixed with silica gel and applied to a silica
gel column, where fractions containing matrine and oxymatrine
with a purity above 80% were collected. These crude products
were further purified using a preparative column to obtain
matrine and oxymatrine monomers with 98% purity. In addition,
particle size analysis of S. flavescens powder was conducted
before and after extraction using a Laser Particle Sizer (Malvern
Mastersizer 3000, UK) under wet conditions.”” Morphological
characterization of the powders pre- and postextraction was
performed via field emission scanning electron microscopy
(SU8010, Japan) utilizing an acceleration voltage of 10 kV and
operating in secondary electron mode.

HPLC Analysis. The extraction solution was diluted five
times and packed into a 2 mL special vial for high-performance
liquid chromatography (HPLC) analysis performed on an
UltiMate3000 (Thermo Fisher, USA) system equipped with an
Agilent Zorbax Extend-C18 column (250 mm X 4.6 mm X
um).”? The UV spectra were recorded between 200 and 400 nm
to determine the peak characteristics. Matrine and oxymatrine
exhibit significant UV absorption near 217 nm, so the detection
wavelength was set at this value. The content of matrine and
oxymatrine was calculated using the standard curve method.

Monomer’s Structure Elucidations. Before the isolated
monomers were elucidated, solutions of each monomer were
prepared as a single solution, and their purity was checked
according to the HPLC analysis method mentioned above. The
chemical structure of the monomer was then determined using
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Figure 2. Extraction efficiencies of SE and fs-LE: (a, b) the extraction amount and (c, d) the extraction rate.

FTIR, MS, and NMR ("*C NMR and "H NMR) spectroscopic
techniques.”*

For the FTIR, the KBr pellet technique was employed on a
Bruker spectrograph (Bruker, Billerica, MA, USA). The spectra
were obtained at a coaddition of 256 interferograms collected at
4.0 cm™! resolution and with a wavenumber range of 400—4000
em™,

For the MS, a Fourier-transform ion cyclotron resonance
(FT-ICR) apparatus (Perkin-Elmer, Waltham, MA, USA) at
room temperature was used to obtain the compound mass by
the electrospray ionization (ESI) method.

The NMR was performed on a Bruker Advance III 500 MHz
instrument, and samples were measured with CDCl, (6 7.26 s;
8¢ 77.16 s). The resulting signals were demonstrated on a ppm
scale using tetramethylsilane (TMS) as the internal standard.

In Vitro Anticancer Test. The identified monomers were
used for in vitro cell anticancer evaluation. SW480 cells (colon
adenocarcinoma SW480 cells) were chosen for the experiment.
SW480 cells were cultured in DMEM containing 10% fetal
bovine serum (Invitrogen) 100 U/mL penicillin, and 100 mg/
mL streptomycin. The cells were cultured in a standard
incubator at 37 °C, 21% O,, and 5% CO,.

The cell viability was assessed using the MTT assay.”> SW480
cells were seeded in 96-well plates overnight at a density of 6000
cells per well. The medium was then replaced with 200 uL of
fresh DMEM containing various concentrations of monomers
individually. After incubating at 37 °C for 24 h, the medium was
replaced with a 10% MTT solution. Following that, 100 uL of
DMSO was added, and the plates were analyzed with a
microplate reader at an absorbance of 575 nm. Each experiment
was performed at least three times.

To evaluate the number of apoptotic cells, Annexin V/PI
staining was performed.”> SW480 cells were individually treated
with 2 mg/mL monomers. After 18 h, the cell pellet was
resuspended in 100 L of 1X Annexin binding buffer containing
10 uL of Annexin V. After a 15 min incubation at room
temperature, 2 yL of PI and 900 uL of binding buffer were
added. Following a 10—1S5 min incubation, the cells were
analyzed by flow cytometry. Each experiment was performed at
least three times.

Furthermore, Calcein-AM/PI double stain was used to detect
cell viability.26 SW480 cells were treated with 2 mg/mL
monomers individually for 24 h and then incubated with
Calcein-AM (10 uM) and PI (10 #M) at 37 °C for 20 min. The
cells were subsequently analyzed by flow cytometry. Each
experiment was performed at least three times.

Statistical Analysis. All experimental results were derived
from three replicated experiments, and Origin 2021 was used to
obtain the mean =+ standard deviation (mean + SD).

B RESULTS AND DISCUSSION

LE Process. It is well-known that the concentration of the
organic solvent plays an important role in the extraction of
alkaloids from plant materials,””** and 60% ethanol was found
to be highly suitable for the extraction of alkaloids from S.
flavescens.”>*” Therefore, it was reasonably chosen as the
extracting solvent in this work. The ratio of liquid to material
was set to 10:1 based on previous reports and pre-experi-
ments.'#*>** The selection of powder mesh was similar to the
ratio of the liquid to the material. The influence of output power
from the femtosecond-pulsed laser, laser wavelength, and
irradiation time on the extraction process was considered.
Experimental data on these effects on extraction amount are
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Table 1. Extraction Rates of Matrine and Oxymatrine Using Various Methods”

extraction method SE
extraction rate (mg(g~h)_1) matrine 0.19
oxymatrine 0.66

“SE and LE were the data in this study.

UE" ME"* SFE'® LE
0.42 5371 1.97 266.40
14.70 123.41 115.39 931.80

Table 2. Chemical Properties in Terms of the Mass (Measured by Mass Spectrometry (MS)) and the Infrared Spectra (FTIR) of

the Monomers (fs-LE1, SE1, fs-LE2, SE2) from S. flavescens”

Alkaloid Matrine Oxymatrine
Chemical
C15H24N20 C15H24N20:2
formula
Chemical
structure
Monomer fs-L1 SE1 fs-LE2 SE2
30146 45146
i M (g0, HT' 40E+6 IM s, +HT'
ey 2491963 — 2651913
Mass 2.0K+6 30046
£ £ 2,50+ j
8 15046 1 H |
(MS) = Z 20546 1
LOE+6 - 1.5E+6 4 M (g5, +HT'
IM gy HHI" 265.1910
S.0E+5 2491961 e
S.0E+5 4 ’
0.0E+0 L ! 0.01+0 =

T T T T T T T T T miz
240 242 244 246 248 250 252 254 256 258 260

T T T T T T T T T miz
260 262 264 266 268 270 272 274 276 278 280

MS: m/z = 249.1963
M +H]* M +H]*

Theory: 249.1955

MS: m/z = 249.1961

Theory: 249.1955

MS: m/z = 265.1913 MS: m/z = 265.1910

[M + HJ* M +H]

Theory: 265.1898 Theory: 265.1898

“fs-LE1 and fs-LE2 were extracted by the fs-LE method; SE1 and SE2 were extracted by the SE method.

described in the Supporting Information (Figure S1). The
extraction yield is primarily determined by laser power and
irradiation time. Insufficient power may lead to inadequate
extraction, whereas excessive power could potentially damage
the alkaloid structure, reducing the alkaloid content. Therefore,
selecting the appropriate extraction power is crucial. Laser
irradiation generates heat, and increasing the duration of laser
exposure raises the temperature of the extraction solution. High
temperatures may damage the structure of bioactive alkaloids,
thereby affecting the extraction efficiency. Shorter laser
irradiation periods could quickly complete the extraction
process. Ultimately, fs-LE for extracting S. flavescens alkaloids
was established in Figure 1a. The process of femtosecond-pulsed
laser irradiation in suspension is depicted in Figure lc. The
pulsed laser was fully applied to the suspension, and the reaction
was facilitated by a stirring system, resulting in complete

38849

extraction within 1 min. Visually, there were no notable changes
observed in the suspension before (Figure 1b) and after (Figure
1d) irradiation. LE is a simple method offering real-time
extraction status visualization.

LE Efficiency. To verify the viability of fs-LE, the analysis
focused on the yield of alkaloids in the extract. Among the
alkaloids found in S. flavescens, matrine and oxymatrine are the
primary bioactive compounds for disease treatment. Hence, the
detection of these two alkaloids was given priority. The presence
of matrine at 44.40 ug/mL and oxymatrine at 155.30 pg/mL in
the extract is illustrated in Figure S2, indicating that a 1 min fs-
LE process was adequate for extracting alkaloids from S.
Alavescens. The peak area was utilized for determining the yield of
matrine and oxymatrine based on the standard curve. The
extraction amount and extraction rate of matrine and oxy-

https://doi.org/10.1021/acsomega.4c05003
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matrine using fs-LE and SE were computed using eqsAand B,
respectively.
Extraction amount (mg'g'l)

weight of alkaloid (mg)

weight of Sophora flavescens powder (g) (A)

Extraction rate (mg(g-h)™)
weight of alkaloid (mg)

weight of Sophora flavescens powder (g) X extraction time (h)
(B)

The outcomes are depicted in Figure 2. For fs-LE, the
extraction amounts of 4.44 mg-g~* for matrine and 15.53 mg-g™*
for oxymatrine were essentially the same as for SE of 4.43 mg-g~"
for matrine and 15.74 mg-g~' for oxymatrine (Figure 2a,b). It is
indicated that fs-LE and SE have consistent extraction amounts
for matrine and oxymatrine. The extraction rate of fs-LE of
matrine and oxymatrine in 1 min was 266.40 and 936.80 mg(g:-
h)™, respectively. Compared to the traditional SE that needs 24
h, the extraction rates of matrine and oxymatrine were 1402 and
1419 times higher (only 0.19 mg(g-h)™" for matrine and only
0.66 mg(g-h)™' for oxymatrine). Thus, this difference was
significant (Figure 2c,d). It was evident that fs-LE was a more
efficient extraction method compared to SE. However, it should
be noted that even without comparing it to SE, fs-LE was still
highly efficient on its own (Table 1).

Monomer’s Structure Identification. A satisfactory
quantity of samples was extracted using both the fs-LE and SE
methods, facilitating subsequent experimental studies and
comparisons. This ensures the reliability and accuracy of the
experiments, leading to more compelling findings. After
isolation and purification, the monomers obtained from the fs-
LE method (fs-LE1 and fs-LE2) and SE methods (SE1 and SE2)
exhibited high purity. This was confirmed by the presence of
only one characterized peak in the HPLC chromatograms (see
Supporting Information, Figure S3 and Table S1), indicating
their suitability for chemical determinations and biological
evaluation. Then, these structures of monomers were fully
identified based on the FTIR, MS, and NMR methods. The
FTIR spectra of fs-LE1 and SE1 are identical, and so are those of
fs-LE2 and SE2 (Table 2). The MS spectra and fragmentation of
the [M + H]" ion of each monomer are detailed in Table 2. The
chemical shifts of H NMR and C NMR are detailed in Table 3
and correspond to the number of hydrogen and carbon atoms.

All data of these monomers are consistent with the
literature.”**%*' Therefore, fs-LE1 and SE1 were determined
as matrine, named fs-LE-M and SE-M, respectively. fs-LE2 and
SE2 were determined as oxymatrine, named fs-LE-OM and SE-
OM, respectively. These indicated that the fundamental
structures of the compounds have not been altered by laser
irradiation during the fs-LE process. However, the microscopic
structures or conformations of these compounds might undergo
slight alterations under laser irradiation, which structural
characterization methods such as NMR, IR, and mass
spectrometry cannot detect. Nevertheless, this does not exclude
the possibility of subtle structural differences.

Anticancer Assays. To evaluate the anticancer effects of the
obtained matrine and oxymatrine, SW480 cells were exposed to
different concentrations of these compounds to observe their
impact on cell proliferation, cell viability, and apoptosis
processes. The cytotoxicity of matrine and oxymatrine toward
SW480 cells was evaluated using the classical MTT assay (3-

Table 3. Nuclear Magnetic Resonance (NMR) Chemical
Shifts (Carbon and Hydrogen) of the Monomers®

fs-LE1 (matrine) SE1 (matrine)

d¢ (fs- Oc
monomer  LE1) Oy (fs-LE1) (SE1) &y (SE1)
2 57.58 2.72— 2.72— 57.57 2.71— 2.71—
2.85 2.85 2.84 2.84
3 21.47 1.31—- 1.31— 21.46 1.32— 1.32—
1.99 1.99 1.99 1.99
4 27.44 1.31— 1.31— 2743 1.32— 1.32—
1.99 1.99 1.99 1.99
S 35.63 1.31— 35.62 1.32—
1.99 1.99
6 64.06 1.31— 64.05 1.32—
1.99 1.99
7 41.76 1.31— 41.75 1.32—
1.99 1.99
8 2674 13— 131— 2673  132—  132—
1.99 1.99 1.99 1.99
9 21.06 1.31— 1.31— 21.04 1.32— 1.32—
1.99 1.99 1.99 1.99
10 §7.51 2.72— 2.72— §7.50 2.71— 2.71—
2.85 2.85 2.84 2.84
11 53.49 3.79 53.48 3.79
12 28.04 1.31—- 1.31— 28.03 1.32— 1.32—
1.99 1.99 1.99 1.99
13 19.25 1.31— 1.31— 19.24 1.32— 1.32—
1.99 1.99 1.99 1.99
14 33.11 2.35— 2.35— 33.10 2.36— 2.36—
2.45 2.45 2.46 2.46
15 169.81 169.79
17 43.52 4.37 3.79 43.50 4.37 3.79
fs-LE2 (oxymatrine) SE2 (oxymatrine)
monomer & (fs-LE2) Oy (fs-LE2) dc (SE2) 6y (SE2)
2 69.73 3.06 3.12 69.71 3.0 3.14
17.51 2.71 1.54 17.49 2.70 1.54
4 26.39 1.67 1.78 26.38 1.67 1.78
S 34.82 1.82 34.80 1.82
6 67.47 3.00 67.46 3.00
7 42.96 1.60 42.95 1.60
8 24.96 1.52 2.01 24.95 1.52 2.00
9 17.46 2.62 1.49 17.4S 2.62 1.49
10 69.37 3.03 3.10 69.35 3.03 3.12
11 53.26 5.04 53.28 5.04
12 28.82 1.22 2.15 28.81 1.21 2.15
13 18.92 1.64 1.74 1891 1.64 1.74
14 33.18 2.21 2.40 33.17 221 2.40
15 170.47 170.47
17 41.97 4.13 4.36 41.96 4.12 4.36

“fs-LE1 and SE1 were identified as matrine, and fs-LE2 and SE2 were
identified as oxymatrine. Corresponding references.’*”!

(4,5-dimethyl-2-thiazolyl)-2,5-diphenyltetrazolium bromide) at
different concentrations for 24 h. As shown in Figure 3a,b,
matrine and oxymatrine compounds obtained by fs-LE or SE
exhibited remarkable cytotoxicity against SW480 cells. In the
case of matrine treatment, the cell viability of SE-M and fs-LE-M
groups was sharply decreased to 18 and 15% at a concentration
of 4 mg/mL, respectively, indicating an effective and strong
dose-dependent cytotoxicity. However, oxymatrine demonstra-
ted lower toxicity toward SW480 cells. The cell viability of SE-
OM and fs-LE-OM groups was decreased to 73 and 70% at a
concentration of 4 mg/mL, respectively. Moreover, the results of
Annexin V/PI staining and dead/live cell staining (Figure 3c—g
and h—i) consistently confirmed that both matrine and
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Figure 3. (a, b) Cell viability of SW480 cells treated with different
concentrations of matrine and oxymatrine compounds obtained by the
LE method or fs-LE method. (c—g) Annexin V/ PI (propidium Iodide)
staining. SW480 cells were treated with marine or oxymatrine
compounds obtained by the LE method or fs-LE method and stained
with Annexin V-APC (allophycocyanin) and PL (h—1) Dead/live cell
staining of SW480 cells treated with marine or oxymatrine compounds
obtained by the LE method or fs-LE method.

oxymatrine compounds obtained by the fs-LE or SE method
induced apoptosis after 18 or 24 h of incubation. Results of
apoptosis tests showed that 28.5, 31.8, 13.5, and 16.68% of
sw480 cells were involved in the apoptosis and necrosis pathway
after treatment with SE-M, fs-LE-M, SE-OM, and fs-LE-OM,
respectively. These results indicate that both matrine and
oxymatrine obtained from the fs-LE and SE methods exhibit
significant inhibitory effects on SW480 cells. The inhibitory
effects of matrine and oxymatrine on SW480 cells were due to
the fact that, on the one hand, matrine and oxymatrine can
disrupt the cell cycle regulation of SW480 cells, thereby
preventing their entry into the proliferative phase, and on the
other hand, matrine and oxymatrine can modulate the
expression of genes associated with tumorigenesis, inhibit the
proliferation signaling pathways of cancer cells, and promote
apoptosis.””** It is worth noting that the anticancer properties
of the matrine and oxymatrine compounds obtained through the
fs-LE method are like those obtained through the SE method.
This suggests that the alkaloids obtained through this specific
extraction process retain their original medicinal activity. It

should be noted that the inhibitory effects of matrine and
oxymatrine obtained through the fs-LE method were slightly
superior to those obtained through the SE method (although
there is no significant difference between the two). These
differences may be attributed to variations in the compound’s
microstructure or conformation. During laser irradiation,
fluctuations in the microenvironment, such as rapid changes in
local temperature and transient high energy density, can induce
subtle alterations in the microstructure, thereby affecting the
activity of the substance.”” In summary, matrine and oxymatrine
obtained through the fs-LE method exhibit good anticancer
properties, and this extraction process does not affect the
medicinal activity of the alkaloids.

LE Mechanism. The particle size of the powder was assessed
both before and after extraction, revealing a noticeable reduction
in size following both SE and fs-LE methods (Figure S4).
Notably, the SE method showed a more substantial decrease.
Moreover, the comparison of images depicting the morphology
of the powder before and after extraction aligns with the
observed variations in the particle size (Figure SS). This
provides further validation to the findings and offers additional
supporting evidence for the observed changes in particle size
distribution. The SE method adopts the principle of similarity
and compatibility, which is a slow impregnation and infiltration
process.”* Powder was broken smaller due to impregnation and
osmotic pressure, allowing matrine and oxymatrine to leach
from the powder to the solution. Laser fragmentation is
extensively employed in the production of inorganic nano-
particles.%_38 Additionally, specific drugs like fenofibrate and
naproxen can undergo fra§mentation using femtosecond lasers
in aqueous environments.””*” Laser fragmentation has demon-
strated enhanced dissolution kinetics.”” In the context of this
study, the decrease in powder size after fs-LE may be attributed
to laser fragmentation, which facilitates the release of the
components matrine and oxymatrine from the powder into the
solution.

The powder, derived from the pulverized roots of S. flavescens,
comprises xylem cells, phloem cells, duct cells, sieve cells, and
other cellular components. These S. flavescens powders can be
viewed as an aggregation of the various cells found in the plant’s
roots. For the sake of clarity and to enhance understanding of the
LE mechanism, the powder was regarded as intact cells
throughout this study. The formation of cavitation bubbles
during pulsed laser irradiation in the solution is well-
documented.”*™ Femtosecond laser irradiation in a cell
suspension leads to the formation of cavitation bubbles around
the cells. These bubbles promptly implode and directly collide
with the cells, causing mechanical damage and potentially

°
/t
NucleuJVacJole Cell mem
Cell wall Mitochondria

rane Bubbles
Exploding bubbles

Matrine

Holes Oxymatrine

Figure 4. LE schematic. (a) Laser irradiated cell (powder) suspension. (b) Cavitation bubble formation and explosion. (c) Hole punctuation. (d)

Matrine and oxymatrine were released from the broken site and the holes.
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creating puncture holes.**** This phenomenon is known as the
femtosecond laser-induced cavitation effect. The generation and
collapse of cavitation bubbles release a tremendous amount of
energy, subjecting the cells to high-pressure and high-velocity
impacts, resulting in cell damage. Hence, the cells might have
been fragmented and punctuated by successive explosions of
cavitation bubbles during the fs-LE process, which might be the
reason for the reduced particle size mentioned above.
Interestingly, femtosecond lasers can also perforate cells.*~*
When femtosecond laser irradiates the cell surface, pores form in
the cell wall, creating a connection between the cell’s interior
and exterior.” This continuous high-frequency pulsed laser not
only creates holes on the cell surface due to cavitation bubble
explosions but may also penetrate the cell, forming thousands of
minuscule pores. Therefore, during the process involving
femtosecond lasers, the powder undergoes significant structural
changes. More importantly, the femtosecond laser perforation of
cells drastically decreases the Young’s modulus of the cell wall
and weakens the cell stiffness," which probably allows the
mechanical force damage of the cavitation bubble in the fs-LE
process to easily cause hole punctuation and cell fragmentation.

In summary, the LE mechanism (Figure 4) is as follows:
during the fs-LE process, the femtosecond laser can perforate the
cells (powder), creating countless channels on the cells and
decreasing their stiffness. At the same time, the mechanical force
of the cavitation bubble explosion generated by the femtosecond
laser in the solution will fracture the cells and punctuate holes
(Figure 4b,c). Because the cells are perforated at the same time,
the explosive force of those cavitation bubbles makes the cells’
fragmentation more efficient, and the cell fragments will
continue to be perforated. Perforation and fragmentation
continue to occur uninterruptedly. Eventually, many holes in
the cells’ surface appeared within a short time (1 min), and the
cells were also constantly breaking into smaller pieces (Figure
4d). The intracellular (intrapowderous) substances such as
matrine and oxymatrine were then rapidly released from the
broken site and the holes into the solution.

B CONCLUSIONS

In summary, a simple, ultrafast, and highly efficient method of
extracting matrine and oxymatrine from S. flavescens using laser
technology has been developed. Surprisingly, LE rates are more
than 1400 times higher than those of SE, which imply that 1 min
LE is equivalent to 24 h SE. The structure of the compounds
extracted via LE was consistent with that obtained through SE,
yet the anticancer activity of the LE-extracted compounds was
superior. These results thus showed that the pulsed laser has an
efficient and nondestructive capability for extracting alkaloids
while maintaining their structural integrity and biological
activity. Compared to the traditional SE method, the LE process
concludes within 1 min, thus significantly reducing time costs.
The LE method operates without the need for heating, aligning
with a low-carbon, environmentally friendly paradigm. Although
the relatively high cost of lasers may constrain the wide
application of the LE method for alkaloid extraction, LE as a
novel extraction method offers tremendous potential for further
research and optimization due to its exceptional performance.
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