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In this study, nanoparticles of manganese phthalocyanine (MnPc) were synthesized through la-
ser ablation in liquid. The MnPc powder was dispersed in deionized water using sonification, and
the resulting suspension was irradiated with a Nd:YAG laser. The synthesized nanoparticles were
characterized using various techniques including Scanning Electron Microscope (SEM), Dynamic
Light Scattering (DLS), Ultraviolet-visible spectroscopy (UV-Vis), and zeta potential analysis. The
SEM analysis revealed that the morphology of the nanoparticles was predominantly spherical parti-
cles. The DLS measurements showed that the secondary particle sizes decreased as the laser fluence
increased. The UV-Vis spectroscopy results indicated an increase in absorbance at low laser fluence,
followed by a decrease at high laser fluence. Additionally, the zeta potential analysis confirmed the
dispersion stability of the nanoparticles. The photoacoustic signal generated by the nanoparticles
exhibited an increase at low laser fluence and a decrease at high laser fluence. These results demon-
strate the successful synthesis of MnPc nanoparticles using laser ablation in liquid. The obtained
nanoparticles exhibited desirable morphological characteristics and showed potential for enhancing

photoacoustic signals.
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1. Introduction

The field of medical imaging has witnessed remarkable
advancements in recent years, enabling non-invasive visu-
alization and characterization of biological tissues and
structures. Among the emerging imaging techniques, pho-
toacoustic imaging has gained substantial attention for its
unique ability to combine the strengths of both ultrasound
and optical imaging modalities. ™ This modality has
demonstrated great potential in a wide range of applications,
including tumor detection, functional brain imaging, vascu-
lar imaging, and monitoring of therapeutic interventions.
[1.2]
This technique is based on the photoacoustic effect, which
was discovered by Alexander Graham Bell in 1880, in
which the absorption of light by a material generates acous-
tic waves. ¥l This effect is based on the principle of ther-
moelastic expansion, where the absorbed light energy caus-
es rapid heating and subsequent expansion of the material,
resulting in the emission of detectable acoustic waves. [
Photoacoustic imaging offers exceptional spatial resolution
and deep tissue penetration, surpassing the limitations of
traditional optical imaging methods. 8! In photoacoustic
imaging, a short laser pulse is delivered to the tissue of
interest, where it is absorbed, and this absorption leads to
the rapid generation of localized thermal expansion and
subsequent acoustic wave, which is detected by ultrasound

transducers and used to reconstruct high-resolution images.
[7-9]
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To maximize the performance and versatility of photoa-
coustic imaging, the development of suitable contrast
agents has become a key focus of research. Contrast agents
enhance the specificity and sensitivity of imaging by selec-
tively targeting tissues or structures of interest and provid-
ing a stronger photoacoustic signal. These agents should
possess favorable optical properties, high photostability,
biocompatibility, and the ability to accumulate in the target
region for improved contrast. 10111

Among the various contrast agents explored for photoa-
coustic imaging, manganese phthalocyanine has emerged
as a promising candidate. Manganese phthalocyanine is a
synthetic compound with a unique macrocyclic structure
consisting of four isoindole units linked by nitrogen atoms.
They exhibit exceptional optical properties, including
strong absorption in the near-infrared (NIR) region, which
aligns well with the optimal window for tissue imaging.
(12131 NIR is preferred for photoacoustic imaging due to its
ability to penetrate living tissue with minimal attenuation.
Wavelengths below 600 nm are absorbed by components
like hemoglobin, and wavelengths above 1300 nm are
strongly absorbed by water, limiting penetration depth.
(14151 The NIR region (approximately 650 nm to 1100 nm)
falls within the "optical window," minimizing absorption
and scattering in tissue. NIR light can penetrate tissues
effectively, enabling non-invasive imaging of deeper struc-
tures and facilitating functional studies. (1 Additionally,
phthalocyanines offer excellent photostability, enabling
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prolonged imaging sessions without degradation or loss of
contrast. 171

Efficient synthesis and formulation of phthalocyanine
nanoparticles are crucial for their effective utilization as
contrast agents in photoacoustic imaging. Nanoparticles
provide several advantages over bulk materials, such as
increased surface area, improved stability, and enhanced
cellular uptake. 8 Various methods have been explored
for the synthesis of phthalocyanine nanoparticles, including
chemical synthesis, self-assembly, and precipitation tech-
niques. However, these conventional methods often suffer
from limitations such as complex procedures, low vyields,
and challenges in controlling the size and stability of the
nanoparticles. %21 Wu et al. synthesized NIR-absorbing
phthalocyanine-based nanodots (ZnPc-NDs) using a facile
method, yielding nanoparticles with an average diameter of
approximately 80 nm. 1 Nitschke et al. produced phthalo-
cyanine nanoparticles with a particle size of 70 nm by "mi-
crowave method".[??l Additionally, solvent-stabilized nano-
particles of photoconductive MPcs with sizes below 10 nm
were synthesized by Wang et al. [%] Laser irradiation of
copper phthalocyanine tetrasulfonate (CuPcTs) microcrys-
tals in specific solvents yielded CuPcTs nanoparticles rang-
ing from 15 to 112 nm in diameter was achieved by Leon-
ard et al. 2 The various methods for metal phthalocyanine
(MP) nanoparticle synthesis have revealed that they all
achieve desirable particle sizes. However, some of these
methods have drawbacks, such as the use of toxic solvents
or surfactants, and non-spherical particles. Laser ablation in
liquid has emerged as a versatile technique for nanoparticle
fabrication, offering precise control over size, and mor-
phology. %5%% By employing a laser pulse to ablate a target
material immersed in a liquid medium, nanoparticles are
formed through rapid heating. This technique offers several
advantages, including simplicity, purity, and the ability to
obtain nanoparticles without the need for additional stabi-
lizers or surfactants. Laser ablation in liquid method utiliz-
es water as a safe solvent for both fabrication and potential
application in the human body. Additionally, this method
produces spherical-shaped nanoparticles, which are highly
advantageous for biological applications. These features
make laser ablation in liquid a promising and attractive
approach for preparing nanoparticles with excellent poten-
tial for biomedical applications.

Nonlinear optical nanoparticles have gained significant
interest due to their unique optical properties and potential
applications in photonics and optoelectronics. Various ma-
terials, including metals, metal oxide and organic com-
pounds, have been investigated for their nonlinear optical
properties using laser ablation. By tailoring the composi-
tion and morphology of these nanoparticles, their nonlinear
responses can be fine-tuned for applications such as optical
imaging. 3152

This paper presents a novel method for synthesizing
phthalocyanine nanoparticles. Phthalocyanine nanoparticles
were prepared by laser ablation in liquid and characterized
for their potential as contrast agents for photoacoustic im-
aging. The prepared nanoparticles were observed using
scanning electron microscopy (SEM) to assess their mor-
phology. The particle size and size distribution were de-
termined using dynamic light scattering (DLS) analysis.
The zeta potential was measured using zeta potential analy-
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sis. The chemical structure of the nanoparticles was evalu-
ated through Attenuated Total Reflectance (ATR) spectros-
copy, while the absorption spectrum was measured using
an ultraviolet-visible (UV-vis) spectrophotometer. Finally,
photoacoustic imaging experiments were performed using a
photoacoustic imaging apparatus with a light-emitting di-
ode (LED) as the light source.

2. Experimental

In this experiment, a colloidal solution of manganese
phthalocyanine was prepared using the laser-ablation
method. Initially, 2 mg of manganese phthalocyanine pow-
der (Sigma-Aldrich) was placed in a square glass bottle,
followed by the addition of 20 ml of deionized (DI) water.
To disperse the powder, the mixture was subjected to soni-
cation for 10 minutes. Subsequently, the suspension of
manganese phthalocyanine was irradiated by a laser beam
emitted by a Nd:YAG laser (Spectron Laser Systems
SL8585G, SHG) with a wavelength of 532 nm and a pulse
width of 13 ns. The average laser fluence was calculated
based on the pulse energy and then adjusted using neutral
density (ND) filters with transmittance levels of 70%, 50%,
and 25%. During the laser irradiation process, the suspen-
sion was irradiated for 30 min while it was stirred with a
magnetic stirrer. An unfocused laser beam was employed
for this experiment.

Following the irradiation, the resulting colloidal solu-
tion was deposited onto a Cu grid and allowed to dry in
preparation for observation using scanning electron mi-
croscopy (SEM) (Hitachi High-Technologies S-4800). To
determine the average particle size and particle size distri-
bution, dynamic light scattering (DLS) was performed
(Sysmex Zetasizer Nano). The same equipment was em-
ployed to measure the zeta potential. The absorption spec-
trum of the nanoparticles was determined using an ultravio-
let-visible-near-infrared (UV-vis-NIR) spectrophotometer
(Jasco V-670). To evaluate the chemical structure of man-
ganese phthalocyanine nanoparticles, Attenuated Total Re-
flectance (ATR) spectroscopy was conducted (IRPrestige-
21, Shimazu). Moreover, photoacoustic imaging was per-
formed using a specialized apparatus equipped with a light-
emitting diode (LED) as the light source (PreXion PreX-
ionLED AcousticX). The LED emitted light with a wave-
length of 618 nm. Imaging was conducted by irradiating
the sample, suspended in DI water, with the LED light
within a tube. The generated photoacoustic signals were
then detected.

3. Result and Discussion

Figure 1 showed the SEM images of (a) raw material
and the prepared nanoparticles at the laser fluence of (b) 75,
(c) 150, (d) 210, and (e) 300 mJ/cm?. The raw material had
a rod-like shape, with a particle size of several tens of mi-
crometers in length and a few micrometers in width. And
the size of prepared nanoparticles was ranging from 150 to
200 nm, and the size was mostly spherical.

In laser ablation in liquid, the laser beam interacts with
the target material, leading to the fragmentation or melting
of the material depending on the laser energy used. When a
relatively high-energy laser beam is employed, the raw
material undergoes fragmentation, resulting in a change in
the size of the particles. Alternatively, when the laser ener-
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gy is relatively lower, the particles experience melting ra-
ther than fragmentation. As the molten material cools down,
spherical particles form due to the surface tension forces
acting on the material. Spherical nanoparticles are advanta-
geous for various applications due to their uniformity and
enhanced stability. I

The Gaussian intensity profile describes how the ener-
gy is distributed across the beam, with higher energy con-
centrated at the center and decreasing towards the edges.
1341 This energy distribution affects the spatial distribution
of energy absorption in the target material. As the laser
beam interacts with the material, the higher energy at the
center induces fragmentation of the particles, resulting in
the formation of smaller nanoparticle fragments. The ener-
gy absorbed by the particles at the edges is sufficient to
melt the material rather than cause fragmentation.

When nanoparticles are introduced into the bloodstream,
those exceeding 500 nm are typically captured by Kupffer
cells in the liver, B while particles smaller than 20 nm are
eliminated through the kidneys. B¢ The Enhanced Permea-
bility and Retention (EPR) effect, 5271 observed in tumor
tissues, is characterized by newly formed blood vessels
with irregular shapes and larger gaps (around 300 nm to
700 nm) compared to normal vessels. Exploiting these gaps,
small particles can infiltrate the tumor tissue through blood
vessels. Moreover, due to the limited presence of well-
developed lymphatic vessels in tumors, particles tend to
accumulate within the tumor site. 81 Generally, nanoparti-
cles ranging from 20 nm to 200 nm exhibit the highest pro-
pensity for accumulation in tumors, making them suitable
candidates for targeted imaging purposes.

In Figure 2, the size distribution and secondary particle
size of the prepared samples were examined using DLS at
various laser fluences. Increasing the laser fluence from 75
to 300 mJ/cm? led to a reduction in secondary particle sizes.
At a laser fluence of 75 mJ/cm?, the particle size exceeded
200 nm. For the samples synthesized with higher laser flu-
ences from 150 to 300 mJ/cm?, the particle sizes ranged
between 20 and 200 nm, which is within the desired range
for contrast agents. These observations highlight the critical
role of laser fluence in controlling the size of the synthe-
sized nanoparticles. By adjusting the laser fluence, it is
possible to tailor the particle sizes to meet the specific re-
quirements of contrast agents.

The observed decrease in particle size can be attributed
to a photothermal ablation mechanism. B4 When the
raw-material powder is irradiated by a laser beam, its tem-
perature rises rapidly, leading to the development of inner
stress within the material. This stress, in turn, causes the
powder to fragment into smaller particles. This fragmenta-
tion process continues, generating particles of reduced size.

The amount of energy absorbed by the particles is di-
rectly proportional to the laser fluence. ¥4 As the laser flu-
ence increases, a greater amount of energy is transferred to
heat, facilitating the fragmentation of the material into
smaller particles. However, it is worth noting that the parti-
cle size reduction becomes less significant when the laser
fluence increases from 150 to 300 mJ/cm?. This can be
attributed to the fact that as the particle size decreases, the
fragmentation process gradually slows down. The absorp-
tion of energy from the laser beam is determined by the
cross-sectional area of the particles. Consequently, as the

Fig. 1 SEM images of (a) raw material and prepared nanopar-
ticles at the laser fluence of (b) 75, (c) 150, (d) 210,
(e) 300 mJ/ cm?,
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Fig. 2 The size distribution of nanoparticles prepared at the
laser fluence of (a) 75, (b) 150, (c) 210, (d) 300
mJ/cm?, and (e) secondary particle size at varying la-
ser fluence.

particle size decreases, the amount of absorbed energy de-
creases as well.
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Fig. 3 (a) Absorption spectra of nanoparticle-dispersed solu-
tion at varying laser fluence (b) Peak absorbance at
685 nm and 728 nm as a function of laser fluence (c)
Normalized absorption spectra of nanoparticle-
dispersed solution at varying laser fluence (d) Peak ra-
tio of 685 nm and 728 nm as a function of laser flu-
ence.
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Fig. 4 (a) Peak intensity of absorbance as a function of aging

time at each laser fluence (b) Peak intensity of absorb-
ance as a function of aging time at 150 mJ/cm?.

Moreover, the decrease in particle size results in an in-
crease in the specific surface area of the particles. This in-
creased surface area enhances the thermal diffusion rate
between the particles and the surrounding solvent. #3 Con-
sequently, the heat generated during laser irradiation is
more efficiently dissipated, further influencing the particle
fragmentation process. As the particle size becomes finer,
the fragmentation process eventually reaches a point where
it is effectively halted.

Figure 3(a) presents the absorbance of the nanoparticles
as a function of wavelength at different laser fluences. The
absorption spectra exhibit two prominent peaks in the Q
band region, approximately at 685 nm and 728 nm, falling
within the optical window range. Figure 3(b) illustrates the
peak absorbance at these wavelengths as a function of laser
fluence. The peak intensity initially increases with increas-
ing laser fluence up to 210 mJ/cm? but subsequently de-

creases when the fluence is further increased to 300 mJ/cm?.

The change in absorbance can be attributed to multiple
factors. One potential explanation for the increase in ab-
sorbance with increasing laser fluence is the higher number
of prepared nanoparticles. As the fluence increases, more
laser energy is available for the ablation process, resulting
in the generation of a larger quantity of nanoparticles. The
increased number of nanoparticles leads to a greater overall
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absorbance signal. As for the decrease in absorbance when
the fluence is increased to 300 mJ/cm?, it is suggested that
the nanosizing effect and the increased number of nanopar-
ticles could promote the agglomeration of particles, thus
reducing the effective number of individual nanoparticles
and cause a decrease in overall absorbance.

Additionally, changes in the crystal structure of MnPc
nanoparticles could also play a role. MnPc can exist in two
crystal forms: a-type, which exhibits higher absorption at
685 nm, and B-type, which shows higher absorption at 728
nm. In Figure 3(c), the UV-vis spectrum is normalized at
728 nm, revealing that the peak absorbance at 685 nm de-
creases as the laser fluence increases. Furthermore, Figure
3(d) displays the peak ratio of absorbance at 685 nm and
728 nm. The decreasing peak absorbance ratio at 685 nm
with increasing laser fluence further supports the notion of
crystal structure transformation from a to . The heat gen-
erated during laser irradiation can induce structural changes
in the nanoparticles, subsequently altering the absorbance
properties of the MnPc nanoparticles. [*5 461

The stability of colloidal dispersions is a crucial aspect
of their practical application. Therefore, evaluating the
long-term stability of the prepared samples is of great im-
portance. In this experiment, the absorbance of the aged
solution was monitored over a period of 1, 7, 15, and 30
days to assess its stability. Over time, as nanoparticles ag-
glomerate and precipitate, the absorbance of the sample
gradually decreases.

Figure 4(a) illustrates the peak intensity of absorbance
at each laser fluence after aging the solution for 1, 7, and
15 days. Notably, only the sample prepared using a laser
fluence of 75 mJ/cm? exhibited a decrease in peak absorb-
ance by over 20%. In contrast, the sample prepared under a
laser fluence of 150 mJ/cm? demonstrated higher stability.
This observation suggests that the laser fluence used during
synthesis significantly impacts the stability of the colloidal
dispersion.

Furthermore, Figure 4(b) presents the peak intensity of
absorbance specifically for the sample prepared using a
laser fluence of 150 mJ/cm? after aging for 30 days. The
results indicate that the sample exhibits relatively high sta-
bility even after an extended aging period. The results high-
light the significance of selecting an appropriate laser flu-
ence to ensure desirable stability characteristics, with the
sample prepared under a laser fluence of 150 mJd/cm?
demonstrating superior stability.

The findings from the analysis of zeta potential further
support and validate the results obtained. In accordance
with the DLVO theory, *1 which governs the stability of
colloidal dispersions, higher zeta potentials are indicative
of increased stability. Figure 5 provides empirical evidence,
clearly illustrating that the sample prepared using a laser
fluence of 150 mJ/cm? exhibited the highest zeta potential
among all the samples tested.

Zeta potential is a critical parameter that reflects the
electrostatic repulsion between particles in a colloidal sys-
tem. A higher zeta potential signifies a greater degree of
electrostatic stabilization, preventing particle aggregation
and ensuring long-term stability. In this case, the sample
synthesized with a laser fluence of 150 mJ/cm? displayed
the highest zeta potential, suggesting stronger repulsive
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forces between the nanoparticles and enhanced stability
within the dispersion.

Figure 6 illustrates the relationship between the photoa-
coustic signal, measured at a specific wavelength of 618
nm, and the laser fluence. The pressure of the photoacous-

tic wave Py can be expressed by the following equation: 18
49]

2
Py= (%} u F=TuF
where £ is the volume-expansion coefficient, ¢ is the sound
speed, I"is the Griineisen coefficient, ua is the absorption
coefficient, and F represents the irradiation fluence. And
Bc?C, is the Grineisen coefficient expressed by 7.

The Grineisen coefficient plays a crucial role in quanti-
fying the efficiency of converting light into thermoelastic
waves in photoacoustic imaging. The pressure generated by
the photoacoustic wave is directly proportional to both the
energy of the incident light absorbed by the photoacoustic
absorber and the absorption coefficient of the absorber ma-
terial.

In the present study, as the laser fluence increased from
75 md/cm? to 150 mJ/cm?, the photoacoustic signal exhibit-
ed a corresponding increase, and when the fluence was
further increased from 150 to 300 mJ/cm? the photoacous-
tic signal demonstrated a decline. This trend mirrors the
behavior observed in the absorbance measurements at 618
nm, suggesting a correlation between the two phenomena.
The variation in the molar absorption coefficient resulting
from changes in nanoparticle formation efficiency can ac-
count for this observed trend. As the laser fluence changes,
the formation efficiency of nanoparticles may be influenced,
leading to changes in their absorption coefficient.

In Figure 7, the attenuated total reflectance (ATR) spec-
trum of both the manganese phthalocyanine raw material
and the nanoparticles prepared at different laser fluences is
presented. Upon laser irradiation, notable changes are ob-
served in the spectrum, with the emergence of several new
peaks. Specifically, new peaks appear in the spectral range
of 3050-2900 cm™, 1666 cm™, and 1392 cm?, indicating
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Fig. 7 ATR spectrum of manganese phthalocyanine (a)
raw material and nanoparticles prepared at the
laser fluence of (b) 75, (c) 150. (d) 210. (e) 300

the formation of carboxylate groups on the surface of the
nanoparticles. 5% The presence of these peaks suggests the
involvement of oxidation processes triggered by the laser
beam. As the laser irradiation interacts with the liquid me-
dium, reactive species are generated, which can induce
chemical modifications on the surface of the particles.

The ATR spectrum provides valuable evidence of the
chemical changes induced by laser irradiation during the
nanoparticle synthesis process. These functional groups can
influence the particle's surface charge, which might con-
tribute to the change of Zeta potential. 251

4. Conclusion

Manganese phthalocyanine nanoparticles were success-
fully prepared by laser ablation in liquid. The nanoparti-
cles exhibited predominantly spherical shapes. The particle
sizes were reduced with an increase in laser fluence, result-
ing in smaller particles. The absorbance of the nanoparti-
cles showed an initial increase at low laser fluence, fol-
lowed by a decrease at high laser fluence. With increasing
laser fluence, the elevated temperatures prompted a transi-
tion in the crystal structure of the particles from the a-
phase to the B-phase. The UV-vis spectrum and zeta poten-
tial measurements indicated that the sample prepared at a
laser fluence of 150 mJ/cm? exhibited the best dispersion
stability. The photoacoustic signal demonstrated a similar
trend to the absorbance, with an increase at low laser flu-
ence and a decrease at high laser fluence. This correlation
suggests that changes in the molar absorption coefficient
may be responsible for the observed photoacoustic signal
variations. Additionally, the ATR spectrum analysis re-
vealed the formation of carboxylate groups on the nanopar-
ticles after laser irradiation.
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