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Featured Application: The presented holographic femtosecond laser processing technique may
achieve a better performance of CYTOP nanoparticle generation compared to the conventional
single laser beam processing, and the application of CYTOP nanoparticle deposition lies in the
area of biochip and coating industries, where a superhydrophobic surface is required.

Abstract: The fundamental characteristics of nanoparticle (NP) deposition of the fluoropolymer
CYTOP using a femtosecond (fs) laser were investigated. In previous studies, we have demonstrated
the microfluidic fabrication of CYTOP, which enables clear microscopic observation of the fluid
boundary because of its low refractive index, as well as that of water. In the present work, we generated
CYTOP NPs using holographic fs laser processing with a spatial light modulator to demonstrate the
capabilities of this functional polymer. We established a deposition technique via five-dot parallel
fs laser beam irradiation for fibrous network and monolayer structures composed of CYTOP NPs
on the surface of glass slides by manipulating the various fundamental laser processing parameters.
The network structure on the glass surface exhibits superhydrophobic behavior, while the monolayer
structure performs almost the same wettability as that of CYTOP thin film. After an investigation of
the surface features of the NPs deposited onto the glass, the combination of the holographic fs laser
deposition and the removal of CYTOP NPs was used to selectively pattern CYTOP NPs on the glass
slide for HeLa cell culturing. Consequently, cells were selectively cultured on the glass surface where
the laser removal of deposited NPs was carried out.

Keywords: nanoparticle; CYTOP; holographic femtosecond laser processing; wettability; selective
cell culture; biochip

1. Introduction

Within the past 20 years, microelectromechanical system (MEMS) and nanoelectromechanical
system (NEMS) technologies have been used to fabricate small biochips for studying various phenomena
in the biological sciences [1-4]. The commonly used conventional biochip materials are transparent
glasses and polymers, which enable clear observation of reactions in embedded fluidics under a
microscope. However, in the case of the fluid boundary, biochips fabricated using conventional
materials do not provide sufficiently clear images because of refractive index mismatch between the
biochip material and the medium in the fluidic system.

Asahi Glass Co. has developed a commercially available fluoropolymer, CYTOP, with unique
properties, including a high degree of transparency toward radiation with wavelengths in the ultraviolet
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to infrared regions and a low refractive index almost equal to that of water. In addition, CYTOP exhibits
other properties common to fluoropolymers, such as good heat and chemical resistances and good
electrical insulating behavior [5]. Therefore, CYTOP is considered an attractive prospective biochip
material. In previous research, we established laser microfabrication techniques for CYTOP and
clearly observed aquatic microorganisms near the fluid boundaries in fabricated CYTOP biochips [6-8].
To extend the applications of this polymer, we here attempt to generate CYTOP nanoparticles (NPs)
using femtosecond (fs) laser processing and to use the deposited NPs in a biochip application.

NPs are particulate substances that have one dimension less than 100 nm at least. They have
received much attention in a variety of research fields due to their unique properties and potential
applications. To date, many methods have been developed for NP synthesis, which are usually
based on sol-gel colloidal chemistry, plasma precursor decomposition, electrochemical etching, etc.
Among these is the synthesis of NPs by laser ablation, which involves the generation of NPs by laser
ablating a solid target. The method is attractive due to the simplicity in equipment configuration
and low operation cost compared to the other methods. In particularly, many investigations have
been devoted to NP formation through fs laser ablation since the rapid heating and cooling of ablated
species caused by the ultrashort pulse duration has the potential to open a new avenue in NP synthesis.
For example, Tull et al. [9] have demonstrated the formation of web-like structures composed of Si NP
aggregates by the fs laser ablation. Venkatakrishnan et al. [10] fabricated the silica NPs on nanofibre
during the silica glass ablation. Nano diamonds with an average particle size of 3.0 nm were generated
by the fs laser ablation of diamond in deionized water [11].

However, one of the major shortcomings of conventional laser processing, including NP synthesis
with fs lasers, is low fabrication efficiency. To overcome this problem, holographic laser processing using
a spatial light modulator (SLM) has been actively researched to substantially improve the fabrication
efficiency by shaping the laser beam into a desired pattern [12-22]. In particular, several papers on
holographic fs laser processing have been reported, including papers on surface microfabrication using
beam patterns with a desired shape [15-17] and massively parallel beam fabrication [18-20]. Therefore,
in the present study, we used holographic fs laser processing to efficiently deposit CYTOP NPs onto
glass slides and investigated the fundamental characteristics of the deposited NPs. Following the
investigation, we used the holographic laser processing to partially pattern the CYTOP NPs on the
glass surface and then used the patterned NPs to selectively culture HeLa cells.

2. Materials and Methods

Figure 1 shows a schematic of the holographic fs laser processing setup used to deposit CYTOP
NPs onto a glass slide. A fs laser (Ti:sapphire laser: 775 nm, 180 fs) was used as the light source.
The repetition rate, which was controlled using a Pockels cell, was varied from 1 Hz to 1 kHz; the laser
power was adjusted by neutral density filters, a half-wavelength plate, and a polarizer. The beam was
diffracted by a computer-generated hologram displayed on the SLM and was transformed to a desired
pattern on the CYTOP substrate (thickness: 200 pm) through a 20X objective lens with a numerical
aperture of 0.46 (focal length = 10.0 mm). Details of the experimental setup used for holographic fs
laser processing are available elsewhere [15]. The laser output before the objective lens and the number
of pulses were varied from 3.0 to 8.0 pyJ/pulse and from 1 to 10,000 pulses, respectively. The CYTOP
substrate and the glass slide (thickness: 1.3 mm) were positioned in parallel, and the movement of
each substrate was controlled via a computer-controlled xyz stage. The distance between the CYTOP
and the glass slide was also fixed from 100 to 10,000 um during the experiment.

To deposit CYTOP NPs onto the glass slide, five-dot parallel beams with an 8 pm pitch were
generated by the holographic fs laser processing technique [21] and the surface of the CYTOP substrate
was ablated. The morphology of the deposited NPs was observed and analyzed by scanning electron
microscopy (SEM) and atomic force microscopy (AFM). After the deposition, the wettability of the
glass surface was evaluated by measuring the contact angle of 1 uL of pure water dropped onto the
glass surface using a pipette.
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After the investigation of the CYTOP NPs, glass slide fabrication via holographic fs laser processing
of CYTOP for selective cell culturing was carried out. First, CYTOP NPs were deposited onto a glass
slide via five-dot parallel-beam irradiation, as previously described. A line-shaped beam was then also
generated by holographic laser processing [16,22] to partially remove the deposited NPs and clearly
divide the bare glass surface and the NP-deposited areas.

After fabrication of the glass slides, HeLa cells were cultured on the glass for 1 day at 37 °C
in Dulbecco’s modified Eagle’s medium (DMEM) containing 100 units/mL penicillin, 100 pg/mL of
streptomycin, and 10% (v/v) fetal bovine serum (FBS) in humidified air containing 5% CO,. After the
cell culture, an optical microscope was used in phase-contrast mode to observe the selectively cultured
cells on the glass slide.
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Figure 1. Schematic of the holographic femtosecond (fs) laser processing setup for CYTOP nanoparticle
(NP) deposition. (OL: objective lens, L: lens, PBS: polarization beam splitter).

3. Results

3.1. Fundamental Characteristics of CYTOP NP Deposition

To investigate the fundamental characteristics of the process of CYTOP NP deposition onto glass
slides via five-dot parallel fs laser-beam irradiation, the effects of varying experimental conditions such
as the CYTOP-glass slide distance and the laser processing parameters were determined. After the
deposition, the morphology of the glass surface was characterized by SEM and AFM.

3.1.1. Influence of the CYTOP-Glass Slide Distance on the NP Deposition

To elucidate the influence of the CYTOP-glass slide distance on the properties of deposited
CYTOP NPs, a glass slide was obliquely placed on the CYTOP substrate, as shown in Figure 2. In this
experiment, a fs laser beam with a pulse energy of 5.0 J/pulse before the objective lens was scanned at
the CYTOP surface with the speed of 1500 um/s. After the laser scanning, the NP-deposited areas on
the glass surface 100 to 10,000 um from the CYTOP substrate were observed by SEM to characterize
the NP deposition tendency at different CYTOP-glass slide distances.

Figure 3 shows SEM images of CYTOP NPs deposited onto the glass slide at different CYTOP-glass
distances and the relationship between the diameter of the NPs and the CYTOP-glass slide distance.
The average diameter of the NPs was calculated by counting NPs in 200 X 200 nm? areas of the glass
slide at each distance. The calculation was repeated five times. When the CYTOP-glass slide distance
was less than 6000 um, NPs approximately 10-100 nm in diameter agglomerated with other NPs. When
the distance exceeded 6000 pum, particles 10-30 nm in diameter were uniformly distributed on the glass
slide. Figure 3b shows that the particle size gradually decreases with increasing CYTOP-glass distance.
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It seems that two different types of surface morphology composed of NP aggregates or relatively small
individual NPs can be created on the glass slide depending on the CYTOP-glass slide distance.
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Figure 2. Schematic of the NP deposition process at various CYTOP-glass distances.
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Figure 3. (a) SEM images of deposited NPs with different CYTOP-glass slide distances. (b) NP size as a
function of the CYTOP-glass slide distance.

3.1.2. Influence of Laser Processing Parameters on the NP Deposition

The morphology of the deposited NPs on the glass also changed depending on laser processing
parameters, such as the number of pulses and the pulse energy. Figure 4a shows SEM images of
the deposited NPs on the glass when the number of pulses was varied from 1 to 10,000. The lower
SEM images show enlarged views of the upper images. In this experiment, the pulse energy and the
CYTOP-glass distance were kept constant at 5 pJ/pulse and 100 pum, respectively (note that, in this
experiment, a glass slide was placed horizontally above the CYTOP substrate, as shown in Figure 1).

As shown in Figure 4a, fibrous network structures composed of NP aggregates were formed
on the glass surface, and the pores in the network structures became narrower with an increasing
number of pulses. We also conducted the NP deposition at a greater CYTOP-glass slide distance for
comparison. Figure 4b shows overall (left) and enlarged (upper right) SEM images, a histogram of the
NP sizes (middle) obtained from the enlarged SEM, and an AFM image (right) of the glass surface after
10,000 pulse irradiations at a CYTOP-glass distance of 4000 um. It can be seen from the images that
NPs were distributed fairly uniformly on the glass slide. The average diameter of the NPs was 26.3 nm,
with a standard deviation of + 8.6 nm. The NPs were highly monodispersive and close-packed to form
a monolayer structure. The surface roughness of the monolayer structure was 18.9 + 1.37 nm.



Appl. Sci. 2020, 10, 7243 50f 12

1 pulse

(@)

10,000 pulses

(b)

Count

100 H U
50
0 ] DDD=

0 5 1015202530354045505560
Diameter [nm]

Figure 4. (a) SEM images of NPs deposited with different numbers of pulses. Enlarged views are shown
at the bottom. The CYTOP-glass distance was 100 um. (b) Low-magnification (left) and enlarged (inset)
SEM images, size distribution histogram (middle), and an atomic force microscopy (AFM) image (right)
of NPs deposited at a CYTOP-glass distance of 4000 pm. The number of pulses was 10,000.

Table 1 shows a summary of the glass morphologies after the fs laser irradiation with different
CYTOP-glass distances and different numbers of pulses. The pulse energy was maintained at 5 pJ/pulse.
As shown in Table 1, when the CYTOP-glass distance was less than 1000 pm, network structures
tended to deposit on the glass slide. With increasing distance, the monolayer structure was more
likely to be formed. Thus, the CYTOP-glass slide distance strongly influenced the morphology of the
NP-deposited glass.

Table 1. Effect of the CYTOP-glass distance and the number of pulses on the glass morphology.
(O: monolayer and O: network structure of CYTOP NPs, x: no CYTOP NP deposition).

No. of Pulses

1 500 1000 3000 10,000
Distance [um]
100 m] O O O O
1000 X O O O O
4000 X O O [m] [m]
10,000 X X X O O

In addition, we investigated the glass surface after NP deposition at various pulse energies from
3.0 to 8.0 pJ/pulse, as shown in the SEM images in Figure 5. Enlarged views of the deposited NPs
are shown at the bottom. The number of pulses and the CYTOP-glass distance was kept constant at
1000 pulses and 100 um, respectively.

The images in Figure 5 show that, when the pulse energy was less than 5 pJ/pulse, the network
structures of NP aggregates gradually formed closed-rings and bridges and became dense with
increasing pulse energy. By contrast, when the pulse energy was 8 pJ/pulse, agglomerates composed
of melted NP aggregates were deposited onto the glass slide.
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Figure 5. SEM images of NPs on glass slides after fs laser irradiation with different pulse energies.
3.2. Wettability of the Deposited CYTOP NPs

The wettability of the network and monolayer structures composed of CYTOP NPs deposited
onto glass slides was evaluated. Again, five-dot parallel beams were irradiated onto the same areas of
the CYTOP surface to deposit NPs onto the glass slides. The pulse energy and the number of pulses
were 5 pJ/pulse and 10,000, respectively. The CYTOP-glass distance was selected as 100 or 4000 pm
for deposition of the network or monolayer structure on each glass substrate, respectively. Figure 6
shows an overall SEM image of NPs deposited onto the glass slide following fs laser irradiation at a
CYTOP-glass distance of 100 um and a schematic of the NP-distributed areas.

200 pm

520 pm

600pum *——*

Figure 6. (a) Overall SEM image of deposited NPs on the glass and (b) a schematic of the NP-distributed
areas. (i-iii) Enlarged SEM images corresponding to NPs deposited in areas i-iii in subfigure (b).

Figure 6a shows that the CYTOP NPs were deposited radially with a diameter of 1200 um onto
the glass slide. Changes in the surface morphology of the deposited NPs are discernible depending
on the distance from the center of the NP-distributed areas, as shown in Figure 6b. Figure 6i-iii
shows that melted NP aggregates are agglomerated within a distance of 170 um from the center of the
NP-deposited areas. Dense network structures are deposited at 170-520 pm, and short, chain-like NP
aggregates are observed at distances between 520 and 600 um; that is, debris of network structures is
formed. Thus almost 70% of the NP-deposited areas are composed of network structures. In the case
of a CYTOP-glass distance of 4000 um, the monolayer structure (see Figure 4b) is deposited radially,
with a diameter of 3000 pm.
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After NP deposition, we evaluated the wettability of the CYTOP structures by measuring the
water contact angle of each structure. Figure 7 shows microscopic images of 1 uL. water droplets on
(a) anormal glass slide, (b) a CYTOP thin film [23], (c) monolayer, and (d) network structures composed
of CYTOP NPs deposited onto glass slides. Table 2 summarizes the surface roughness, contact angle,
and wettability of each substrate.

(a) (b) () (d)

200 pm

Figure 7. Contact angle measurements of (a) glass slide, (b) CYTOP thin film, (¢) monolayer,
and (d) network structures of CYTOP NPs deposited onto glass slides.

Table 2. Morphology and wettability measurements of each substrate.

Arithmetic Mean Surface

Substrate Roughness [nm] Contact Angle [°] Wettability
(a) Glass slide 21.2+0.15 27 Hydrophilic
(b) CYTOP thin film 20.1 +£1.42 112 Hydrophobic
(c) Monolayer structure 189 +£1.37 113 Hydrophobic
(d) Network structure 180.6 + 6.10 158 Superhydrophobic

The results in Figure 7 and Table 2 show that a low contact angle was observed for the glass
surface, which was expected because the glass slide surface generally exhibits hydrophilic behavior.
However, almost the same contact angle was observed on the CYTOP thin film and on the monolayer
structure composed of CYTOP NPs on glass, as shown in Figure 7b and c. The highest contact angle
of 158° was observed for the network structures deposited onto glass. These results indicate that the
wettability of the glass surface can be varied from hydrophilic to superhydrophobic by altering the
laser-processing parameters used for CYTOP NP deposition.

3.3. Selective Cell Culturing on the NP-Deposited Glass

The results show that deposition of CYTOP NP onto a glass slide can be used to render the
glass surface superhydrophobic. We therefore attempted selective cell culturing on a glass slide with
CYTOP NPs deposited. Figure 8a shows a schematic of the glass slide fabricated for the selective cell
culturing. First, the previously used fs laser irradiation method with five-dot parallel beams was again
used to deposit NP network structures onto glass slide. The pulse energy, number of pulses, and the
CYTOP-glass distances were 5.0 uJ/pulse, 100 um, and 10,000 pulses, respectively. After the 10,000 pulse
irradiations, the glass slide was shifted 350 um along the x-direction and the laser irradiation was
repeated. As a result, ca. 70% of the NP-deposited areas were overlapped since the diameter of the
deposited areas was measured to be ca. 1200 pm, as indicated in Figure 6b. This procedure was
repeated three times to deposit the network structure over areas of approximately 1.9 x 1.2 mm?
the glass slide. After deposition, a line-shaped fs laser beam was also generated via holographic
laser processing to partially remove the deposited NPs to divide the glass and NP-deposited areas.

on

The size of the line-shaped fs laser beam was 10 x 1.5 um? at the focal point. The pulse energy and the
scanning speed of the laser beam used to remove the deposited network structures were 3.0 pJ/pulse
and 100 um/s, respectively. As shown in Figure 8a, the laser beam was scanned 700 um line-by-line
along the y-direction with a pitch of 5 um. This scanning was repeated 10 times to remove 50 X 700 pm?
areas of deposited network structures. The laser beam was then shifted 50 pm for the next NP removal.
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Figure 8b and ¢ show overall and enlarged SEM images of the fabricated glass slide after the fs laser
parallel beam deposition and line-shaped removal of CYTOP NPs.

Glass slide 50 NP removed areas (50 X 700 pm)
— 1 y

@ A 1

700 pm

Line-shaped fs beam

50 pm

=
50 pm
1.9 mm NP deposited areas

Figure 8. (a) Schematic of the CYTOP NP deposition and removal procedures using holographic fs
laser processing on a glass slide. A line-shaped fs laser beam was scanned on the NP-deposited areas
to divide the glass and NP-network structures (note that the scales do not relatively agree with each
other). SEM images showing (b) an overall view of the fabricated glass slide and (c) an enlarged view
of the boundaries between the glass and the deposited network structures.

Figure 8b shows that deposited network structures on the glass slide were clearly removed by the
line-shaped fs laser processing and that clear separation was achieved between the glass surface and
the network structures of CYTOP NPs at the boundaries (Figure 8c). Following the glass fabrication
process, we attempted to selectively culture HeLa cells on the fabricated glass slide; the results are
shown in Figure 9.

(a) (b)
Deposited CYTOPNPs (black regions) Cultured HeLa cells
/

Figure 9. Microscope images showing (a) HeLa cells selectively cultured on the fabricated glass and
(b) an enlarged view of the deposited NP-glass boundaries.

Figure 9a shows that HeLa cells were selectively cultured on the glass surface where the line-shaped
fs laser removal was carried out. In addition, no cells were cultured on the NP-deposited areas, as shown
in the enlarged image of the boundaries between the glass and the deposited CYTOP NPs (Figure 9b).
Thus, fs laser deposition of network structures composed of CYTOP NPs imparted functionality to the
glass surface and is potentially an attractive tool for cell culture applications.

4. Discussion

When the CYTOP-glass distance was short, fibrous network structures composed of NP aggregates
were deposited onto the glass slide. At longer CYTOP-glass distances, a monolayer structure of NPs
was deposited. In previous studies of fs laser ablation of matter [24,25], when fs laser ablation of
CYTOP occurs, critical local expansion dynamics at the focal area lead to the direct fragmentation and
ejection of the molten CYTOP. The ejected liquid species from the ablation plume solidifies rapidly
and the subsequent growth of the solid fragments will form CYTOP NPs. In fact, agglomerates
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are also formed as a result of collisions of individual NPs during the ablation. Since the network
structures composed of NP aggregates were heavier than the individual NPs, the structures could only
deposit onto the glass slide when the CYTOP-glass slide distance was short. Only the individual light
NPs could be transported longer CYTOP-glass distances, resulting in the deposition of a monolayer
structure (Figure 10).

Long CYTOP-glass distance

Short CYTOP-glass distance « %

Glass slide [ 4 “
" F

‘: :" % ¥~ Agglomerated NPs /'". v/
° °
°®e

CYTOP substrate | | | |

Figure 10. Schematics of the NP deposition via CYTOP ablation, where the deposited structure is
dependent on the CYTOP-glass distance.

Furthermore, according to Tan and Venkatakrishnan [26], the pulse frequency plays a critical
role in the formation of NP aggregates. They found that network structures of Si NPs were likely
to be formed when MHz fs laser processing was used rather than kHz processing, even though we
observed the same fibrous dense structures of CYTOP NPs in the present work by using 1 kHz fs laser
processing. The reason why the kHz fs laser enables the generation of dense network structures is
still unclear; however, we speculate that melted liquid species that eventually form NPs are more
likely to be ejected from the ablation plume of CYTOP than from that of Si because the CYTOP is
thermoplastic and exhibits a lower melting point than Si. In addition, the holographic fs laser may
play an important role in forming network structures. Figure 11 shows SEM images of CYTOP NPs
deposited using a single-dot fs laser beam for comparison with the results obtained using five-dot
parallel-beam irradiation (Figure 4a). The pulse energy, number of pulses, and the CYTOP-glass
distance were 1 pJ/pulse, 10,000 pulses, and 100 um, respectively, and the irradiation was repeated five
times by shifting the focal position 8 pm along the x-direction to be consistent with the irradiation
conditions represented in Figure 4a.

Figure 11. Overall and enlarged (inset) SEM images of CYTOP NPs deposited by single-dot fs
laser irradiation.

Figure 11 shows that the short chain-like structures were deposited onto the glass, unlike the
dense fibrous network structures observed in Figure 4a. This result suggests that the holographic
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fs laser processing—specifically, the multibeam fs laser irradiation—contributed to the generation
of dense fibrous network structures because the collisions and the agglomerates of ejected species
from the ablation, which led to the formation of the network structure, were more likely to occur as a
consequence of the multiple simultaneous ablations. Given the current experimental results, we cannot
conclusively determine the influence of the holographic fs laser processing on NP generation. However,
we speculate that these simultaneous particle interactions by holographic laser processing may enable
the fabrication of functional nanostructures.

The wettability measurements reveal that the network structures on the glass slide are
superhydrophobic, whereas the monolayer structure retains almost the same hydrophobic character as
the general CYTOP thin film. The superhydrophobicity of the network structures is supported by the
air-trapping Cassie model [27], where air is trapped in the pores of network structures, resulting in a
reduction of the actual contact area between the water droplet and the network structures, thus causing
superhydrophobic behavior. However, in the case of the monolayer structures with approximately
the same small roughness as the general CYTOP thin film (Table 2), water adheres completely to
the nanoasperities on the surface, which can be characterized with the Wenzel wetting model [28].
In this case, the monolayer structure was found to exhibit the same wettability as the CYTOP film.
These results are consistent with the wettability behavior of various materials for which laser surface
micro/nanostructuring was conducted with various laser processing parameters such as wavelength
and pulse width [29-31]. For instance, the wettability of the silanized cupper surface with picosecond
laser-induced periodic nanostructure gradually varies from hydrophobic to superhydrophobic as the
roughness of the periodic structure increases in the order of several hundred nm [31]. Therefore,
physical surface features, namely, the surface roughness/structure, play an important role in the control
of wettability.

5. Conclusions

We investigated the fundamental characteristics of CYTOP NP deposition by holographic fs laser
processing. The fs laser deposition of CYTOP revealed that interweaving fibrous network structures
composed of NP aggregates and a monolayer structure of NPs can be formed with appropriate
modification of the laser processing parameters. Wettability measurements revealed that the surface
of the network structures is superhydrophobic, whereas the monolayer structure exhibits the same
hydrophobicity as general CYTOP thin film. The combination of the holographic fs laser deposition
method and the removal of CYTOP NPs on the glass slide enabled the selective culturing of HeLa cells
on the glass. Thus the CYTOP NP deposition with holographic fs laser processing technique improves
the functionality of the surface and can be used, not only for biochip applications, but also in other
fields such as coatings.
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