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Abstract

The study presents a novel high focus laser scanning (HFLS) system, which integrates the advantages of conventional
equipment, and demonstrates its superiority. The biological functions of biomaterial surfaces modified using HFLS were
investigated. The advantages of HFLS, including ease of use, processing speed, and precision, were validated via
morphological analyses such as microscopy, and surface characterization techniques such as contact angle measurements.
The material surfaces were modified into the ‘Line’ and the ‘Grid’ shapes to facilitate further investigations on cellular
response and drug delivery. Cell adhesion, migration, and proliferation were examined to investigate cellular responses to
HFLS-modified material surfaces. To evaluate the functionality of HFLS-modified materials as drug carriers, prednisolone
(PDS) holding capacity, drug release, platelet adhesion, and western blot analysis for inflammatory cytokines were
performed. Compared with conventional methods, HFLS processing proved to be faster and more precise, enabling easy
modification of materials into hydrophilic (the Line) or hydrophobic (the Grid) surfaces. The highest contact angle
(158.63° £ 1.26) was observed for surfaces processed with a 50 um wave size. Cell culture medium spread across nearly the
entire surface on the Line compared to the control, whereas minimal spread was observed on the Grid. These results align
with those of cell adhesion, migration, proliferation, and platelet adhesion assays. Moreover, HFLS-modified materials
demonstrated increased PDS retention, with PDS release occurring in a controlled manner rather than disappearance due to
rapidly drug eluted. The released PDS maintained an anti-inflammatory effect, reducing the expression of cytokines
associated with M1 macrophages. The laser system presented in this study proposes a promising approach for enhancing
tissue engineering applications, including surface morphology modification, cytocompatibility improvement, and efficient
drug delivery. Additionally, it holds potential for clinical accessibility as an equipment owing to its versatility.
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1 Introduction

Recent advancements in tissue engineering have empha-
sized the importance of surface properties of biomaterials,
as these significantly influence cell responses [1], corro-
siveness [2], biocompatibility [3], drug delivery [4], and
functional enhancement [5]. Various surface modification
techniques have been explored. These include hydrothermal
treatment [6, 7], reactive ion etching [8, 9], electropolishing
[10], anodic oxidation [11], and laser irradiation [12].
However, surface modification by chemical methods such
as electropolishing and anodizing pose challenges in con-
trolling specific parameters, including surface roughness,
reproducibility of surface features, and uniformity of oxide
layer thickness. Moreover, these techniques typically
involve harsh chemicals such as hydrofluoric acid, which
can adversely affect the cellular response [13]. In contrast,
surface modification using femtosecond lasers (FSLs), as
discussed in our previous study, offer several advantages.
These include ease of operation compared with that of other
methods, immunity to thermal, mechanical, and chemical
influences, and consistent results [14]. Owing to these
advantages, FSLs have gained traction in clinical fields,
including contrast sensitivity assessment [15], intracellular
nanosurgery [16], and cell perforation via plasmonic bub-
bles [17]. A notable benefits of FSLs in clinical applications
is their high cutting precision, which facilitate delicate
procedures with minimal collateral damage. Additionally,
surface patterning using FSLs can regulate cell migration
and repellency [18]. Despite these advantages, conventional
FSL present limitations that need to be addressed. For
instance, the objective lens method enables precision
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processing but operates at a relatively low speed. Con-
versely, the scanning method enables high-speed operations
but lacks sufficient precision. These trade-offs have been
reported in previous studies investigating femtosecond
laser-based surface processing [15, 16].

To address these limitations, this study developed a high-
focus laser scanning (HFLS) system designed to comple-
ment and improve the capabilities of conventional FSLs
[19]. The study aimed to process material surfaces for
specific applications using HFLS and to evaluate the per-
formance of the modified material.

The regeneration of tissues by implanting biomaterials in
areas of the human body with functional impairments is
well established. In the dental field, chronic conditions such
as periodontitis and peri-implantitis present significant
treatment challenges. Notably, following dental implanta-
tion, peri-implantitis negative impacts tissue recovery, fre-
quently resulting in poor prognosis and necessitating
reoperation. Consequently, clinical challenges persist in
areas such as suppressing bacterial infiltration around the
implant crown, managing inflammation at the screw inter-
face, and promoting soft tissue regeneration. Furthermore,
biomaterial implanted in various regions of the human body
are exposed to local environmental factors, including blood
reactions [20] and tissue compatibility [21]. Therefore, the
surface properties of biomaterials can lead to negative
clinical prognosis, such as thrombosis and inflammation
[22, 23]. Because inflammation suppression is a key factor
in healing damaged tissue, local drug delivery systems
aimed at alleviating inflammation are considered an effec-
tive approach. Therefore, drug delivery is an important
factor in evaluating the functional superiority of
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Fig. 1 Schematic diagram of HFLS fabrication. By applying relay
optics to the areas of scanning method (A) and objective lens method
(B), the two conventional equipment are independently combined to

biomaterials. Several studies have previously explored both
surface modification by physical methods such as polymer
coating [24], irradiation of ion beam [25], FSLs irradiation
[14], and microporosity [26], as well as surface modification
by chemical methods such as anodizing [27], electro-
polishing [10], and plasma treatment [28, 29], for effective
drug delivery of biomaterials. Foreign substances, such as
bacteria and implants, can significantly affect cellular
behavior because cell is sensitive to their surroundings. In
particular, sequential cellular responses such as cell sig-
naling, adhesion, migration, elongation, proliferation, dif-
ferentiation and cytoskeletal changes during these processes
can be altered by the physical properties of the biomaterial
interface, such as the material surface topography [30]. The
surface properties, such as chemistry, wettability, and
topography [31] are important factors in the Interfacial
interactions between biomaterial surface and surrounding
tissues. It could determine the initial cellular responses and
eventually influence cell fate [32]. Therefore, the surface
character of biomaterial can be controlled by using the
HFLS technique proposed in this study, facilitating the
implementation of specific functions for clinical applica-
tions. Furthermore, modification of material surface has
been demonstrated to enhance the functionality of bioma-
terial by controlling the amount and release rate of drugs
[14]. Various drugs, including prednisolone (PDS) [33],
everolimus [34], artemisinin [35], and peptides [36] have
been utilized to assess the drug delivery potential and effi-
cacy of modified biomaterial surfaces. PDS, a synthetic
glucocorticoid cortisol derivative, is typically used to treat
inflammatory and autoimmune diseases and has demon-
strated positive anti-inflammatory effects in previous studies
[37]. Therefore, the aims of this study was to evaluate the
surface properties of biomaterials to create hydrophobic or
hydrophilic surfaces and verify the subsequent cellular

present the three-dimensional and real images of the device (C). The
blue dotted box indicates the scanning area, and the red dotted box
indicates the objective lens area

responses, thereby simulating clinical applications using the
newly developed HFLS technique. Additionally, the effi-
cacy of PDS delivery and the performance of surface-
modified materials in facilitating drug delivery were
investigated.

2 Materials and methods
2.1 Fabrication of high focus laser scanning

In this study, a new type of HFLS equipment (Fig. 1C) was
fabricated by combining the advantages of high-speed
processing employing the scanner method (Fig. 1A) with
high-focus precision processing employing the objective
lens method (Fig. 1B). The scanning area was 198 x 93 mm
and the objective lens area was 198 x 137 mm [19].

2.2 Surface modification

The performance of the HFLS system was compared with
that of conventional equipment by irradiating the surfaces of
various materials such as silicon (Si) wafer, silica, and
printed circuit boards (PCB). Polystyrene (PS, 30 mm in
diameter), the most suitable material for cell culture, was
used to evaluate the effect of material surface modified by
HFLS on cellular responses. The samples were divided into
three groups: (1) None (non-treated), (2) Line, and (3) Grid
(cross-Line). Additionally, the HFLS was irradiated. The
Line was irradiated once with the HFLS, and the Grid was
irradiated once more along the cross-axis following Line
irradiation. HFLS irradiation was performed at conditions of
1030 nm of wavelength, 700 mW of power, 100 mm/s of
speed, 100 kHz of frequency, and 250 femtosecond of pulse
duration.
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2.3 Morphological analysis

The surface of the laser-irradiated biomaterial and platelet
were visualized by scanning electron microscopy (SEM,;
Hitachi, Tokyo, Japan) under 5~ 15kV. For the platelet
imaging, the specimen was sputter-coated with platinum,
fixed with glutaraldehyde (2.5%) for 2h, and then dehy-
drated sequentially by increasing the ethanol concentration
from 40~ 100%. Thereafter, ethanol was evaporated for
24 h and subjected to SEM analysis. The average number of
platelets on the material surface was calculated by randomly
selecting ten sectors.

2.4 Investigation of surface property

The surface properties of the HFLS-modified materials were
investigated by measuring the surface contact angle. Mea-
surements were conducted using GSX (Surfacetech,
Gwangju, Korea) with both imaging and surface contact
angle measurements performed using Surfacetech (version
1.1.5.6) software. Average values from three independent
experiments are presented.

2.5 Cell culture

This study was performed to simulate an experimental
approach for peri-implantitis using human gingival fibro-
blasts (HGF). The cell was cultured in Dulbecco’s modified
Eagle’s medium containing with fetal bovine serum (10%)
and penicillin (1%) in CO, atmosphere (5%) at 37 °C.

2.6 Fluorescence microscopy analysis

After culturing the cell on the HFLS-modified material
surface for 4 h, the morphology of initial focal cell adhe-
sion was examined via fluorescence microscopy. For
fluorescence microscopy, cell was fixed with paraf-
ormaldehyde (4%, SM-P01-050, SolMateTM, Gene All
Biotechnology, Seoul, Korea) for 15 min, permeabilized
with Triton X-100 (0.5%, T8787, Sigma, St. Louis, MO,
USA) for 10 min, and blocked with bovine serum albumin
(2%, BSA, A9647; Sigma, St. Louis, MO, USA) for
30 min. After washing several times with phosphate buf-
fered saline (PBS, pH 7.0) to remove non-attached cell, it
was incubated with vinculin (1:50, ab129002, Abcam,
Cambridge, UK) or Rodamine (2.88 pg/mL, ab216652,
Abcam, Cambridge, UK) antibodies at 4 °C for 24 h.
Subsequently, the cell was incubated with Alexa Fluor 488
(1:1000, A21206, Invitrogen, ThermoFisher Scientific,
Waltham, MA, USA) for 1 h and then mounted with DAPI
(H-1500, Vector Laboratories, Newark, CA, USA) and
phalloidin (H-1600, Vector Laboratories, Newark, CA,
USA) mounting medium (1:1). The surface image was
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acquired using a Nikon Eclipse Ni-U fluorescence micro-
scope (Nikon, Tokyo, Japan).

2.7 In vitro cellular responses

To determine the extent of cell migration, a scratch test, a
validated method previously conducted by our research
team, was performed [10]. After seeding cell (1 x 10* cells/
sz) for 24 h, The middle area of the cell monolayer was
scraped manually (using sterile pipette tip in this study,
~12.0+1.05 mm?) to create a cell-empty space of ~50 um
width. After culturing the cells for 24 h, a randomly selected
region of interest was imaged in the scratched area was
imaged [38]. The rate of cell migration was calculated as
100x [(12.0 £ 1.05 - scraped area not filled with cells after
24 h of incubation)/12.0 + 1.05]. Proliferation of HGF on
PS surfaces modified by HFLS was examined using the
WST-1 assay and EZ-cytox reagent (Daeil Research Insti-
tute, Seoul, Korea). Briefly, EZ-cytox reagent (40 uL) was
added to each well of cell culture dish (24-well). When the
color of the reagent turned yellow (~10 min), the amount of
dye-detectable formazan metabolized by mitochondrial
dehydrogenase of living cells was determined spectro-
photometrically by measuring absorbance at 450 nm using a
microplate reader (Bio-Tek Instruments, Winooski, VT).
The measurements were carried out at a designated duration
and the amount of formazan salt formed was expressed as a
ratio to the number of viable cells.

2.8 Investigation of platelet adhesion on material
surface

A platelet adhesion examination was performed to evaluate
the thrombogenic potential of the HFLS-modified material
surface, platelet adhesion experiment was performed [39].
Fresh porcine whole blood (45mL) was mixed with
3.8 wt.% sodium citrate solution (SmL, 9:1 ratio) and
centrifuged at 150 x g for 15 min. The resulting supernatant
platelet-rich plasma (PRP) was carefully harvested and
centrifuged at 500 x g for 20 min to isolate the platelet
pellet. The pellet was dissolved in PRP for subsequent
experiments. Platelets were loaded onto the material surface
at a density of 5x 10’/mL and incubated for 180 min. The
specimen was rinsed three times to remove platelet that
were nonspecifically attached to the surface. The morphol-
ogy and population of platelet on the material surface were
examined using SEM.

2.9 Quantification of total drug amount in material
surface and release

To quantify the total drug amount in material surface and
release from the HFLS-modified material surface, 200 pL of
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PDS was dissolved at 5 wt.% in tetrahydrofuran (THF) and
loaded on the material surface. Subsequently, the specimen
was gently shaken and left undisturbed for 24 h to ensure
uniform distribution of PDS across the material surface. The
material surface was gently washed with deionized water
and freeze-dried as previously described [40]. To determine
the maximum amount of PDS that could be injected into the
material, the specimen was immersed in a THF solution,
gently shaken to release sufficient PDS, harvested, and
analyzed using a UV-vis spectrometer (Multiskan EX;
ThermoFisher Scientific, Waltham, MA, USA). To deter-
mine the velocity of PDS released from the material surface,
the specimen was immersed in PBS. At every designated
time points, the PBS was harvested and the absorbance was
measured using a UV-vis spectrometer. When the UV value
approached zero, the PDS was considered to no further
release. The PDS release amount was determined based on
the drug standard curve, and the cumulative amount of PDS
released from the material surface was expressed as a per-
centage of the total amount of PDS injected into the material
surface.

2.10 Western blotting

Western blot analysis was performed using RAW264.7
macrophages, to investigate the anti-inflammatory effect
of PDS released from the material surface. To activate
various inflammatory markers in RAW264.7 macro-
phages, lipopolysaccharide (LPS, 1 ug/mL) was treated
and incubated for 1 h. Cell was lysed with RIPA lysis
buffer (Cell signaling, Beverly, MA, USA), and protein
concentration was measured using a bicinchoninic acid
protein assay kit. Twenty microgram of protein was then
separated on sodium lauryl sulfate-polyacrylamide gel
(10%) and transferred to a polyvinylidene fluoride
membrane (Millipore, Bedford, MA). After the mem-
brane was blocked with BSA (5%) for 1 h, the blot was
incubated with primary antibodies {(1:1000 in BSA
(1.5%)} at 4°C, followed by horseradish peroxidase-
conjugated secondary antibodies (all 1:3000) for 1 h. The
cytokine expression pattern was detected using enhanced
chemiluminescence (GE Healthcare Biosciences, Piscat-
away, NJ), expressed cytokine intensity was quantified
using Gel-Pro software, and the amount of cytokines
expressed was normalized to the intensity of the control
and expressed as a fold of control.

2.11 Statistical analysis

All values were analyzed with SPSS software (version 11.0;
SPSS Inc., Chicago, IL, USA). The results are expressed as
mean + standard deviation (SD). *p <0.05 and **p <0.01
values were considered statistically significant.

3 Results

3.1 Development of a high-focus laser scanning
equipment

This study developed a novel HFLS system that integrates
the advantages of the high-speed processing of the scanner
method (Fig. 1A) and high-focus precision processing of the
objective lens method (Fig. 1B) to process biomaterials
quickly and precisely [19]. The laser beam moving radially
from the scanner was focused to a single point on the
objective lens for even irradiation. To facilitate this, the
objective lens area was increased (Fig. 1C) (scan area:
198 mm x 93 mm; objective lens area: 198 mm x 137 mm).

3.2 Comparison of newly developed equipment with
conventional equipment

The surfaces of the Si wafer, silica, and PCB were pro-
cessed using the HFLS, and their efficiencies were com-
pared with those of the conventional equipment. All
processes were performed under the specific conditions
described earlier. When the surface was processed using the
objective lens method, the depths and widths of the Si
wafer, silica, and PCB surfaces increased proportionally
with the number of processing cycles (Fig. 2A). The sur-
faces of the Si wafer and silica, processed ~24 times using
the objective lens method, exhibited a similar degree of
processing to a single application of HFLS. However, PCB
required processing more than three times to achieve an
efficiency equivalent to that obtained in one processing of
HFLS, and satisfactory results comparable to those of HFLS
were obtained after processing six times (Fig. 2B).

3.3 Polystyrene surface modification for cell
response evaluation

To explore the possibility of applying biomaterials to a
HFLS equipment, the surface of PS was modified into the
Line and the Grid as described above, and SEM analysis
was subsequently performed. Consequently, the PS surface
was divided into three sections. A parallel line shape with a
specific pattern was observed in the Line, and a pattern
consistent with that of the Line was observed in the cross
direction and spacing in the Grid. The processing width of
each group was ~10 um and the interval was 20 um (Fig. 3).

3.4 Characterization of material Surface
The characteristics of material surfaces processed in the Line
or the Grid were investigated using HFLS. It was validated via

microscopy that each material surface was modified optimally
into the desired shape by HFLS (Fig. 4A), and the surface
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Fig. 2 Comparison of processing efficiency of HFLS with conven-
tional objective lens method. Surface modification change according to
the number of treatments for each material using the objective lens

Fig. 3 Morphological analysis
for the Line and Grid of PS
surface processed with HFLS.
PS surface, a material for cell
culture, is divided into three
areas: None, Line, and Grid, and
processed with HFLS. The
square box designates the
enlarged area

contact angle of the Line was significantly reduced (hydro-
philicity) compared to that of the None case (None;
73.3°+2.85 vs. Line; 6.9°+3.42, respectively, p<0.01).
Concurrently, the contact angle of the Grid increased sig-
nificantly (hydrophobicity) compared to that of the untreated
group (None; 73.3°+£2.85 vs. Grid; 100.6°+5.66, respec-
tively, p <0.01) (Fig. 4B). These surface characteristics were
also consistent with those of dental implants used clinically
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method (A) and the processing time similar to that of HFLS (B) are
represented. W, D, and numbers indicate width, depth, and number of
processing repetitions, respectively. The unit is um

(Fig. 4C). The effect of the wave size was investigated when
the material surface was modified into a grid shape using an
HFLS to induce hydrophobicity. Consequently, the grid-
shaped material surface (Fig. 5A) resulted in an increased
contact angle (hydrophobic), and the surface contact angle
continued to increase with wave size, initial value being 30 um
(142.9° £0.35), and the highest contact angle was exhibited at
the wave size of 50um (158.63°+1.26). Thereafter, the
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Fig. 4 Comparison of characteristics of modified material surface.
Optical images of the material surface (A), the surface contact angle of
two-dimensional titanium (B), and the three-dimensional dental
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Fig. 5 Evaluation of material surface contact angle variation with the
wave size in the Grid. Representative SEM image of the Grid (A),
changes in surface contact angle based on wave size in the Grid (B).

contact angle decreased for a wave size of 60um
(146.9° £0.42) and continued to decrease until a wave size of
110 um (143.8° +0.46) (Fig. 5B).

3.5 Evaluation of initial cellular response to surface
modified material

The change in the contact area between the cell culture
medium and surface of the material modified by HFLS was
validated by the degree of spreading of the cell culture
medium. Consequently, the instant the culture medium was

The indicated values are means + SD (n =3), **p <0.01. P values are
statistical values corresponding to the wave size of 30 pm

loaded onto the surface (0h), it spread over the material
surface on the Line, and the spreading gradually increased
over time until it was nearly spread over the entire material
surface in 24 h. Conversely, in the case of the Grid, the
extent of spreading of the culture medium on the material
surface was relatively narrow compared to that of the None
and the Line, and did not spread all over the material surface
even after 24h (Fig. 6). This experiment could not be
quantified because it was a simple qualitative result in the
liquid state. Based on these results, the stained cells attached
initially to the material surface were imaged using a
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Fig. 6 Comparison of cell

Incubation time (hr)

culture medium spreading on
modified material surface.
Images depicting spread
behavior of cell culture medium
on three kinds of titanium
surface modified by HFLS after

None

24h
Line
Grid
DAPI Vinculin
None
50 pm
Line
50 pm 50 pm
— —
Grid

Fig. 7 Representative images of fluorescence microscope for initial
focal cell adhesion. HGF is cultured for 4h to observe the focal
adhesion on PS surface. DAPI to label nucleic acids in the nucleus

fluorescence microscope. Although similar to that in the
None group, the cytoplasmic area in the Line was sig-
nificantly wider than that in the Grid. In addition, cell
filopodia in the Line was more copious and elongated than
those in the Grid, which was rarely observed (Fig. 7).

3.6 Investigation of cell migration and proliferation
on material surfaces

Cell migration and proliferation were evaluated to determine
the mid-phase cellular responses. A specific area
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50 pm
—

(blue), vinculin (green), and rhodamine-phalloidin to label actin (red)
in HGF are stained as described in the material and method section.
The images are represented by merging three images

(~12.0+£1.05 mm2) of the cell monolayer on the culture dish
was created as cell-empty space, and the extent to which
cells migrated and filled the empty space was observed after
24 h of cultivation (Fig. 8A). The cell migration rates in the
None and the Grid were ~63.5 + 14.21% and 13.6 +22.36%,
respectively. In contrast, the space where the cell was empty
in the Line was filled with migrating cells to the extent that
the cell migration rate could not be measured (p < 0.01; Fig.
8B). It exhibited a typical cell proliferation pattern in the
None group, wherein cells increased with culture time and
reached saturation at a specific time. This cell proliferation
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Fig. 8 Evaluation of cellular responses on modified PS surface.
Representative images of cell migration for 24h (A), quantitative
analysis of cell migration (B), and cell proliferation (C). The thick
black line indicates the initially scratched area (cell-empty space), and

Fig. 9 Evaluation of platelet
adhesion on modified material
surface. Representative images
and quantitative evaluations of
platelets attached to each
material surface. The indicated
values are means = SD (n = 3),
**p <0.01. P values are
statistical values compared to
the None

pattern significantly increased in the Line from days 1 to 28
(an average increase of 58.6 + 12.63% compared to that of
the None, p <0.01). Conversely, cell proliferation occurred
minimally in the Grid (an average decrease of 82.3 +33.61%
compared to that of the None, p <0.01) (Fig. 8C).

3.7 Examination of platelet adhesion on material
surfaces

Platelet adhesion examination was conducted to estimate
the potential for thrombus formation. The number and
distribution of attached platelets were similar in the None
and Line (None, 2875 + 236/mm?; Line, 2638 + 185/mm?,
p =ns). The platelets exhibited extended pseudopodia and
several platelets were connected to each other. The attached
platelets exhibited aggregation and distortion, and appeared

the yellow dotted line indicates the boundary between cell-empty
space and area filled with cell after 24 h of cell migration. The indi-
cated values are means +SD (n = 3), **p <0.01. P values are statis-
tical values compared to the None

w
l—

Number of platelet
(per mm?, x10%)
(38

-

None Line Grid

to form clusters with swarm formation. In contrast, platelet
adhesion in the Grid was significantly reduced compared
with that in the other groups (Grid, 561+ 879/mm2,
p<0.01) and only minimal platelets were observed to be
connected to each other (Fig. 9).

3.8 Measurement of drug holding capacity and in
vitro drug release

To measure the total amount of PDS that could be incor-
porated into the material surface, the drug was loaded onto
the material surface, as described earlier. The total drug
amount on the material surface was measured, and the drug
release pattern over time was expressed as a percentage of
the total drug amount. The drug incorporated into the None
group was detected at trace levels owing to wash-out, and
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Fig. 11 Verification of the function of the released PDS from material
by western blotting analysis. After activating various inflammatory
cytokines by treating RAW 264.7 macrophages with LPS, the changes
in response to the released PDS are represented (A). Expression levels

the drug incorporated into the Line and the Grid groups
significantly increased statistically compared to that in the
None group (Line, 238.5 +=72.65%; Grid, 241.6 £ 61.28%,
n =73, p<0.01) (Fig. 10A). Approximately 60% of the drug
incorporated into the material surface was released on the
first day, more than 80% was released on the 7 d, and almost
no drug release occurred until day 21 (Fig. 10B).

3.9 Verification of the function of drug released
from the material surface

The functionality of the drug released from the material
surface was investigated based on the inflammatory effects
of PDS. Western blot analysis demonstrated that the
expression levels of inflammatory cytokines, including

@ Springer

are quantified using Gel-Pro software, and protein amounts are nor-
malized to the intensity of control (B). The indicated values are
means + SD (n =3), *p <0.05, **p <0.01

cyclooxygenase-2 (COX-2), tumor necrosis factor-o (TNF-
a), interleukin (IL1-B), and IL-6, were significantly
increased following LPS stimulation (Fig. 11A). However,
the expression levels were substantially reduced following
the release of PDS from the material surface. {Cox-2;
72.7+8.45% (p<0.01), TNF-a; 82.7+13.6% (p<0.01),
IL-1B; 49.7+£9.85% (p<0.01), and IL-6; 34.9+11.05%
(p <0.05), respectively} (Fig. 11B).

4 Discussion

The newly developed laser equipment introduced in this
study successfully addressed the limitations of conventional
equipment, such as slow processing speeds and challenges
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in achieving precision processing. This equipment com-
bines high-speed processing, achieved via laser beam
scanning using a high-speed rotating mirror along the X-
and Y-axes of the scanner, with high-focus and high-
precision processing, enabled by moving the stage while
maintain the fixed laser beam using the objective lens type.

These two processing methods were combined by
applying relay optics, enabling parallel light to focus at one
point, thereby minimizing potential damage to the objective
lens caused by the laser beam (Fig. 1) [19]. For both the Si
wafer and silica, the results of HFLS irradiated once with a
vibration beam were similar to those of 24 repetitions using
conventional equipment processing. However, for PCB,
which is widely used in semiconductor applications, the
processing efficiency of HFLS was lower than that of the Si
wafer, and silicon was processed by HFLS (HFLS: objec-
tive lens=1:4~6 times repeated processing). Despite
material-dependent variations in laser processing outcomes,
HFLS demonstrated better processing efficiency, con-
venience, and overall performance compared with that of
conventional equipment (Fig. 2).

The PS surfaces used in cell experiments were freely
modified into the Line or the Grid using HFLS (Fig. 3).
Although depth measurements using SEM were incon-
clusive, attempts to measure processing depth employing an
atomic force microscope (AFM) also failed because it
exceeded the measurement range of the cantilever of AFM
(4 um) (data not shown). However, it is estimated that the
processing depth exceeds 4 um, which is the measurement
range of cantilever and, based on the results presented in
Fig. 2, it likely reaches tens of micrometers. The hydro-
philicity of the material surface significantly increased in the
Line group, whereas hydrophobicity was markedly
enhanced in the Grid group, compared with the untreated
(None) surface. These results were consistent between two-
dimensional specimens and three-dimensional dental
implant surfaces (Fig. 4). Although previous studies indi-
cate that wettability can be influenced by multiple factors
including surface shape, roughness, protrusion height [41],
and surface energy [42], the overall trends in our HFLS-
modified surfaces were reproducible and consistent with the
observed biological responses. Thus, the distinction
between None, Line, and Grid surfaces reflects deliberate
and controllable modifications, rather than inconsistencies.
However, the variation in surface properties observed in the
present study closely align with the physical theory that
water penetration and surface wettability are influenced by
the Cassie—Baxter and Wenzel states [44]. This is evident
when additional axial processing is applied to previously
processed material (such as the Grid in this study) and nano-
scale features are incorporated into micropores [43]. To
demonstrate the engineering superiority of HFLS in biolo-
gical applications, detailed investigation into the variation in

surface properties with wave size is essential. The contact
angle of the biomaterial surface increased to 158.63° + 1.26
at a wave size of 50 um (Fig. 5).

Compared with the untreated (None) surface, the Line
pattern significantly increased hydrophilicity, while the Grid
pattern increased hydrophobicity. Although multiple para-
meters such as surface roughness and topography can
influence wettability, the observed trends in our HFLS-
modified surfaces were consistent and reproducible. Thus,
the variation between None, Line, and Grid surfaces reflects
distinct and controllable modifications rather than incon-
sistencies. Given that typical cell sizes are less than 100 um,
a wave size of ~50 um appears optimal for enhancing sur-
face property modification and reactivity of the cells. In
addition, modification may inhibit substances that may
induce a negative clinical prognosis, such as platelets,
inflammatory cells, and bacteria, while improving the
accessibility of clinically positive substances, such as
endothelial cells, fibroblasts, and osteogenic cells. Therefore,
the ability to regulate surface modification using the HFLS
equipment indicates that it is likely an approach to achieving
the desired pathological outcomes. However, additional
bacterial studies are required to substantiate this hypothesis.

The interaction between the material and culture medium
establishes the foundational environment for cellular
responses. This study demonstrated that the PS surface
optimized for cell culture was optimally modified by HFLS
(Fig. 3). Hydrophilic surfaces (the Line) allowed the culture
to spread more efficiently, whereas hydrophobic surfaces
(the Grid) exhibited limited spread, indirectly indicating the
possibility of cell-material contact (Fig. 6). To confirm this,
initial focal cell adhesion was investigated via fluorescence
microscopy using a staining technique. Rhodamine, a dye
used for cytoplasmic visualization in this study, and vin-
culin, a protein associated with initial focal cell adhesion
located on the cytoplasmic side [45], were minimally
observed in the Grid surface (Fig. 7). The absence of filo-
podia [46], which are involved in cell movement in the
Grid, seemed to affect cell migration (Fig. 8B) and cell
proliferation (Fig. 8C). When implanted, a biomaterial first
contacts blood, body fluids, and cells. The clinical outcome
depends on the site, duration, and type of contact. There-
fore, controlling the surface properties of biomaterials can
be used for predicting and improving clinical prognosis.

This study confirmed that the surface morphology of
biomaterials determines their properties (Fig. 4) and can
affect cell fate (Figs. 8 and 9) [47]. These initial or mid-
phase cellular responses can be interpreted as precursor
processes that can be linked to pathological outcomes, such
as wound healing, immune responses, and bone regenera-
tion, which are achieved through preemptive adhesion of
endothelial or osteogenic cells to epithelial cells, inflam-
matory cells, and platelets that can compete for adhesion to
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the biomaterial surface [48, 49]. Biomaterials are foreign
materials that can lead to thrombotic events. Therefore, the
interaction between platelets and biomaterials during the
initial phase of implantation is a key event that determines
the fate of the blood coagulation cascade [50]. This cascade
begins with platelets adhering to the material surface, fol-
lowed by aggregation and coagulate. Subsequently, the
platelets transition into a star-shaped morphology. Even-
tually the platelets rupture, exposing the substances
involved in thrombosis contained within them [51]. As
shown in Fig. 9, the frequencies of platelet adhesion,
aggregation, and other thrombosis-related morphologies in
the Grid were significantly reduced compared with those in
the None and the Line. Therefore, a Grid-shaped surface
modification may be advantageous for reducing thrombosis-
related issues. Our findings suggest a correlation between
surface wettability and biological responses. Hydrophilic
surfaces (Line, low contact angle) promoted spreading,
adhesion, and proliferation of human gingival fibroblasts. In
contrast, hydrophobic surfaces (Grid, high contact angle)
reduced cell adhesion and proliferation, while also mark-
edly decreasing platelet adhesion. These results imply that
both cell and platelet adhesion share a similar dependency
on surface wettability, although further studies are needed
to elucidate the underlying mechanisms. Based on prior
studies, we hypothesized that surface modification imparted
materials with porosity [10] and roughness [29], thereby
increasing the drug-holding capacity. As shown in Fig.
10A, the drug present on the smooth surface was washed
out and depleted rapidly following implantation. However,
any surface was modification (the Line or the Grid in this
study), significantly increased the amount of drug-
incorporated material. The release pattern of the holding
drug in this study aligns with that observed in our previous
study [10], which can be interpreted as a burst release
pattern rather than a washed-out pattern, where the drug
disappears immediately after the biomaterial is implanted in
the body.

For sustained release applications, such as osteogenesis,
further studies are needed. In particular, barriers or chemical
bonding may help delay drug release. This is an important
requirement for biomaterials serving as drug delivery car-
riers, because the drug released from the material surface
maintains its original function. In this study, we indirectly
demonstrated in vitro that the HFLS-modified material
surface maintained its anti-inflammatory effects after the
delivery and release of PDS into the body (Fig. 11).
Although the terms M1 and M2, which describe the
inflammatory mechanism, may not fully capture drug
delivery capacities of biomaterials [52], considering the
types of cytokines suppressed and referring to our previous
study [53], PDS on the material surface is associated with
M1 macrophages rather than M2 macrophages.

@ Springer

5 Conclusions

In this study, a new type of advanced laser equipment was
developed by integrating the advantages of conventional
laser equipment. This equipment enabled rapid and precise
surface modification of biomaterials than that by conven-
tional laser equipment. The material surface was modified
to be hydrophilic or hydrophobic, and biological func-
tions, such as cell response, drug delivery efficacy, and
anti-inflammatory effects, were validated. Therefore, the
newly developed laser equipment proposed in this study
offers a promising approach for achieving tissue engi-
neering functions such as modifying biomaterial surfaces
into desired shapes, improving cytocompatibility, and
enhancing drug delivery capacity. Furthermore, it holds
significant potential in facilitating clinical accessibility
serving as a versatile device capable of addressing diverse
biomedical needs.
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