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Abstract: Laser patterning of implant materials for bone tissue engineering purposes has shown to
be a promising technique to control cell properties such as adhesion or differentiation, resulting in
an enhanced osteointegration. However, the perspective of patterning the bone tissue side interface
to generate microstructure effects has never been investigated. In the present study, three different
laser-generated patterns were machined on the bone surface with the aim to identify the best surface
morphology compatible with osteogenic-related cells recolonization. The laser patterned bone tis-
sue was characterized by electron scanning microscopy and confocal microscopy in order to obtain
a comprehensive picture of the bone surface morphology. Cortical bone patterning impact upon cell
compatibility and cytoskeleton rearrangement to the patterned surfaces was performed with Stro-
mal Cells from Apical Papilla (SCAPs). Results indicated that laser machining had no detrimental
effect upon consecutively seeded cells metabolism. Orientation assays revealed that surface pattern-
ing characterized by larger hatch distances was correlated with a higher cell cytoskeletal confor-
mation to the laser-machined patterns. For the first time, to our knowledge, bone is considered and
assessed here as a potentially engineered-improvable biological interface. Further studies shall fo-
cus on in vivo implications of this direct patterning.
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1. Introduction

In the last years, surface modification has become a critical aspect of tissue engineer-
ing [1,2] to improve osteointegration of implants and influence cell fate [3]. Investigations
were led over various synthetic materials designed to substitute bone tissue as prostheses,
such as ceramic [4-6], metal [7-10], and polymers [11]. An in vivo study outlined the stra-
tegical interest of modifying the topography of implants with laser, by showing a stronger
bone-to-implant bond [12]. Femtosecond (fs) lasers particularly allow the biological re-
sponse tailoring of a surface morphology by controlling surface pattern geometry down
to 100s-nm scale [13-15], thanks to their unique characteristic. Indeed, Ultra Short Pulses
(USP) allow a quasi-non-thermal interaction with materials and the generation of interfer-
ence-based physical phenomena [16]. For example, Carvalho et al. reported an increased
metabolic activity of MC3T3 (osteoblastic-related cells) cultured on Alumina toughened
Zirconia (ATZ) where grid-structures or groove-like structures were generated upon fs
laser machining; Gnilitskyi et al. demonstrated a higher ratio of HDFa (fibroblast cells)
growth on both laser-nanostructured titanium alloy and zirconium, showing the predom-
inant role of surface morphology over the material type for these types of biological re-
sponse; A similar result was achieved by Lee et al., where a variation of Saos-2 (osteo-
blastic-related cells) response and surface biocompatibility was observed down to a few
100s-nm pattern size difference.
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Due to these unique characteristics, these types of laser sources are currently consid-
ered in the frame of ablation of bone tissue for applications in surgeries where it is funda-
mental (i) to preserve the healthy status of the tissue after treatment to improve its biolog-
ical response, such as implant integration, and (ii) to reach high-resolution modification
of the tissue, as for instance in specific maxillofacial surgery approaches. A few reports
showed the possibility to avoid detrimental thermal effect on bone tissue after UPS laser
ablation, cutting and drilling [17,18]. Detrimental effects linked to thermal accumulation,
such as the presence of microparticles of melted tissue and calcined tissue, were reported
to be visible on the bone tissue down to the nanosecond (ns) regime of laser-tissue inter-
action and to become negligible for laser pulse duration below a few ps and optimised
laser process parameters [19].

In this context, while a very few reports on laser patterning of synthetic hydroxyap-
atite are available [20], to our knowledge, no reports are available in the literature dedi-
cated to direct bone patterning by fs laser. This new aspect of tissue interface could pro-
mote osteointegration of grafts, and/or synergize with superior osteointegration of laser-
treated implants. In this study, patterning bone to potentialize current and future biomed-
ical applications was evaluated in an in vitro model, as a first step towards a possible de-
velopment to next-generation strategies for the engineering of bone/implant interface.

2. Materials and Methods

2.1. Bone tissue supply

Porcine femurs were collected from the same place and labelled with the age and sex
of the animals. All animals from which those femurs were retrieved were intended to hu-
man food consumption, in respect of French and European regulations regarding breed-
ing, slaughter, and hygiene-sanitation in meat industry.

The bones were stored after reception in a freezer at a temperature of about -20 °C.
To prepare the bone tissue for the laser treatment, it was left defrosting at room tempera-
ture in a laminar air-flow protection system (Thermo Scientific HERAsafe K512, France).
The proximal and distal epiphysis, as well as the metaphysis parts were then mechanically
removed in order to obtain a clean cut of the diaphysis. Soft and fatty tissue, including
bone marrow, were removed by scalpel. Finally, several samples (approx. 1x1x0.5 cm)
were obtained (Figure 1) from the diaphysis by mechanical cutting using a diamond blade
for easier handling during the processing and characterization steps. All bone samples
were sanded by a mechanical sanding system (EcoMet 300, Buehler, USA). Their thick-
ness, width and height were measured after sanding to ensure that all sample dimensions
were homogeneous. In order to sterilize the tissue before laser processing, all samples
were soaked in successive ethanol baths (24h at 90% concentration and 4h at 100% con-
centration, room temperature).

2.2. Laser-assisted patterning of bone

A Satsuma HP2 (Amplitude, Talence, France) was employed for all tests. The laser
ran at a central wavelength of 1030 nm with a maximum average power of 40 W and pulse
duration of about 350 fs. The laser beam was firstly sent through a half-wave plate coupled
with a polarising cube for a fine control of the laser pulse energy and then through a tele-
scope system to adjust the beam size before the focusing optics (Figure 1). The laser beam
was deflected on the sample by a galvanotric scanning head (ScanCUBE, ScanLAB, Mu-
nich, Germany) and focused by a 100mm f-theta lens on the sample surface. For all tests
the following process parameters were kept constant: laser repetition rate of 500 kHz, av-
erage power of 5.28 W and scanning speed of 4 m/s. The selection of the processing pa-
rameters was done according to results from the same group [16], which showed that in
the selected process window it was possible to ablate the bone tissue without important
thermal damage. A cross-hatch pattern was generated on the sample surface with hatch
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distance defined as the distance between two consecutive lines. Three different values of
hatch distance were selected: h=25; 45; 65 um. In order to achieve reliable and reproduct-
ible ablation depth values, the cross-hatch pattern was repeated 10 times for each tests.
An aspiration system and an air-knife were employed to efficiently remove the bone de-
bris and particules during laser ablation. The samples were placed on motorised stages
for automated positioning before laser processing.
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Figure 1. [llustrated experimental approach and protocols for preparation of bone sample prep-
aration before biological assays.

Profilometric assays were performed with software Confomap v8 according to meth-
ods described in ISO 5436.”

2.3. Cell culture

The human Stromal Cells from Apical Papilla (SCAPs) used for the hereby experi-
ments were taken from a batch of cells already characterized [21]. The cells were amplified
and cultured under 21%QO:. Briefly, cells were derived from germs of third molars, ob-
tained from young patients at the Service de Médecine bucco dentaire du Centre Hospitalier
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Universitaire de Bordeaux. All experimental protocols were led following guidelines and
regulations, under Ministerial approbation regarding french law (‘DC-2008-412’; conven-
tion INSERM-CHU de Bordeaux). All patients gave their explicit consent to have their sam-
ples used for research purposes. If patients were under majority status regarding age, an
additional consent from a parent and/or legal guardian was requested. Samples were
treated anonymously. Freshly extracted teeth were placed in Minimum Essential Medium
Alpha (a-MEM, Gibco, Paisley, Scotland, UK) supplemented with 20% FBS and penicillin
(100 U ml1)/streptomycin (100pg.ml™) (Life Technologies, SAS). Cells were extracted ac-
cording to previously described method [22]. Dental apical papillae were digested in a
mixture of 3mg.ml™ collagenase (Sigma-Aldrich) and 4 mg.ml~' dispase (Sigma-Aldrich)
for 1 h at 37°C. The obtained suspension was sifted through a 40um hole-size nylon sieve
(BD Biosciences, France) and cells were then seeded in a 75cm? culture flask (37°C, 5%
COz). Non-adherent cells were removed after 2 days, and the medium was changed thrice
a week until cells reached 95% confluence. All SCAPs were amplified or cultured in tissue
culture flasks in a-MEM supplemented with 10% FBS, in a controlled atmosphere (5%
CO2, 95% Relative Humidity, 37°C). All cells were cultured and used for experimentations
with a maximum passage number under 5.

2.4. Cells preparation

Cells were detached from the polystyrene tissue culture surface with a solution of
trypsin-EDTA (0.05% 1X Gibco, UK). Cells were suspended in their respective culture me-
dia. The cell suspension concentration was adjusted to 10 million cells.ml", according to
previously described protocol [23].

2.5. Metabolic assay

After being washed in culture medium, all samples were placed over 2% w/v agarose
coated wells. An identical number of non-labeled cells (2000 cells.mm-2) were seeded over
laser-machined areas and over non-machined samples. As control, some cells were seeded
over uncoated wells. Media were renewed every two days, and observations were real-
ized at days 1, 3, 5 and 7. Briefly, AlamarBlue™ [24] (0.1mg.ml", Sigma-Aldrich, France)
was diluted at 1:15 (v/v) in standard culture medium and placed with cells for 2h at 37°C.
Supernatants were retrieved and transferred to a microplate while wells containing cells
were rinsed, then refilled with standard culture medium and placed back to the incubator.
Plate reading was performed with Varioskan Lux (Thermoscientific, US) spectrophotom-
eter (lex 530nm and Aem 590nm).

2.6. Qualitative observations by Confocal Imaging and Scanning Electron Microscopy

After the last metabolic assay on day 7, all the samples were rinsed in phosphate-
buffered saline (PBS) and fixed in paraformaldehyde (4% w/v) overnight. Surfaces where
cells were seeded were covered by permeabilization mix (BSA 2% (w/v), Triton 0.1% v/v)
for 2h at 37°C. A staining mix composed of DAPI (0.1% v/v) and Alexa546-conjugated
phalloidin (0.5% v/v) in permeabilization mix, was then applied for 2h at 37°C. All sam-
ples were rinsed mulitple times in PBS solution before confocal microscopy acquisition
(Leica TCS SPE). Image] [25] and Imaris (Oxford Instruments plc.) softwares were used to
perform the qualitative analysis of the acquisitions.

Samples were dried in consecutives ethanol baths (30%, 50%, 70%, 90% and 99%)
with 1h soaking steps, and coated with gold with a sputter coater (EMSCOPE SC500, Elex-
ience, France) before SEM (TM4000+ Hitachi, Japan) observations.

2.7. Cytoskeleton orientation assays

The For quantitative analysis of cytoskeleton rearrangement, the Fiji plugin Direc-
tionnality tool (freely available on GitHub https://github.com/fiji/Directionality) was
used. Firstly, hyperstacks of height-through acquisitions were performed. Sample matrix
opacity-mediated autofluorescence was found to be equal in all conditions observed.
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All pictures were manually aligned according to the laser-carved patterns, so the
trenches would be parallel (0° and 180°) and perpendicular (90°) to the Fast Fourier Trans-
form (FFT) plan.

As SCAPs physiologically self-organize in spindle-shape with narrowing space be-
tween cells as the population grows, an increase in signal was expected to be reached at a
certain angle. Control samples were then oriented in respect to this physiological feature,
at 0° and 180° with respect to the FFT plan. To refine the orientation results, 180 steps of
FFT were performed from -45° to 134°.

All results were then gathered and analyzed through GraphPad Prism version 8.0.0
software (GraphPad Software, San Diego, California USA) to generate the FFT heatmaps.
Circular histograms frequency plots (with frequency proportional to the area of each bar)
were obtained through the adaptation of an opensource code from matplotlib.org (version
used for this article available upon request and free of use).

2.8. Statistical analysis

All tests were performed using GraphPad Prism version 8.0.0 software (GraphPad
Software, San Diego, California USA). Non-parametric tests were selected when normal-
ity test failed, or when the sample size was unsufficient. HO hypothesis was rejected when
p-value <0.05.
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3. Results

3.1. Systematic review following PRISMA guidelines
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Figure 2. Profilometric analysis of control (sanded bone) and laser-patterned samples. Examples of each con-
dition surface morphology (a) acquired with Confomap ST 8.2 software. Descriptive statistics (b) and statis-
tical tests (c) of patterning physical parameters (Kruskal-Wallis, * p<0.05, ** p<0.01, **p<0.001, # =*** com-
pared to leftmost bar. N=3, n > 12). t: controls were not patterned with laser. Numbers are displayed as
intrinsic sample surface morphology.

Descriptive statistics of all obtained measurements were also reported in Figure 2.
For the profiles obtained on samples treated with hatch distance of 25 um, microrough-
ness was adjusted by applying a band-pass filtering with cut-off wavelenght of 5 um in
order to have more reliable data. It is important to underline that control samples (sanded
bones) were used as reference, and values are displayed to depict the intrinsic surface
morphology post-sanding. Measured hatch were respectful to the experimental procedure
with high reproducibility. Ablation width was found to be constant regardless of the hatch
employed. However, ablation depth result highlighted that a 25um hatching was ablating
a large area of bone. As a result, the surface morphology became similar to control. With
the increase of the hatch, ablation depth was found to generate around 21um deep pattern
through cortical bone.
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3.2. Laser machining impact over recolonizing cells survival
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Figure 3. Metabolic activity of SCAPs seeded over different laser-treated samples. 2000 cells.mm? were seeded
at day 0, and measurements were performed on days 1, 3, 5 and 7. Normalized resorufin measured absorbance
shows cell viability and growth indirectly via NADH dehydrogenase activity through time. n=5, Kruskal-
Wallis test *: p<0.05

The levels of resazurin reduction in SCAPs cultured over laser patterned bones, re-
gardless of the patterns geometry, were similar to the behaviour of SCAPs cultured on
control samples (Figure 3). Through time, SCAPs increased their metabolic activity. In all
experiment led, absorbances from 25um hatch distance were observed to be close to con-
trol, while a tendency of higher absorbances was noticed from 45um and 65pum hatch dis-
tances. At day 5, fluorescence signal from samples patterned with 45um hatch distance
was found to be significantly higher than control. Altogether, these results suggest that
laser patterning of bone tissue as cell deposition pre-treatment is cytocompatible and suit-
able for SCAPs metabolism.

3.3. Laser machining impact over cell orientation

Confocal microscopy imaging of cells after 7 days of culture (Figure 4) gave a first quali-
tative information on cell morphology with respect to the specific laser-generated pat-
terns.
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Figure 4. Confocal Microscopy imaging of SCAPs seeded over laser-patterned bones. F-actin (red) and nu-
cleus (blue) structures were respectively stained by Alexa 546-Phalloidin and DAPI. Images were captured
on confocal Leica TCS SPE microscope and assembled on Image] software. Images represent control sample
(a), and samples patterned with hatch distances of 25um (b), 45um (c) and 65um (d). The right-sided panel
(e) shows the edge zone between the laser-patterned area and untreated bone. Unspecified scale bars =100 pm.
Lower panels depict 3D reconstruction of confocal z stacks acquisitions with illustration of sample with hatch
distance of 65um (f) and mean orthogonal views (g) of samples with 25, 45 and 65um hatch distances

Cells seeded over control samples (Figure 4a) had a very stretched, spindle shape. On
samples patterned with a 25um hatch distance (Figure 4b), cells showed a less self-organ-
ised arrangement yet started to visually respect a grid-like pattern, especially with the
aligned aspect of nuclei distribution. However, a remarkable difference was observable
(Figure 4e) from cells seeded over samples patterned with larger hatch distance; indeed,
for samples with 45 and 65um hatch distance (respectively Figure 4c and 4d), cells were
mostly contained within the ablated pattern, even though actin filaments and some nuclei
could be observed on area associated to untreated areas. 3D reconstructions (Figure 4f)
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allowed to observe cell behaviour with a depeer insight, and highlighted the autofluores-
cence of bone imaged with UV wavelenghts, merging with nuclei signals. Looking at
sideviews of 3D reconstructions (Figure 4g), higher intensities of actin staining were found
within the cavities created by laser ablation, except for samples patterned with 25um,
where the signal was diffused. These observations were consistent with those made with
the 2D stacks.
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Figure 5. Cell alignment after seeding over laser-patterned samples. Fast Fourier Transform heat map (above)
highlights the influence of laser patterning on cell cytoskeletal arrangement, with higher frequencies of aligned
cells at 0 and 90°, consistent with the pattern’s orientations. Statistical tests were performed over means of
angle ranges, with 5° range centered at 0° and 90°, and rest of angles gathering 95% of lowest values (Kruskal-
Wallis, * p<0.05, ** p<0.01, ***p<0.001, ns = not significative, n=5). Cumulated frequency plots (below) (pro-
portional to area of each bar) reveal that frequencies associated with 45 and 65um samples presented overall
lower dispersion, and higher frequencies at 0 and 90° angles. Control sample was displayed with an opacity
of 100% while all other conditions had a 50% opacity to be stackable.

Actin filaments orientation analyses were performed by FFT analyse of corresponding
channel acquired by confocal microscopy. The retrieved data were analyzed and trans-
lated graphically with a heat map (Figure 5a) and frequency plots. On the heat maps, fre-
quencies are proportionnal to the intensity of signal retrieved for each angle. A high fre-
quency hence means a lot of signal from actin filaments. The more cells aligned with a
given angle, the strongest the signal, and the higher the frequency obtained. Heat maps
showed that, in absence of laser patterning, cells are preferentially oriented in a single
range of angles with a single area of rise in frequencies. The laser patterning, being vertical
and horizontal, induced two peaks of frequencies, regardless of the hatch size. However,
significant differences were observed (Figure 5b) in frequencies between 25um and the
other hatch sizes around 0°. Around 90°, h25 vs h45 mean frequencies were found to be
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significantly different, and frequencies from all test conditions were significantly different
from control.

The frequency plots (Figure 5c) were generated based on the same data. The areas of each
bar are proportionnal to the intensity of signal for each angle. While the heat map high-
lighted the effect of the patterns on dictating cell adhesion to a defined area, the frequency
plots mainly outlined that increasing the hatch distance of the laser-generated pattern re-
sulted in a decrease of the frequencies. Frequencies detected outside the 0° and 90° angles
could be assimilated to cells that did not align to the laser-generated pattern: controls and
25um patterned samples were associated to homogeneous dispersion and highest fre-
quencies off 0 and 90° angles. By increasing hatch (45 and 65um), frequencies lowered in
out-of-interest ranges. Yet, these observations were not found to be significative.

Altogether, these results were highly consistent with qualitative results aforementioned:
cells are mostly aligned with laser-generated patterns, especially regarding superior hatch
distances of 45 and 65um.

3.4. Laser patterning impact over cell adhesion

After confocal imaging, samples were observed with SEM (Figure 6).

Hatch = 45u
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Figure 6. Scanning Electron Microscopy imaging of SCAPs seeded over laser-machined bones.
With higher magnifications, cells appear to adhere to the upper side of machined patterns and not
at the bottom of it, where laser hit the most bone surface.

This qualitative assessment of cells behavior upon machined area revealed that cells
seemed to mostly adhere to the upper side of machined patterns while the remaining
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space at the bottom of the carved patterns was left unoccupied. However, cells did not
prefer adhering to the untreated surface and fitted to the carved patterns, consistently
with the confocal microscopy acquisitions.

4. Discussion

The results presented in this work on laser processing of bone tissue demonstrated
once again the unique ability of fs laser sources to obtain highly resolutive laser-matter
interaction to laser-functionalise a biological tissue by precisely tayloring the patterning
geometry.

The machining parameters were dictated by two main aspects : designing a fast and
reproducible process, and creating a microtextured surface having an impact on the be-
havior of osteogenic-related cells.

Hatch sizes were chosen with consideration to physiological cell characteristics and
behavior. Average circulating MSC cell sizes being comprised between 15 and 30um [26],
thus influence of hatch over cell seeding was investigated. A hatch of 25um generating
surface roughly similar to non-patterned bone, cell settlement was not expected to be
much influenced, besides the direct effect of laser-induced matter removal. Hatch sizes of
45um and 65pum were associated to the creation of deeper patterns through the cortical
bone (about 20um deep). It was hypothetized that cells would preferentially occupy
spaces offering three dimensionnal anchoring possibilities. The diminution of carved area
proportion within pattern area was expected either to force cells to maximally fill the
carved trenches, or to create a cell layer above the pattern and secrete extracellular matrix
to overcome the gaps between non-carved areas.

In the experiment led, a depth limit ablation was found to be around 20 pm regard-
less of the hatch size, a quite common effect in fs laser ablation and could be linked to
partial absorption or shielding of the incoming laser pulse from the laser generated
plasma [27]. This depth limit allowed to maintain the difference between 45 and 65um
conditions solely due to the hatch distance discrimination. As seen with the profilometry
assay, the ablated area had a conic form, tightening with increased ablation depth. The
SEM observations of upperly-adherent cells within the pattern seems consistent with a
narrowing available space at the bottom of the pattern, unreachable for large organites
such as nucleus[28], which might force cells to remain be closer to the surface of the pat-
tern.

Among the difficulties encountered, bone autofluorescence brought difficulty to
properly image samples. Autofluorescence was corrected with the same tresholding for
all samples to avoid any inter-acquisition bias. Post-acquisition additionnal tresholding
to remove residual background noise was associated with partial loss of cell related infor-
mation. Therefore, images were kept raw and treated under the same procedure for the
Fast Fourier Transform. Still facing the difficulty to evaluate the cell viability through
time, a metabolic assay was performed to compare cell activity, and give an indirect sight
of cell proliferation through the different texturations evaluated.

SCAPs, a mesenchymal cell population comparable to bone-marrow derived MSCs
[29,30], were used in this study as these progenitors are more likely to be recruited in situ
rather than mature osteoblasts, and more representative of the diversity of osteoblastic
cell populations. The impact of vascular-related cells such as endothelial cells should also
be investigated in future work.

Laser ablation impact on bone tissue local gene expression profile was previously
reported [31,32] and found to enhance osteogenesis compared to trepan ablation. How-
ever, in this case, all bones were sanded prior to laser texturation application to free the
mineral matrix from organic ECM and periost. In future work, an increased interest
should be brought to transcriptomics consequences of laser patterning.

Although many assays exist to quantify cell adhesion [33], the limitations of working
with a thick and opaque material with such scale of texturation constituted an obstacle for
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all known standard techniques. As the stated ambition is the improvement of bone-mate-
rial interface strength and quality, further work should be conducted in vivo, inspired by
the quantitative assessment of osteointegration of Hallgren et al. [12] and performing his-
tological investigations to investigate the physiological response of laser texturation.

The difficulty to adjust laser technology from benchside to operating room is likely
the largest hurdle to see its medical application, considering the high cost of a laser com-
pared to other technologies such as drills or ultrasonication [34,35]. However, this tech-
nology is employed with an unprecedent resolution. Moreover, laser patterning could be
coupled with laser-assisted bioprinting technology [36], combining the possibility to re-
shape bone and then precisely project elements of interests (drugs, antibiotics, cells,
growth factors...) directly in situ, with the same workstation and a unique laser source.

Some work was conducted using deep learning to optimize the development of laser
machining, predicting the outcome of skeletal stem cells arrangement according to the
laser-machined pattern [37]. The rise of Al-based technologies could significantly improve
future research, especially in finding optimum parameters regarding patterning design
and biological consequences. Future in vivo investigations should be performed with pat-
terns designed to drive cellular colonization with facilitated settlement of, for example,
vascular network.

5. Conclusions

For the first time, laser technology was applied directly to texture cortical bone in a
perspective of developing new bone-graft materials interface insights for bone tissue en-
gineering. Results showed the high technological potential of femtosecond laser-based
processing in tailoring laser-generated bone patterning, and its great cytocompatibility
with mesenchymal-derived stromal cells. The different patterns investigated unveiled the
possibility to dictate cell orientation. Laser patterning was demonstrated to constitute a
great opportunity to develop new aspect of host tissue and graft material interface, and
direct patterning of host tissue could be considered in future application of medical de-
vices to enhance grafts.
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