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Abstract. The paper presents a review of some of our results concerning laser processing of soft materials. Three examples are considered: i) deposition of polycarbosiloxane
thin films by Matrix Assisted Pulsed Laser Evaporation (MAPLE) technique; ii) excimer
laser patterning of viable B35 neuroblasts cells and iii) laser micromachining of hydrophobic
agarose gel.
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1. INTRODUCTION
One of the main challenges in solid state physics and materials science
ﬁelds is the discovery and integration of new materials in devices with a large
area of applications such as biophysics, optoelectronic and nanotechnology.
The novel thin ﬁlms deposition techniques become very important, while the
demands on the size and properties of the materials are increasing.
Since 1960, pulsed lasers have proved to be a ﬂexible instrument for
applications in materials processing. One of the most important applications
of the interaction laser light-matter is Pulsed Laser Deposition (PLD). Three
years after Breech and Cross studied the laser-vaporization and excitation of
atoms from solid surfaces, in 1965, Smith and Turner deposited the ﬁrst thin
ﬁlms using a ruby laser. Starting with that moment, PLD became more and
more popular for new materials thin ﬁlms deposition [1, 2].
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Pulsed laser deposition technique involves the interaction of a laser beam
with a target material (solid or liquid) having as result a plume which is
transporting the particles on a substrate, where a thin ﬁlm is formed.
Pulsed laser deposition method oﬀers many advantages: 1. the energy
source (the laser) is outside the reactive chamber, which provides a higher
ﬂexibility for the deposition parameters and regarding the geometry of the
system; 2. it is possible to ablate almost every solid or liquid material; 3. the
pulsed nature of the PLD involves an accurate control on the deposition rate
and on the thickness of the grown ﬁlms; 4. the target material is selectively
ablated, only in the laser irradiated areas; 5. the material transfer from the
target to the substrate is stoichiometric; 6. due to the high energetic species
in ablation plume, the deposition temperatures can be decreased; 7. new
materials/ metastable states, impossible to obtain by other techniques, can be
produced by PLD.
Pulsed laser deposition cannot be used for all types of polymers, biopolymers and proteins, due to the high laser ﬂuences that can generate strong photochemical decompositions. Even at relatively low ﬂuences, some polymers are
very photosensitive. To reduce the photochemical decomposition from the direct interaction of the UV laser light with organic and polymeric materials, a
more gentle method has to be used.
Developed in the last years, Matrix Assisted Pulsed Laser Evaporation
(MAPLE) has proved to be an attractive method for the organic thin ﬁlms
deposition. MAPLE is similar to PLD technique, with a diﬀerent way to
produce the target. In MAPLE, a material, for example a polymer or a protein, is dissolved in a solvent in concentrations of 0.1–5%, and the mixture
is frozen, having as result a solid target. Only the solvent absorbs the laser
radiation (ideal case). When the laser light irradiates the target, the solvent
is evaporated and the investigated material (the organic material or the polymer) is collected on a substrate, in the same way as for PLD. A version of
the MAPLE technique is Matrix Assisted Pulsed Laser Evaporation Direct
Writing (MAPLE DW); the material is transferred from a plate transparent
support by irradiation from the backside, the laser beam non interacting directly with the layer.
Laser is often used for patterning in diﬀerent experimental conﬁguration and processes. The simplest way is to use it just for material removing,
following a desired pattern; in some conditions it can also functionalize the
irradiated area.
Tissue engineering integrates biology and materials engineering in developing next-generation medical technologies. Controlling cell adhesion/location,
proliferation and patterning is critical in developing next-generation sensing
devices and advanced tissue engineered constructs. In this ﬁeld laser is again
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an important tool, allowing non destructive cells manipulation. In this paper we present a review of some of our results concerning laser processing
of soft materials. Three diﬀerent examples are presented. The ﬁrst example
concerns deposition of polycarbosiloxane thin ﬁlms by MAPLE. The second
example describes an experiment related to viable cells patterning by MAPLE
DW. The third example discusses on the laser micromachining of hydrophobic
agarose gel.
2. POLYSILOXANE THIN FILMS DEPOSITION
2.1. EXPERIMENTAL
The siloxanes are polymeric materials which have variable refraction index, low losses, variable thermo-optic coeﬃcient, low birefringence and a very
good thermal stability. Fluoro-alchool substituted carbopolysiloxane can be
used for chemical sensors applications because of the hydroxyl group presence
in its composition. For main part of application thin ﬁlms of such material
are required.
The experimental setup for polyisiloxane deposition is presented in Fig. 1.

Fig. 1 – Experimental setup for MAPLE.

A Nd:YAG laser working at a repetition rate of 10 Hz, 265 nm wavelength
(5 − 7 ns) and an incident ﬂuence in the range of 0.03–0.18 J/cm2 was used
for MAPLE. The polysiloxane ﬁlms were deposited on double-polished silicon
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substrate placed at a distance of 5 cm from the target. The substrates were
held at room temperature during the deposition. The number of pulses was
20 000, for most of the experiments. The laser beam was translated on the
target, while the target was rotated with a motion feedthrough driven by a
motor. For controlling the temperature two thermocouples were placed in two
diﬀerent spots of the target holder. The depositions took place in a nitrogen
background pressure in the range of 50 Pa – 1 000 Pa. During some depositions
the pressure slightly varied, probably due to non concordance between the
evaporated solvent and the pumping ﬂux [3].
For preparing the target, three diﬀerent solvents were used: tetrahydrofuran, acetone, and chloroform. We prepared solutions of 4% polymer and
96% solvent. The target holder was chilled with liquid nitrogen. During deposition, the target temperature had to be smaller then the freezing temperature
of the solvent, so that the target can be kept solid. The freezing temperatures
for the three solvents are: −108.4◦ C for tetrahidrofuran, −94.9◦ C for acetone
and −63.5◦ C for chloroform.
The ﬁlms surface aspect and roughness were analyzed using Atomic Force
Microscopy. The chemical composition was investigated by Fourier Transform
Infrared spectroscopy (FTIR).
2.2. RESULTS AND DISCUSSIONS
As seen in the AFM images some of the samples reveal a smooth surface, covering the entire exposed area of the substrate. The roughness (RMS
deviation) shown in Fig. 2 is 5.6 Å approximately, which is extremely low for
such type of materials [4].

Fig. 2 – AFM image on a 20 × 20 µm2 area of a sample deposited from a
chloroform and polymer target; RM S = 5.6 Å; vertical scale 5.1 nm [3].
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On some other samples, only a fraction of the substrate’ s surface has
been covered by the polymer. The deposited polymer formed drops with
diameters up to 50 µm (Fig. 3). This is the case when tetrahydrofuran was
used as solvent.

Fig. 3 – Images of a sample deposited from a tetrahydrofuran and polymer
target, at 0.17 J/cm2 laser fluence and nitrogen pressure of approximately
100 Pa: a) AFM image of a 20 × 20 µm2 area, topography with slope
shading, vertical scale 214 nm; b) phase image of the same area; c) image
obtained with the AFM’s video microscope on an approximately 1 mm
wide area of the film [3].

When acetone was used as solvent, the polysiloxane ﬁlms covered the
entire exposed area of the substrates forming very smooth ﬁlms (Fig. 4).
The chemical structure of the ﬁlms was investigated by FTIR. This technique was used in order to identify the best solvent and experimental conditions to avoid the degradation of the polymer molecular composition during
its transfer by MAPLE.
Figure 5 presents the FTIR spectra for the samples obtained from targets
prepared from three solvents. For all the ﬁlms the experimental conditions
were the same, conditions identiﬁed as the best, regarding the composition
reproducibility of the initial polymer. As reference, a spectrum for the nonirradiated polymer is presented.
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Fig. 4 – a) AFM image of 40 × 40 µm2 on a sample deposited from an
acetone and polymer target, at a fluence of 0.05 J/cm2 ; RM S = 9.8 nm;
vertical scale 93 nm; b) image obtained with the AFM’s video microscope;
the width of the cantilever is 40 µm [3].

Fig. 5 – FTIR spectra of the resulted polymers evaporated from targets
prepared by using acetone, THF and chloroform as solvents [3].

It can be easily seen that when tetrahydrofuran is used as solvent, many
of the important infrared active band are not reproduced. After an accurate parametric study it resulted that the layers prepared from targets using
acetone as solvent reproduce better the initial composition.
For a more profound study, in Fig. 6 there are presented the FTIR
spectra in the range of 2800 − 3100 cm−1 for samples deposited at diﬀerent
ﬂuences from 0.03 to 0.14 J/cm2 . Each spectrum was ampliﬁed and shifted
along the vertical axis to reveal the changes of the IR spectra resulted by
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increasing the laser ﬂuence. The intensities of the absorption bands are not
relevant because the thickness of the resulted samples were diﬀerent.

Fig. 6 – FTIR spectra in the range 2800 − 3100 cm−1 corresponding to
CHn bond stretching vibrations of polymeric films deposited at laser fluences in the range of 0.03 − 0.14 J/cm2 . Acetone was used as solvent for
target preparation [3].

Analyzing spectra from Fig. 6 by an extraction procedure of Gaussian components the principal absorption bands centered at the wavelength:
2 864, 2 885, 2 970, 2 925 and 3 032 cm−1 were obtained. The ratio between
the components of CHn stretching vibration modes at 2 864, 2 885 cm−1 and
the most intense absorption band at 2 925 cm−1 has been determined in relation with the laser beam ﬂuence. The ﬂuences which determine the same
ratio I/I2925 for the starting material and for the deposited ﬁlm are around
0.06 J/cm2 .
In Fig. 7 FTIR spectra in the ranges of 1 550 − 1 760 cm−1 and 1 000 −
1 080 cm−1 , respectively are presented. The peaks at 1 612 cm−1 and 1716
cm−1 were assigned to C=C and C=O stretching bond vibrations respectively,
by comparison with other reported data and spectra libraries [5]. Si−O bond
stretching vibration can be found in the range of 970−1 095 cm−1 [5]. It seems
to correspond to the absorption band at 1 033 cm−1 for all the samples.
Analysing the bands centered at 1 716, 1 612, 1 033 cm−1 it was found
that laser ﬂuences between 0.03 and 0.08 J/cm2 determine almost the same
ratios for the ﬁlms and for the starting material.
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Fig. 7 – FTIR spectra of polymeric films deposited by laser evaporation
from targets prepared with acetone in the range of: 1550 − 1760 cm−1 ;
1000 − 1080 cm−1 . The number of the sample and the amplification
numbers are indicated on the figure [3].

2.3. CONCLUSIONS
MAPLE was successfully used to grow thin ﬁlms of carbopolysiloxane.
The FTIR spectra indicate that acetone solvent gives the best results relative
to the chemical structure of the obtained ﬁlms with respect to the starting
polymer. The ﬂuences needed are around 0.06 J/cm2 . Smooth ﬁlms can be
obtained for a large range of experimental conditions, using acetone as solvent.
3. MAPLE DW OF B35 NEUROBLAST CELL
3.1. INTRODUCTION
MAPLE DW is recognized as a highly versatile tool for developing patterns of a variety of materials with relative ease and short times, involving no
masks, screens or preparation of stamps.
In a conventional approach, MAPLE DW utilizes a UV source light to
evaporate the solvent to drive the solute or suspended particles forward to
a receiving substrate. In depositing sensitive materials such as biomolecules
and viable cells, the absorption coeﬃcient of the solvent might not be entirely
preclude absorption by the biomolecules. To by pass this, an intermediate
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absorbing (decomposing) polymer layer can be inserted in the structure. Triazene Polymer (TP) is found to be most appropriate given the source light
and threshold ﬂuence for ablation. The structure prepared, named ribbon,
includes a transparent support coated with a layer of the explosive triazene
polymer and a layer containing the material to be transferred (viable cells).
During the irradiation process from the glass side of the structure, the main
part of the laser energy will be absorbed mainly by explosive layer, allowing
gentle and safe transfer of viable cells. The resolution and pattern dimension
can be controlled by the distance of separation between the ribbon/substrate,
the laser ﬂuence, the spot size, and stage transition. The process would be
extended for co-deposition of viable cells and biomaterials as a heterogeneous
layer-by-layer approach.
3.2. EXPERIMENTAL
In Fig. 8 a schematic of the matrix assisted pulsed laser evaporationdirect write system process is presented. An ArF pulsed excimer laser
(λ = 193 nm, f = 10 Hz) was focused onto the ribbon plane using a lens.
A biomaterial-coated 1 diameter quartz disc is used as a ribbon, which is

Fig. 8 – Schematic of MAPLE DW. A novel variation in using absorbing
layer such as Triazene polymer allows a softer transfer [6].

placed directly above the substrate. The gap between the ribbon and substrate was controlled using a Z-translation stage. Patterns were created moving the ribbon with a computer program-controlled X − Y translation stage.
The diameter of the laser spot on the ribbon was maintained at 50 µm. Laser
transfer was observed using an inverted lens camera that was focused on the
receiving substrate. These experiments were performed under ambient air and
at room temperature (25◦ C). The B35 neuroblast clonal cell line isolated from
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the rat central nervous system (American Type Culture Collection. Manassas, VA, USA) were prepared for transfer using the protocol described in [6]
by sub-culturing in a Dulbecco’s modiﬁed Eagle’s medium (DMEM) media
with speciﬁc additives for maintaining them alive, trypsinized and split 1 : 5
to maintain division of the cell line and avoid diﬀerentiation. The cells were
stored in a 37◦ C, 5 %CO2 culture incubator.
Quartz plates coated with tryazene polymer layer with thickness of 90
nm, 110 nm and 140 nm respectively where coated with ECM (Extracellular
Matrix, American Type Culture Collection. Manassas, VA, USA) and then
left in the incubator for 30 minutes to allow complete cross-linking of the ECM.
The concentrated cell pellet at the bottom of the tube was reconstituted with
0.25 ml media to a concentration of approximately 107 cells/ml and pipetted
onto the prepared ribbon containing the ECM. The ribbon containing the cells
was then placed in the incubator for 10 minutes to allow cells to attach the
ECM, prior to transfer. The gap between the ribbon and substrate was set
at 150 µm. The substrate was a glass plate coated with ECM layer prepared
and conserved as it was previously described. A parametric study on the
laser ﬂuence process control was carried out: values for triazene absorption
threshold and cell transfer threshold were determined. The ﬁnal value used
was around 0.07 J/cm2 . A CAD/CAM program was used for cells patterning
and the plates containing transferred cells were stored in separate Petri dishes
containing pre-warmed media. Using an inverted optical microscope, the cells
on the substrate viability and proliferation at various time points of 3h, 6h,
12h, 24h, 48h was checked.
3.3. RESULTS AND DISCUSSION
The triazene biocompatibility was ﬁrst established by diﬀerent cells adhesion (osteoblasts, neuroblasts, myoblasts, and endothelial cells) viability and
growth studies. Results indicated good adhesion and growth compared with
other known compatible surfaces such as polystyrene. In order to determine
the eﬃcacy of B35 neuroblasts deposition, a capture device was setup and
the transfer monitored for various ﬂuences. Cell transfer was found to occur
at ﬂuences above 0.05 J/cm2 . Various cell-patterns were generated by using
diﬀerent algorithms for the stage movement. Figure 9 shows an optical micrograph of the MAPLE DW transferred B35 cells into a box-like pattern.
Arrows are shown at the edges to guide the eye. The boundaries are fairly
well-deﬁned, considering cell locomotion post transfer.
Optical micrograph of MAPLE DW transferred cells at 6h and 48h is
shown in Fig. 10. The micrograph at 6h shows few neuroblasts cells at the
initial stage of growth with short axons. The image at 48h on the other hand
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Fig. 9 – a) Optical micrograph of MAPLE DW transferred B35 neuroblasts into pre-defined patterns such as a box-like pattern. Scale equals
100 µm; b) line-like cell patterns. Scale equals 20 µm [6].

Fig. 10 – a) Optical micrograph of MAPLE DW transferred B35 rat neuroblast cells at 6h post transfer; b) at 48h post transfer. Scales for both
equal 20 µm [6].

illustrates a higher cell-density with longer extensions, suggesting viability and
proliferation post deposition. The optical micrographs at selective time points
are compared to determine the growth rate based on the average number of
cells per unit area. The growth proﬁle of the B35 neuroblast cells transferred
using the triazene absorbing layer is comparable to the growth rate of B35
cells deposited without the intermediate layer and that of the pipetted cells.
In a further step to determine viability of cells and possible quantiﬁcation
of axonal extensions, confocal images of stained nucleis and cytoskeleton are
compared. Figures 11a and 11b are confocal images of MAPLE DW transferred B35 cells at 24h and 48h. At 24h the nuclei of the transferred cells
appear intact, while the development of axons cannot be clearly determined.
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The cells at 48h post transfer show intact preservation of nuclei with well developed axonal extensions. These results demonstrate that the technique is
competent in creating patterns of viable cells at low ﬂuences.

Fig. 11 – a) Confocal micrograph of stained B35 neuroblasts shows viable
nucleus and cytoskeleton at 24h post transfer; b) 48h post transfer. Scale
equals 10 µm [6].

3.4. CONCLUSIONS
We have demonstrated that patterns of viable B35 neuroblasts can be
achieved at low ﬂuences by incorporating high absorbing triazene polymer at
the operating wavelength. Because it involves no masks, stamps, etching, and
other lithographic tools, MAPLE DW is arguably one of the most versatile
tools for generating mesoscopic patterns for a wide range of materials, from
organic to inorganic.
4. ADHERENCE OF NEUROBLASTS IN LASER
MICROMACHINED CAD/CAM AGAROSE CHANNELS
4.1. INTRODUCTION
We have previously demonstrated (Chapter 3 of this paper [6]) a laser
forward transfer approach termed MAPLE DW on viable cells. However,
after adherent cells were deposited onto a two-dimensional substrate, they
were found to grow in all directions. To control cell movement and expansion,
the system was coupled with a surface recognition tool, such as developing a
diﬀerentially adherent substrate.
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Microﬂuidic channels were obtained by laser micromachining hydrophilic
agarose gel. Within these micromachined channels, we ﬂow and polymerize extracellular (ECM) matrix, a hydrophobic basement membrane mixture, which
has known to induce cellular adhesion, growth and proliferation [7].
4.2. EXPERIMENTAL
A 1% agarose gel was prepared by a technique described in [8] and then
micromashined; using an excimer laser (193 nm, ArF) at a spot size of 30 µm
and energy per pulse of 1.0 mJ at a repetition rate of 10 Hz. Two repetitive
scan cycles were applied for patterning channels of 60 to 400 µm wide and 1 cm
long using a CAD/CAM program for the stage movement. For allowing the
easy ﬂow of the material, each channel was provided with a reservoir. In the
next step non-diluted extracellular matrix solution (ECM) (ATCC, Manassas,
VA) was micro-pipetted into the channels and polymerized into a thin ﬁlm in
the channel. B35 rat neuroblasts (ATCC) were grown in tissue culture ﬂasks
following the recipe described in [6, 8]. The neuroblast suspension was pipetted
over the ECM coated micromachined agarose channels together with a culture
media to a ration of 1/10 − 1/15. The number of cells per 10µm × 10µm area
was equal to 0.22. The cells were maintained in a 37.8◦ C, 5% CO2 incubator. A
live/dead cell staining kit (Biovision, Mountain View, CA) was used to stain
the templated neuroblasts. Staining solution, containing propidium iodide
and Live-dyeT M stained dead cells red and live nuclei green, respectively. The
stained neuroblasts were viewed with an inverted optical microscope and a
digital still camera with an epi-ﬂuorescence attachment [8].
4.3. RESULTS AND DISCUSSION
The patterning CAD/CAM program was adjusted according with the
laser irradiation parameters for obtaining uniform agarose channels of various
sizes and shapes, all completed with a reservoir. The internal surface was
smooth, except the 400 µm width channels, allowing an even ﬂow of the liquid polymer and determining the development of cellular bundles and their
distribution along the cross-section. A typical image of a channels-reservoirs
structure is presented in Fig. 12 [8].
Studies of the cells evolution into the channels shown that a small percentage of cells (less than 20%) contacted the ECM; this allows the adhered
cells to form non-conﬂuent surfaces within the channels and their interactions
with neighboring cells easily controlled. During the ﬁrst 24h of evolution the
B35 neuroblast cells elongate along the channels, grow and proliferate, reaching acoverage of 25 − 30%. The channel coverage increases between 48 and
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Fig. 12 – Optical micrograph of CAD/CAM micromachined agarose
channels with reservoirs [8].

72h, reaching values close to 90%. Neuroblasts randomly align within the
channel for all the studied dimensions channels, while maintaining some alignment with neighboring cells and near the wall. We can speculate that there is
no cooperative signaling across the channel width, and cell networks greater
than 10 cells wide are not able to eﬀectively communicate over the channel
distance. From the increase of the coverage and cells density and packaging we
can suppose that some neuroblasts diﬀerentiate into multinucleated neurons
(Figs. 13 and 14).

Fig. 13 – Optical micrograph of the 60µm channel with B35 neuroblasts
maintaining 25 − 30% coverage in the ECM, at 24h post seeding [8].

Multinucleate neuron bundles develop and between 72 and 96h, the increased cell density within the ECM channel caused the entire neuron bundle
(cell + ECM network) delamination from the substrate. The aspect ratio for
the 100 µm width neuron bundle is 100 : 1 (Fig. 15). The neuron bundle
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dimensions were found to depend on the initial patterned agarose structure,
which is dependent, on its turn, on the laser processing parameters.

Fig. 14 – Optical micrograph of confluent B35 cells at 72h post seeding
in a 100 mm cell-ECM linear channel [8].

Fig. 15 – Optical micrograph of self-sustained B35 neuron bundles delaminated from agarose substrate shown 72h post seeding for 150 µm neuron
bundle at higher magnification [8].

4.4. CONCLUSIONS
CAD/CAM laser micromachining was demonstrated to fulﬁll the requirements for fabrication of channels with appropriate form and dimensions to
functionalize surfaces for cellular growth. The two-dimensional diﬀerential adherence was used to promote neuroblast alignment and to obtain microscale
three-dimensional self-sustained freestanding neuron bundles. The method can
be developed for creating complex heterogeneous cellular networks.
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5. CONCLUSIONS
Laser processing was demonstrated to be an appropriate, versatile, clean
and eﬀective technique for soft materials manipulation and patterning. It
opens a large prospective for application in medicine, biology, for sensors fabrication and tissue engineering.
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